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UNITED STATES DEPARTMENT OF HEALTH AND HUMAN SERVICES 
AND THE FOOD AND DRUG ADMINISTRATION 

 
 

PETITION FOR ADMINISTRATIVE    : 
ACTION TO ENSURE ACCURATELY      :  
REPORTED AND CONSISTENT       : 
LEVELS OF ALUMINUM IN ALL     :  
VACCINES        : Docket No. __________ 
 

CITIZEN PETITION 
 
 This petition for administrative action is submitted on behalf of the Informed Consent 
Action Network and a large number of its members, including parents deciding whether to 
vaccinate their child/children, (“Petitioner”) pursuant to 21 C.F.R. § 10.30 and related and 
relevant provisions of law (including the Federal Food, Drug, and Cosmetic Act or the Public 
Health Service Act) to request that the Commissioner of Food and Drugs (the “Commissioner”) 
take the actions listed below to assure accurately reported and consistent levels of aluminum in 
Adacel, Boostrix, Engerix-B, Havrix, Infanrix, Infanrix hexa, Kinrix, Pediarix, Pedvax-HIB, 
Pentacel, Prevnar-13, Synflorix, and Vaqta  (the “Subject Vaccines”).   
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A. ACTION REQUESTED 
 
1. The Food & Drug Administration (“FDA”) forthwith publicly release 

documentation sufficient to establish that the aluminum content in each Subject Vaccine is 
consistent with amount provided in its labeling.1 

 
2. If the FDA is unable to forthwith comply with the foregoing request, the FDA 

forthwith pause distribution of each Subject Vaccine until it has confirmed and publicly released 
documentation sufficient to establish that the aluminum content in each Subject Vaccine is 
consistent with the amount provided in its labeling. 

 
B. STATEMENT OF GROUNDS 

 
3. On April 15, 2021, Dr. Christopher Exley along with four other researchers have 

published a study after reviewing the aluminum content of thirteen childhood vaccines.  Dr. Exley 
has authored over 200 published peer reviewed articles regarding aluminum, has been a Professor 
of Bioinorganic Chemistry at Keele University for the last 29 years, and has otherwise spent almost 
his entire 37-year career studying aluminum and its biological effects.   

 
4. This study found that only three vaccines of the thirteen tested contained the amount 

of aluminum indicated on its labeling approved by the FDA.  Six vaccines (Pentacel, Havrix, 
Adacel, Pedvax, Prevnar 13, and Vaqta) contained a statistically significant greater quantity while 
four vaccines (Infanrix, Kinrix, Pediarix, and Synflorix) contained a statistically significant lower 
quantity.  A copy of this peer-reviewed study with these findings are appended hereto as Exhibit 
A and is available at https://www.sciencedirect.com/science/article/pii/S0946672X21000523. 

 
5. These deviations from each product’s labeling render the product adulterated and 

misbranded and violates various federal statutes and regulations, and therefore requires immediate 
action from the FDA to either provide proof the study’s results are incorrect or otherwise cease 
distribution of these vaccines until this issue has been corrected. See, e.g., 21 U.S.C. § 351; 21 
U.S.C. § 352; 21 C.F.R. § 56; 21 C.F.R. § 57.   

 
6. The finding in this study is extremely concerning because doses with less than the 

approved amount of aluminum adjuvant will not have the same efficacy, and doses with more than 
the approved amount of aluminum adjuvant raise safety concerns.  Indeed, aluminum adjuvant is 

 
1 The term “labeling” as used herein shall include all documentation from the manufacturer and the FDA 
with regard to a given product, including its package insert, product label, patient information sheet, and 
approval documents, and any other documents that list its ingredients. 

https://www.sciencedirect.com/%E2%80%8Cscience/%E2%80%8Carticle/%E2%80%8Cpii/%E2%80%8CS0946672%E2%80%8CX21000523
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a known cytotoxic and neurotoxic substance used to induce autoimmunity in lab animals, and 
which numerous peer-reviewed publications implicate in various autoimmune conditions.2 

 
7. The FDA must ensure that vaccines in current use and those that will be on the 

market in the future are accurately labeled.  Vaccine recipients and their caregivers must be able 
to rely on the FDA-approved labeling for these products, especially considering that they are given 
to babies and children.   

 
8. Petitioner and its constituent members, and the parents seeking to decide whether 

to vaccinate their children, are entitled to know if the aluminum adjuvant content in the FDA 
approved childhood vaccines they are being asked to inject their children with are not adulterated 
or mislabeled, and otherwise contain the amount of aluminum adjuvant actually listed on their 
label.  

 
C. ENVIRONMENTAL IMPACT  

 
9. The undersigned hereby states that the relief requested in this petition will have no 

environmental impact and therefore an environmental assessment is not required under 21 C.F.R. 
Sections 25.30 and 25.31. 

 
D. ECONOMIC IMPACT 

 
10. Economic impact information will be submitted upon request of the commissioner. 
 

E. CERTIFICATION 
 
11. The undersigned certifies that, to the best knowledge and belief of the undersigned, 

this petition includes all information and views on which the petition relies, and that it includes 
representative data and information known to the petitioner which are unfavorable to the petition. 

 

 
2  https://www.simonandschuster.com/books/Imagine-You-Are-An-Aluminum-Atom/Christopher-
Exley/9781510762534; https://www.wiley.com/en-us/Vaccines+and+Autoimmunity-p-9781118663431; 
https://www.ncbi.nlm.nih.gov/pubmed/25923134; http://icandecide.org/white-papers/ICAN-Aluminum
Adjuvant-Autism.pdf; Macrophages phagocytize (ingest) aluminum  adjuvant (AA): https://www.ncbi.nlm.
nih.gov/pubmed/15297065; https://www.ncbi.nlm.nih.gov/pubmed/18496530.  Macrophages transport 
material into the brain: https://www.ncbi.nlm.nih.gov/pubmed/27213597; https://www.ncbi.nlm.nih.gov/
pubmed/21348773; https://www.ncbi.nlm.nih.gov/pubmed/27115998; https://www.ncbi.nlm.nih.gov/pub
med/27213597.  AA transport to brain: https://www.ncbi.nlm.nih.gov/pubmed/26384437; https://www.
ncbi.nlm.nih.gov/pubmed/27908630;  https://www.ncbi.nlm.nih.gov/pubmed/23557144.  AA causes neuro 
impairment: https://www.ncbi.nlm.nih.gov/pubmed/27908630; https://www.ncbi.nlm.nih.gov/pubmed/
19740540; https://www.ncbi.nlm.nih.gov/pubmed/23932735.  Macrophages infiltrate the brain : https://
www.ncbi.nlm.nih.gov/pubmed/16401547; https://www.ncbi.nlm.nih.gov/pubmed/15546155; https://
www.ncbi.nlm.nih.gov/pubmed/28167942; https://www.ncbi.nlm.nih.gov/pubmed/24951035. 

https://www.law.cornell.edu/definitions/index.php?width=840&height=800&iframe=true&def_id=5d180efe067ff265af47d8f5c8b7523d&term_occur=999&term_src=Title:21:Chapter:I:Subchapter:A:Part:10:Subpart:B:10.30
https://www.law.cornell.edu/definitions/index.php?width=840&height=800&iframe=true&def_id=5d180efe067ff265af47d8f5c8b7523d&term_occur=999&term_src=Title:21:Chapter:I:Subchapter:A:Part:10:Subpart:B:10.30
https://www.law.cornell.edu/definitions/index.php?width=840&height=800&iframe=true&def_id=5d180efe067ff265af47d8f5c8b7523d&term_occur=999&term_src=Title:21:Chapter:I:Subchapter:A:Part:10:Subpart:B:10.30
https://www.simonandschuster.com/books/Imagine-You-Are-An-Aluminum-Atom/Christopher-Exley/9781510762534
https://www.simonandschuster.com/books/Imagine-You-Are-An-Aluminum-Atom/Christopher-Exley/9781510762534
https://www.wiley.com/en-us/Vaccines+and+Autoimmunity-p-9781118663431
https://www.ncbi.nlm.nih.gov/pubmed/25923134
http://icandecide.org/white-papers/ICAN-Aluminum%E2%80%8CAdjuvant-Autism.pdf
http://icandecide.org/white-papers/ICAN-Aluminum%E2%80%8CAdjuvant-Autism.pdf
https://www.ncbi.nlm.nih.gov/pubmed/%E2%80%8C15297065
https://www.ncbi.nlm.nih.gov/pubmed/%E2%80%8C15297065
https://www.ncbi.nlm.nih.gov/pubmed/18496530
https://www.ncbi.nlm.nih.gov/pubmed/27213597
https://www.ncbi.nlm.nih.gov/%E2%80%8C%E2%80%8Cpub%E2%80%8Cmed/%E2%80%8C%E2%80%8C21348%E2%80%8C7%E2%80%8C73
https://www.ncbi.nlm.nih.gov/%E2%80%8C%E2%80%8Cpub%E2%80%8Cmed/%E2%80%8C%E2%80%8C21348%E2%80%8C7%E2%80%8C73
https://www.ncbi.nlm.nih.gov/pubmed/27115998
https://www.ncbi.nlm.nih.gov/%E2%80%8Cpub%E2%80%8Cmed/27213597
https://www.ncbi.nlm.nih.gov/%E2%80%8Cpub%E2%80%8Cmed/27213597
https://www.ncbi.nlm.nih.gov/pubmed/26384437
https://www.ncbi.nlm.nih.gov/pubmed/%E2%80%8C%E2%80%8C27908630
https://www.ncbi.nlm.nih.gov/pubmed/%E2%80%8C%E2%80%8C27908630
https://www.ncbi.nlm.nih.gov/pubmed/23557144
https://www.ncbi.nlm.nih.gov/%E2%80%8C%E2%80%8Cpubmed/%E2%80%8C%E2%80%8C27908630
https://www.ncbi.nlm.nih.gov/pubmed/19740540
https://www.ncbi.nlm.nih.gov/pubmed/19740540
https://www.ncbi.nlm.nih.gov/pubmed/23932735
https://www.ncbi.nlm.nih.gov/pubmed/16401547
https://www.ncbi.nlm.nih.gov/pubmed/16401547
https://www.ncbi.nlm.nih.gov/pubmed/%E2%80%8C%E2%80%8C15546155
https://www.ncbi.nlm.nih.gov/%E2%80%8C%E2%80%8Cpubmed/28167942
https://www.ncbi.nlm.nih.gov/%E2%80%8C%E2%80%8Cpubmed/28167942
https://www.ncbi.nlm.nih.gov/pubmed/24951035
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12. The Petitioner therefore respectfully urges that this request be granted forthwith. 
 
 

Respectfully submitted, 
 
        /s/ Aaron Siri 
        Aaron Siri 
        Elizabeth Brehm 
        Jessica Wallace 

SIRI & GLIMSTAD LLP 
200 Park Avenue 
17th Floor 
New York, NY 10166 
Telephone: (212) 532-1091 
Facsimile: (646) 417-5967 
Email: aaron@sirillp.com  
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The measurement and full statistical analysis including Bayesian methods 
of the aluminium content of infant vaccines 

Emma Shardlow a, Caroline Linhart a, Sameerah Connor b, Erin Softely b, Christopher Exley a,* 
a The Birchall Centre, Lennard-Jones Laboratories, Keele University, Staffordshire, United Kingdom 
b Life Sciences, The Huxley Building, Keele University, Staffordshire, United Kingdom   

A R T I C L E  I N F O   

Keywords: 
Human exposure to aluminium 
Aluminium adjuvants 
Aluminium content of infant vaccines 
Vaccine safety and efficacy 

A B S T R A C T   

Background: Aluminium salts are the most common adjuvants in infant vaccines. The aluminium content of a 
vaccine is provided by the manufacturer and is indicated on the patient information leaflet. There is no inde-
pendent verification, for example by the European Medicines Agency, of the aluminium content of infant 
vaccines. 
Methods: We have measured the aluminium content of thirteen infant vaccines using microwave-assisted acid and 
peroxide digestion followed by transversely heated graphite furnace atomic absorption spectrometry. Our data 
are compared with manufacturer’s data using full statistical analyses including Bayesian methods. 
Results: We found that only three vaccines contained the amount of aluminium indicated by the manufacturer. 
Six vaccines contained a statistically significant (P < 0.05) greater quantity while four vaccines contained a 
statistically significant (P < 0.05) lower quantity. The range of content for any single vaccine varied consider-
ably, for example, from 0.172 to 0.602 mg/vaccine for Havrix. 
Conclusions: The data have raised specific questions about the significance of the aluminium content of vaccines 
and identified areas of extremely limited information. Since aluminium is a known toxin in humans and spe-
cifically a neurotoxin, its content in vaccines should be accurate and independently monitored to ensure both 
efficacy and safety.   

1. Introduction 

Aluminium salts are the adjuvants of choice in the majority of 
inactivated paediatric vaccines. Their presence at injection sites 
following vaccination results in the activation of humoral immunity. 
This pathway is characterised by the differentiation of naive CD4+ T 
cells into Th2 effector subsets and the subsequent enhancement of 
antigen-specific antibody titres [1–5]. T cell priming post-vaccination 
occurs following the cross-presentation of antigen-MHC complexes by 
immunocompetent phagocytes and occurs exclusively within draining 
lymph nodes [6] at locations often distant from the injection site. 
Aluminium adjuvants have been shown to facilitate this process by; i) 
actively increasing levels of antigen recognition and uptake by 
antigen-presenting cells [7–9], ii) acting in a protective capacity to 
prevent antigen degradation within intracellular compartments [9,10] 
and (iii) amplifying and sustaining antigen-MHC II expression by 
antigen-presenting cells [9,11,12]. Other suggested mechanisms un-
derlying the immunostimulatory effects of aluminium adjuvants include 

the secretion of pro-inflammatory cytokines by activated 
antigen-presenting cells [13–17] and the formation of an ‘antigen depot’ 
at the vaccine injection site [18,19]. While the latter is regarded by some 
as superfluous to the mechanism of action of aluminium adjuvants, 
recent evidence has demonstrated that extracellular traps formed by 
neutrophils following immunization make a significant contribution to 
their immunological activity in vivo [20]. However, the modus operandi 
of aluminium adjuvants remains to be fully elucidated [21,22]. 

Three aluminium salts are currently used as adjuvants in human 
vaccines. Two of these, aluminium oxyhydroxide (available commer-
cially as Alhydrogel®) and aluminium hydroxyphosphate (available 
commercially as AdjuPhos®) have been widely studied while the third, 
aluminium hydroxyphosphate sulphate, is proprietary to Merck and has 
not been available for independent scrutiny [22,23]. The type and 
amount of aluminium adjuvant used in paediatric vaccines is made 
available through patient information leaflets, see the manufacturer’s 
information summarised in Table 1. The information given is, at best, 
vague. Descriptions of aluminium salts are often inaccurate, for 

* Corresponding author at: The Birchall Centre, Lennard-Jones Laboratories, Keele University, Staffordshire, ST5 5BG, United Kingdom. 
E-mail address: c.exley@keele.ac.uk (C. Exley).  
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example, the use of the term aluminium hydroxide when the form of 
aluminium included is aluminium oxyhydroxide. Quantitative data 
describing the content of aluminium in a vaccine is often presented in a 
number of different formats. For example, all do present these data as 
total aluminium but some additionally present the data in respect of the 
weight of aluminium salt. This practice is confusing for anyone reading 
the patient information leaflet. The manufacturers’ stated content of 
aluminium in vaccines listed in Table 1 varies from 0.125 (Prevnar 13) 
to 0.85 (PEDIARIX) mg per 0.5 mL dose of vaccine though little or no 
information is available as to why the content is so varied. Why does one 
vaccine require more aluminium adjuvant to be effective than another? 
There exists a non-regulatory limit of 1.25 mg aluminium per dose of 
vaccine based upon maximum titres of antibodies produced. However, 
even this may be exceeded under certain circumstances. The European 
Medicines Agency (EMA) and the Food and Drug Administration (FDA) 
are charged with the responsibility of verifying the information pro-
vided by vaccine manufacturers in their patient information leaflets. 
When questioned repeatedly on this subject (for example, EMA request 
reference ASK-56123) neither organisation was able to confirm that they 
routinely measure the aluminium content of vaccines. They indicated 
that they relied upon data provided to them by manufacturers, though 
no such data were forthcoming following requests including freedom of 
information act requests to the FDA (For example, FOIA Requests 
2019-11150 to 2019-11156 & 2019-11158). When the EMA was asked, 
which analytical methods were used by either their organisation or 
vaccine manufacturers to measure the aluminium content of vaccines, 
they replied that this was proprietary information and could not be 
provided (EMA request reference ASK-56707). It would appear that the 
aluminium content of a vaccine is only measured by the manufacturer, 
using an unspecified method, and that these data are not made publicly 
available. 

One piece of important information about the aluminium content of 
a vaccine is that it is clearly critical. Why else would there be such a wide 
range of contents used across the paediatric vaccine schedule. Since 

those charged with ensuring that the information provided by vaccine 
manufacturers is correct are seemingly choosing to neglect this re-
sponsibility, herein we have measured the aluminium content of thir-
teen paediatric vaccines. We find that the measured content of 
aluminium is only similar to that given by the manufacturer in three out 
of thirteen vaccines. 

2. Materials and methods 

2.1. Vaccines 

Whole vaccines were provided under license by a state registered 
paediatrician. All vaccines were in their original packaging and 
remained pristine and refrigerated at 4 ◦C until use. 

2.2. Digestion of vaccines 

Each whole vaccine was added to an acid-washed, dried and labelled 
20 mL PFA Teflon MARSXpress digestion vessel closed with a venting 
plug and screw cap (CEM Technology, UK). The idea being that the 
whole vaccine was ‘injected’ into the digestion vessel in the identical 
manner as it would be used in human vaccination. In each case, it was 
assumed, though it was unlikely to be the case, that the whole vaccine 
volume of 0.5 mL was transferred to the digestion tube. To each whole 
vaccine, 1 mL of concentrated HNO3 (Analar, 15.8 M Fisher Scientific, 
UK) and 1 mL 30 % w/v H2O2 (Aristar, BDH, UK) were added and the 
mixture subjected to microwave-assisted digestion (MARS6 CEM, One 
Touch Technology, UK). The resulting digests were further diluted by 
the addition of 2.5 mL of pure water (conductivity <0.067μS/cm) and 
stored appropriately for subsequent analyses. Method blanks were pre-
pared where 0.5 mL of pure water was substituted for the whole vaccine. 
Full information pertaining to this method of sample digestion including 
microwave parameters are available elsewhere [24]. 

Table 1 
Information relating to each of the thirteen infant vaccines taken directly from their patient information leaflets respectively.  

Trade name of 
vaccine 

Pharmaceutical company 
[Country of manufacture] 

Paediatric 
dose (mL) 

Manufacturer’s stated aluminium 
content per paediatric dose (mg) 

Infant age 
range 

Manufacturer’s description of vaccine 

PEDIARIX GlaxoSmithKline (GSK) 
[Belgium] 

0.5 "not more than 0.85 mg aluminium" from 2 to 6 
months 

Vaccine for the active immunization against 
diphtheria, tetanus, pertussis, hepatitis B virus 
infection and poliomyelitis. 

Pentacel Sanofi Pasteur [Canada] 0.5 0.33 mg of aluminium as 1.5 mg 
aluminium phosphate 

from 6 weeks 
to 4 years 

Vaccine for the active immunization against 
diphtheria, tetanus, pertussis, poliomyelitis and 
disease caused by Haemophilus influenzae type b. 

ENGERIX-B GlaxoSmithKline (GSK) 
[Belgium] 

0.5 0.25 mg of aluminium as aluminium 
hydroxide 

from 1 to 6 
months 

Vaccine for immunization against infection caused by 
hepatitis B virus. 

Prevnar 13 Pfizer [United States] 0.5 0.125 mg of aluminium (as 
aluminium phosphate) 

from 6 weeks 
to 5 years 

Vaccine for active immunization against disease 
caused by Streptococcus pneumoniae. 

PedvaxHIB Merck & Co., Inc [United 
States] 

0.5 0.225 mg of aluminium as 
amorphous aluminium 
hydroxyphosphate sulphate 

from 6 to 11 
months 

Vaccine for immunization against infection caused by 
Haemophilus influenzae type b. 

KINRIX GlaxoSmithKline (GSK) 
[Belgium] 

0.5 "not more than 0.6 mg aluminium by 
assay" 

from 4 up to 6 
years 

Vaccine for immunization against diphtheria, 
tetanus, pertussis and poliomyelitis. 

INFANRIX GlaxoSmithKline (GSK) 
[Belgium] 

0.5 "not more than 0.625 mg aluminium 
by assay" 

from 6 weeks 
up to 6 years 

Vaccine for active immunization against diphtheria, 
tetanus and pertussis. 

BOOSTRIX GlaxoSmithKline (GSK) 
[Belgium] 

0.5 "not more than 0.39 mg aluminium 
by assay" 

from 10 years Vaccine for active immunization against tetanus, 
diphtheria and pertussis. 

VAQTA Merck & Co., Inc [United 
States] 

0.5 0.225 mg of aluminium as 
amorphous aluminium 
hydroxyphosphate sulphate 

from 12 
months (up to 
18 years) 

Vaccine for immunization against disease caused by 
hepatitis A virus 

Adacel Sanofi Pasteur [Canada] 0.5 1.5 mg aluminium phosphate 
(0.33 mg aluminium) 

from 10 years Vaccine for active immunization against tetanus, 
diphtheria and pertussis. 

HAVRIX GlaxoSmithKline (GSK) 
[Belgium] 

0.5 0.25 mg of aluminium as aluminium 
hydroxide 

from 12 to 24 
months 

Vaccine for immunisation against disease caused by 
hepatitis A virus. 

Infanrix hexa GlaxoSmithKline (GSK) 
[Belgium] 

0.5 0.82 mg of aluminium (as 
aluminium salts) 

from 2 to 18 
months 

Vaccine for immunization against diphtheria, 
tetanus, pertussis, hepatitis B, poliomyelitis and 
Haemophilus influenzae type b. 

Synflorix GlaxoSmithKline (GSK) 
[Belgium] 

0.5 0.5 mg of aluminium as aluminium 
phosphate 

from 6 weeks 
up to 5 years 

Vaccine for immunization against infections caused 
by Streptococcus pneumoniae.  

E. Shardlow et al.                                                                                                                                                                                                                               
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2.3. Determination of aluminium 

The total aluminium content of each vaccine digest and each method 
blank was measured by transversely heated graphite furnace atomic 
absorption spectrometry (TH GFAAS) using a fully established method 
including matrix-matched standards and commensurate quality assur-
ance criteria [24]. Method blank data equating to 54 ngAl/5 mL digest 
were subtracted from each vaccine sample. Data are presented as 
mgAl/0.5 mL vaccine volume. 

2.4. Statistics 

Data on the measured concentrations of aluminium, stratified by 
brand, were tested for normality. Depending on whether the data were 
normally distributed or not, means and medians were calculated and 
tested two- and one-sided against the manufacturer’s content of 
aluminium (see Table 1) using one-sample t-test and Wilcoxon signed 
rank test respectively. 

Differences in aluminium content between lots were analysed for 
those vaccines with two lots and sufficient sample numbers. 

To determine the probability, expressed as a percentage, that the 
measured content of aluminium in a vaccine was less than, the same as 
or greater than the amount given by the vaccine manufacturer, Bayesian 
methodology was used [25]. 

The hypotheses tested were as follows: 

H0. Declared content of aluminium is equal to or less than the 
measured concentrations of aluminium. (The difference in means is 
zero.) 

The alternative hypothesis is that the difference in means is not zero: 

Ha1. Measured concentration of aluminium is not the same. 

Ha2. Measured concentration of aluminium is greater. 

Ha3. Measured concentration of aluminium is less. 

Tests were repeated one-sided in both directions. For two-sided tests, 
a p-value < 0.05 was considered as statistically significant and for one- 
sided tests a p-value < 0.025. 

Analyses were performed using R-Studio version 1.1.1093 [26] 
including packages ggplot2 [27], doBy [28], BEST [29], BayesianFirst-
Aid [30] and bayesWilcoxTest [31]. The last three packages provide 
Bayesian alternatives to the classical hypothesis tests in R. Bayesian 
methods were used to calculate the percentage probability that 
measured aluminium concentrations were randomly the same or 
greater/less than amounts stated by the manufacturer. Bayes factors can 
complement p-values by providing additional information for hypoth-
esis testing by quantifying the relative evidence for both alternative and 
null hypotheses. Moreover, the magnitude of this evidence can be pre-
sented as percentages [25,32–36]. 

The following code was used to produce random data sets of 
aluminium values for each vaccine with the stated manufacturers mean 
and 10 % RSD. The latter to reflect ‘expected’ manufacturing error.  

rnorm2 <- function(n,mean,sd) {mean + sd*scale(rnorm(n))}                       

The Bayesian approach was repeated with the random data sets 
including the 10 % variation. 

3. Results 

3.1. Pentacel 

The data for Pentacel were normally distributed. Ten individual 
vaccines were investigated across two lots. The aluminium content 
differed significantly between lots (P < 0.030). The highest content of 
aluminium measured was 0.440 mg/vaccine. The lowest content of 

aluminium measured was 0.343 mg/vaccine. The mean content of ten 
vaccines was 0.379 mg/vaccine (Table 2). The aluminium content of 
Pentacel was significantly higher for both lots combined (P < 0.001) 
(Fig. 1), lot 1 only (P = 0.005) and lot 2 only (P = 0.004) than the 
amount stated by the manufacturer (0.330 mg/vaccine) on the patient 
information leaflet (Table 3). 

3.2. Havrix 

The data for Havrix were not normally distributed. Twenty individ-
ual vaccines were investigated across two lots. The aluminium content 
differed significantly between lots (P < 0.001). The highest content of 
aluminium measured was 0.602 mg/vaccine. The lowest content of 
aluminium measured was 0.172 mg/vaccine. The median content of 
twenty vaccines was 0.307 mg/vaccine (Table 2). The aluminium con-
tent of Havrix was significantly higher for both lots combined 
(P = 0.003) (Fig. 1) and lot 2 only (P = 0.003) than the amount stated by 
the manufacturer (0.250 mg/vaccine) on the patient information leaflet 
(Table 3). 

3.3. Adacel 

The data for Adacel were not normally distributed. Nine individual 
vaccines were investigated across two lots. The aluminium content was 
not significantly different between lots (P > 0.05).The highest content of 
aluminium measured was 0.445 mg/vaccine. The lowest content of 
aluminium measured was 0.302 mg/vaccine. The median content of 
nine vaccines was 0.397 mg/vaccine (Table 2). The aluminium content 
of Adacel was significantly higher (P = 0.006) (Fig. 1) than the amount 
stated by the manufacturer (0.330 mg/vaccine) on the patient infor-
mation leaflet (Table 3). 

3.4. Boostrix 

The data for Boostrix were normally distributed. Twenty individual 
vaccines were investigated from a single lot. The highest content of 
aluminium measured was 0.525 mg/vaccine. The lowest content of 
aluminium measured was 0.345 mg/vaccine. The mean content of 
twenty vaccines was 0.407 mg/vaccine (Table 2). The aluminium con-
tent of Boostrix was not significantly different (P = 0.101) (Fig. 1) to the 
amount stated by the manufacturer (0.390 mg/vaccine) on the patient 
information leaflet (Table 3). 

3.5. EngerixB 

The data for EngerixB were normally distributed. Twenty individual 

Table 2 
Descriptive statistics for each of the thirteen infant vaccines including normal 
distribution (N.D.), number of replicates (N), minimum (Min.), maximum 
(Max.), mean/median values (mg/0.5 mL dose) and indication of variance (SD, 
RSD). Vaccines ordered according to their mean/median Al contents.  

Vaccine N.D. N Min. Max. Mean/ 
Median 

SD RSD 

Prevnar 13 Y 6 0.127 0.141 0.136 0.006 0.04 
EngerixB Y 20 0.187 0.287 0.249 0.027 0.11 
Pedvax Y 20 0.192 0.334 0.287 0.040 0.14 
Havrix N 20 0.172 0.602 0.307 0.084 0.28 
Vaqta N 20 0.270 0.796 0.340 0.109 0.32 
Pentacel Y 10 0.343 0.440 0.379 0.032 0.09 
Adacel N 9 0.302 0.445 0.397 0.041 0.10 
Synflorix Y 3 0.396 0.399 0.398 0.002 0.00 
Boostrix Y 20 0.345 0.525 0.407 0.043 0.11 
Kinrix N 20 0.464 0.635 0.511 0.062 0.12 
Infanrix Y 20 0.415 0.662 0.546 0.069 0.13 
Pediarix Y 20 0.575 0.743 0.661 0.039 0.06 
Infanrix Hexa Y 6 0.766 0.851 0.806 0.028 0.04  
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vaccines were investigated from a single lot. The highest content of 
aluminium measured was 0.287 mg/vaccine. The lowest content of 
aluminium measured was 0.187 mg/vaccine. The mean content of 
twenty vaccines was 0.249 mg/vaccine (Table 2). The aluminium con-
tent of EngerixB was not significantly different (P = 0.897) (Fig. 1) to the 
amount stated by the manufacturer (0.250 mg/vaccine) on the patient 
information leaflet (Table 3). 

3.6. Infanrix 

The data for Infanrix were normally distributed. Twenty individual 
vaccines were investigated from a single lot. The highest content of 
aluminium measured was 0.662 mg/vaccine. The lowest content of 
aluminium measured was 0.415 mg/vaccine. The mean content of 
twenty vaccines was 0.546 mg/vaccine (Table 2). The aluminium con-
tent of Infanrix was significantly lower (P < 0.001) (Fig. 1) than the 
amount stated by the manufacturer (0.625 mg/vaccine) on the patient 
information leaflet (Table 3). 

3.7. Infanrix Hexa 

The data for Infanrix Hexa were normally distributed. Six individual 
vaccines were investigated from a single lot. The highest content of 
aluminium measured was 0.851 mg/vaccine. The lowest content of 
aluminium measured was 0.766 mg/vaccine. The mean content of six 
vaccines was 0.806 mg/vaccine (Table 2). The aluminium content of 

Infanrix Hexa was not significantly different (P = 0.268) (Fig. 1) to the 
amount stated by the manufacturer (0.820 mg/vaccine) on the patient 
information leaflet (Table 3). 

3.8. Kinrix 

The data for Kinrix were not normally distributed. Twenty individual 
vaccines were investigated across two lots. The aluminium content was 
not significantly different between lots (P > 0.05). The highest content 
of aluminium measured was 0.635 mg/vaccine. The lowest content of 
aluminium measured was 0.464 mg/vaccine. The median content of 
twenty vaccines was 0.511 mg/vaccine (Table 2). The aluminium con-
tent of Kinrix was significantly less (P = 0.001) (Fig. 1) than the amount 
stated by the manufacturer (0.600 mg/vaccine) on the patient infor-
mation leaflet (Table 3). 

3.9. Pediarix 

The data for Pediarix were normally distributed. Twenty individual 
vaccines were investigated across two lots. The aluminium content was 
not significantly different between lots (P > 0.05). The highest content 
of aluminium measured was 0.743 mg/vaccine. The lowest content of 
aluminium measured was 0.575 mg/vaccine. The mean content of 
twenty vaccines was 0.661 mg/vaccine (Table 2). The aluminium con-
tent of Pediarix was significantly lower (P < 0.001) (Fig. 1) than the 
amount stated by the manufacturer (0.850 mg/vaccine) on the patient 

Fig. 1. Boxplots of measured aluminium concentrations (mg/0.5 mL dose) stratified per vaccine brand and compared to the manufacturers’ stated amounts (yellow 
line). The colour gradient represents p-values of one-sided t-tests or Mann-Whitney U tests of the measured Al against the manufacturers’ stated amounts. The red 
boxplots indicate vaccines with significantly more aluminium than that stated by the manufacturer. Boxplots in violet and blue represent data for vaccines where the 
measured content is either not significantly to or significantly less than the manufacturers’ stated amounts. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article). 
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information leaflet (Table 3). 

3.10. Pedvax 

The data for Pedvax were normally distributed. Twenty individual 
vaccines were investigated across two lots. The aluminium content was 
not significantly different between lots (P > 0.05). The highest content 
of aluminium measured was 0.334 mg/vaccine. The lowest content of 
aluminium measured was 0.192 mg/vaccine. The mean content of 
twenty vaccines was 0.287 mg/vaccine (Table 2). The aluminium con-
tent of Pedvax was significantly higher (P < 0.001) (Fig. 1) than the 
amount stated by the manufacturer (0.225 mg/vaccine) on the patient 
information leaflet (Table 3). 

3.11. Prevnar13 

The data for Prevnar13 were normally distributed. Six individual 
vaccines were investigated in a single lot. The highest content of 
aluminium measured was 0.141 mg/vaccine. The lowest content of 
aluminium measured was 0.127 mg/vaccine. The mean content of six 
vaccines was 0.136 mg/vaccine (Table 2). The aluminium content of 
Prevnar13 was significantly higher (P = 0.003) (Fig. 1) than the amount 
stated by the manufacturer (0.125 mg/vaccine) on the patient infor-
mation leaflet (Table 3). 

3.12. Synflorix 

The data for Synflorix were normally distributed. Three individual 
vaccines were investigated from a single lot. The highest content of 
aluminium measured was 0.399 mg/vaccine. The lowest content of 
aluminium measured was 0.396 mg/vaccine. The mean content of three 

vaccines was 0.398 mg/vaccine (Table 2). The aluminium content of 
Synflorix was significantly less (P < 0.001) (Fig. 1) than the amount 
stated by the manufacturer (0.500 mg/vaccine) on the patient infor-
mation leaflet (Table 3). 

3.13. Vaqta 

The data for Vaqta were not normally distributed. Twenty individual 
vaccines were investigated across two lots. The aluminium content was 
not significantly different between lots (P > 0.05). The highest content 
of aluminium measured was 0.796 mg/vaccine. The lowest content of 
aluminium measured was 0.270 mg/vaccine. The median content of 
twenty vaccines was 0.340 mg/vaccine (Table 2). The aluminium con-
tent of Vaqta was significantly higher (P < 0.001) (Fig. 1) than the 
amount stated by the manufacturer (0.225 mg/vaccine) on the patient 
information leaflet (Table 3). 

4. Discussion 

We present the aluminium content of 13 paediatric vaccines (Sup-
plementary Table 1). We have compared our raw data with values given 
by manufacturers on patient information leaflets. In addition, we have 
applied a generous ±10 % margin of manufacturing error to the latter 
published values when applying Bayesian methods (see Supplementary 
Table 2). Using a level of statistical significance of P = 0.05, 3 vaccines 
contained the amount of aluminium stated by the manufacturer on the 
patient information leaflet (Boostrix, Engerix B, Infanrix Hexa). Six 
vaccines contained significantly more aluminium (Pentacel, Havrix, 
Adacel, Pedvax, Prevnar 13, Vaqta) while 4 vaccines contained signifi-
cantly less (Infanrix, Pediarix, Kinrix, Synflorix). Statistical significance, 
of course, does not tell the only story. For example, while the aluminium 
content of Boostrix is not significantly different to that stated by the 
manufacturer (P > 0.05) there remains a 92 % chance that the 
aluminium content of a Boostrix vaccine will exceed the official content 
(Table 3). In addition, the content of aluminium is extremely variable 
with many vaccines showing %RSD in excess of 10 % even within the 
same lot (Table 2). For example, an infant receiving Havrix could receive 
anything between 0.172 and 0.602 mg of aluminium per vaccine. The 
data presented herein will be an underestimate of the actual content of 
aluminium as it is inevitable that some aluminium adjuvant will remain 
within the syringe system following injection. This will also be true 
when vaccines are injected in vivo. Vaccines that include an aluminium 
adjuvant are cloudy suspensions and manufacturers recommend that 
they are shaken prior to injection. For a few vaccines we were unable to 
obtain ten or more individual products and so data are limited, espe-
cially Synflorix. However, we present the first robust data obtained 
using state-of-the-art methods on the aluminium content of vaccines 
currently being administered in infants. The data are not reassuring. 
They suggest that vaccine manufacturers have limited control over the 
aluminium content of their vaccines. The aluminium content of indi-
vidual vaccines within vaccine lots vary significantly. The amount of 
aluminium an infant receives in a vaccine is, it would appear, akin to a 
lottery. The true significance of this lottery is unknown. Vaccine man-
ufacturers do not provide experimental protocols or rationales to sup-
port the amount of aluminium used in vaccines. If the amount used 
relates to a vaccine’s potency in eliciting antibody titres then this should 
be explained in complementary information including, for example, that 
provided with the vaccine. Equally, how this potency is affected by the 
quantity of aluminium should also be a matter of public record. For 
example, using the data previously noted for Havrix, does it matter for 
the vaccine’s efficacy if the content of aluminium received by an infant 
is 0.172 or 0.602 mg/vaccine. The natural assumption is that it does 
matter, otherwise why state specific amounts of aluminium on patient 
information leaflets. If the vaccine manufacturers stated content of 
aluminium is significant then it is concerning that six of the thirteen 
vaccines measured had statistically higher contents of aluminium. In 

Table 3 
Summary statistics of results including statistical test used (T test or Mann 
Whitney U), two- and one-sided p-values of statistical tests, difference in means 
(stated Al amount – measured amount) and percentage of evidence for the 
outcome according to Bayesian methodology. Vaccines ordered according to 
their mean/median Al content.  

Vaccine Test p- 
value 
2- 
sided 

p- 
value 
1- 
sided 

Diff. 
in 
Means 

Outcome 
(H1) 

Probability 
of 
Outcome 

Prevnar 13 T 0.005 0.003 − 0.01 Greater 0.993 
EngerixB T 0.897 0.551 0.00 Same or 

Less 
0.513 

Pedvax T <

0.001 
<

0.001 
− 0.06 Greater > 0.999 

Havrix MWU 0.006 0.003 − 0.06 Greater 0.872 
Havrix Lot 1 T 0.710 0.355 − 0.01 Greater 0.661 
Havrix Lot 2 MWU 0.006 0.003 − 0.08 Greater 0.988 
Vaqta MWU <

0.001 
<

0.001 
− 0.11 Greater 0.995 

Pentacel T 0.001 <

0.001 
− 0.05 Greater 0.999 

Pentacel Lot 
1 

T 0.010 0.005 − 0.03 Greater 0.986 

Pentacel Lot 
2 

T 0.008 0.004 − 0.07 Greater 0.991 

Adacel MWU 0.013 0.006 − 0.07 Greater 0.938 
Synflorix T <

0.001 
1.000 0.10 Same or 

Less 
0.998 

Boostrix T 0.101 0.051 − 0.02 Greater 0.924 
Kinrix MWU 0.001 0.999 0.09 Same or 

Less 
0.878 

Infanrix T <

0.001 
1.000 0.08 Same or 

Less 
> 0.999 

Pediarix T <

0.001 
1.000 0.19 Same or 

Less 
> 0.999 

Infanrix 
Hexa 

T 0.268 0.866 0.01 Same or 
Less 

0.846  
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practice, this would mean that many infants are receiving significantly 
more aluminium than recommended by the manufacturer. How is this 
additional aluminium affecting the efficacy and safety of the vaccine? 
Similarly, four out of the thirteen vaccines contained statistically 
significantly less aluminium than recommended by the manufacturer. Is 
the lower than prescribed amount of aluminium in these vaccines 
affecting their efficacy? 

The data raise many open questions about the significance of the 
amount of aluminium included in vaccines. They demonstrate if nothing 
else that further clarity and transparency is required from vaccine 
manufacturers as well as regulatory organisations such as the EMA and 
FDA. The aluminium content of a vaccine is never trivial [37]. There is a 
long history of testing the efficacy of childhood vaccines against false 
placebos and warnings against this practice continue to go unheeded 
[38]. It should be a matter of concern that a recent freedom of infor-
mation act request (FOIA Case Number 50882, and HHS Appeal No.; 
19-0083-AA) revealed that the NIH were unable to provide a single 
study relied upon by them in relation to the safety of injection of 
aluminium adjuvants in infants. Human exposure to aluminium is an 
unequivocal consequence of everyday living [39]. Aluminium adjuvants 
in infant vaccines contribute towards the body burden of aluminium 
[37]. Aluminium in the body has the potential to be toxic and signifi-
cantly neurotoxic [40]. Where aluminium is being used for apparent 
human benefit, as in vaccines, we cannot simply ignore the other side of 
the coin, its known toxicity. We cannot afford to be complacent about its 
injection into infants [22]. 

Aluminium adjuvants are critical to the efficacy of vaccines and are 
far from being benign components [22]. Information on their content, 
activity and safety is severely lacking and this void requires urgent 
attention. Until such information is forthcoming, aluminium adjuvants 
remain prime suspects in widely documented vaccination-related 
adverse events. 
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The measurement and full statistical analysis including Bayesian methods 
of the aluminium content of infant vaccines 
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A B S T R A C T   

Background: Aluminium salts are the most common adjuvants in infant vaccines. The aluminium content of a 
vaccine is provided by the manufacturer and is indicated on the patient information leaflet. There is no inde-
pendent verification, for example by the European Medicines Agency, of the aluminium content of infant 
vaccines. 
Methods: We have measured the aluminium content of thirteen infant vaccines using microwave-assisted acid and 
peroxide digestion followed by transversely heated graphite furnace atomic absorption spectrometry. Our data 
are compared with manufacturer’s data using full statistical analyses including Bayesian methods. 
Results: We found that only three vaccines contained the amount of aluminium indicated by the manufacturer. 
Six vaccines contained a statistically significant (P < 0.05) greater quantity while four vaccines contained a 
statistically significant (P < 0.05) lower quantity. The range of content for any single vaccine varied consider-
ably, for example, from 0.172 to 0.602 mg/vaccine for Havrix. 
Conclusions: The data have raised specific questions about the significance of the aluminium content of vaccines 
and identified areas of extremely limited information. Since aluminium is a known toxin in humans and spe-
cifically a neurotoxin, its content in vaccines should be accurate and independently monitored to ensure both 
efficacy and safety.   

1. Introduction 

Aluminium salts are the adjuvants of choice in the majority of 
inactivated paediatric vaccines. Their presence at injection sites 
following vaccination results in the activation of humoral immunity. 
This pathway is characterised by the differentiation of naive CD4+ T 
cells into Th2 effector subsets and the subsequent enhancement of 
antigen-specific antibody titres [1–5]. T cell priming post-vaccination 
occurs following the cross-presentation of antigen-MHC complexes by 
immunocompetent phagocytes and occurs exclusively within draining 
lymph nodes [6] at locations often distant from the injection site. 
Aluminium adjuvants have been shown to facilitate this process by; i) 
actively increasing levels of antigen recognition and uptake by 
antigen-presenting cells [7–9], ii) acting in a protective capacity to 
prevent antigen degradation within intracellular compartments [9,10] 
and (iii) amplifying and sustaining antigen-MHC II expression by 
antigen-presenting cells [9,11,12]. Other suggested mechanisms un-
derlying the immunostimulatory effects of aluminium adjuvants include 

the secretion of pro-inflammatory cytokines by activated 
antigen-presenting cells [13–17] and the formation of an ‘antigen depot’ 
at the vaccine injection site [18,19]. While the latter is regarded by some 
as superfluous to the mechanism of action of aluminium adjuvants, 
recent evidence has demonstrated that extracellular traps formed by 
neutrophils following immunization make a significant contribution to 
their immunological activity in vivo [20]. However, the modus operandi 
of aluminium adjuvants remains to be fully elucidated [21,22]. 

Three aluminium salts are currently used as adjuvants in human 
vaccines. Two of these, aluminium oxyhydroxide (available commer-
cially as Alhydrogel®) and aluminium hydroxyphosphate (available 
commercially as AdjuPhos®) have been widely studied while the third, 
aluminium hydroxyphosphate sulphate, is proprietary to Merck and has 
not been available for independent scrutiny [22,23]. The type and 
amount of aluminium adjuvant used in paediatric vaccines is made 
available through patient information leaflets, see the manufacturer’s 
information summarised in Table 1. The information given is, at best, 
vague. Descriptions of aluminium salts are often inaccurate, for 
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example, the use of the term aluminium hydroxide when the form of 
aluminium included is aluminium oxyhydroxide. Quantitative data 
describing the content of aluminium in a vaccine is often presented in a 
number of different formats. For example, all do present these data as 
total aluminium but some additionally present the data in respect of the 
weight of aluminium salt. This practice is confusing for anyone reading 
the patient information leaflet. The manufacturers’ stated content of 
aluminium in vaccines listed in Table 1 varies from 0.125 (Prevnar 13) 
to 0.85 (PEDIARIX) mg per 0.5 mL dose of vaccine though little or no 
information is available as to why the content is so varied. Why does one 
vaccine require more aluminium adjuvant to be effective than another? 
There exists a non-regulatory limit of 1.25 mg aluminium per dose of 
vaccine based upon maximum titres of antibodies produced. However, 
even this may be exceeded under certain circumstances. The European 
Medicines Agency (EMA) and the Food and Drug Administration (FDA) 
are charged with the responsibility of verifying the information pro-
vided by vaccine manufacturers in their patient information leaflets. 
When questioned repeatedly on this subject (for example, EMA request 
reference ASK-56123) neither organisation was able to confirm that they 
routinely measure the aluminium content of vaccines. They indicated 
that they relied upon data provided to them by manufacturers, though 
no such data were forthcoming following requests including freedom of 
information act requests to the FDA (For example, FOIA Requests 
2019-11150 to 2019-11156 & 2019-11158). When the EMA was asked, 
which analytical methods were used by either their organisation or 
vaccine manufacturers to measure the aluminium content of vaccines, 
they replied that this was proprietary information and could not be 
provided (EMA request reference ASK-56707). It would appear that the 
aluminium content of a vaccine is only measured by the manufacturer, 
using an unspecified method, and that these data are not made publicly 
available. 

One piece of important information about the aluminium content of 
a vaccine is that it is clearly critical. Why else would there be such a wide 
range of contents used across the paediatric vaccine schedule. Since 

those charged with ensuring that the information provided by vaccine 
manufacturers is correct are seemingly choosing to neglect this re-
sponsibility, herein we have measured the aluminium content of thir-
teen paediatric vaccines. We find that the measured content of 
aluminium is only similar to that given by the manufacturer in three out 
of thirteen vaccines. 

2. Materials and methods 

2.1. Vaccines 

Whole vaccines were provided under license by a state registered 
paediatrician. All vaccines were in their original packaging and 
remained pristine and refrigerated at 4 ◦C until use. 

2.2. Digestion of vaccines 

Each whole vaccine was added to an acid-washed, dried and labelled 
20 mL PFA Teflon MARSXpress digestion vessel closed with a venting 
plug and screw cap (CEM Technology, UK). The idea being that the 
whole vaccine was ‘injected’ into the digestion vessel in the identical 
manner as it would be used in human vaccination. In each case, it was 
assumed, though it was unlikely to be the case, that the whole vaccine 
volume of 0.5 mL was transferred to the digestion tube. To each whole 
vaccine, 1 mL of concentrated HNO3 (Analar, 15.8 M Fisher Scientific, 
UK) and 1 mL 30 % w/v H2O2 (Aristar, BDH, UK) were added and the 
mixture subjected to microwave-assisted digestion (MARS6 CEM, One 
Touch Technology, UK). The resulting digests were further diluted by 
the addition of 2.5 mL of pure water (conductivity <0.067μS/cm) and 
stored appropriately for subsequent analyses. Method blanks were pre-
pared where 0.5 mL of pure water was substituted for the whole vaccine. 
Full information pertaining to this method of sample digestion including 
microwave parameters are available elsewhere [24]. 

Table 1 
Information relating to each of the thirteen infant vaccines taken directly from their patient information leaflets respectively.  

Trade name of 
vaccine 

Pharmaceutical company 
[Country of manufacture] 

Paediatric 
dose (mL) 

Manufacturer’s stated aluminium 
content per paediatric dose (mg) 

Infant age 
range 

Manufacturer’s description of vaccine 

PEDIARIX GlaxoSmithKline (GSK) 
[Belgium] 

0.5 "not more than 0.85 mg aluminium" from 2 to 6 
months 

Vaccine for the active immunization against 
diphtheria, tetanus, pertussis, hepatitis B virus 
infection and poliomyelitis. 

Pentacel Sanofi Pasteur [Canada] 0.5 0.33 mg of aluminium as 1.5 mg 
aluminium phosphate 

from 6 weeks 
to 4 years 

Vaccine for the active immunization against 
diphtheria, tetanus, pertussis, poliomyelitis and 
disease caused by Haemophilus influenzae type b. 

ENGERIX-B GlaxoSmithKline (GSK) 
[Belgium] 

0.5 0.25 mg of aluminium as aluminium 
hydroxide 

from 1 to 6 
months 

Vaccine for immunization against infection caused by 
hepatitis B virus. 

Prevnar 13 Pfizer [United States] 0.5 0.125 mg of aluminium (as 
aluminium phosphate) 

from 6 weeks 
to 5 years 

Vaccine for active immunization against disease 
caused by Streptococcus pneumoniae. 

PedvaxHIB Merck & Co., Inc [United 
States] 

0.5 0.225 mg of aluminium as 
amorphous aluminium 
hydroxyphosphate sulphate 

from 6 to 11 
months 

Vaccine for immunization against infection caused by 
Haemophilus influenzae type b. 

KINRIX GlaxoSmithKline (GSK) 
[Belgium] 

0.5 "not more than 0.6 mg aluminium by 
assay" 

from 4 up to 6 
years 

Vaccine for immunization against diphtheria, 
tetanus, pertussis and poliomyelitis. 

INFANRIX GlaxoSmithKline (GSK) 
[Belgium] 

0.5 "not more than 0.625 mg aluminium 
by assay" 

from 6 weeks 
up to 6 years 

Vaccine for active immunization against diphtheria, 
tetanus and pertussis. 

BOOSTRIX GlaxoSmithKline (GSK) 
[Belgium] 

0.5 "not more than 0.39 mg aluminium 
by assay" 

from 10 years Vaccine for active immunization against tetanus, 
diphtheria and pertussis. 

VAQTA Merck & Co., Inc [United 
States] 

0.5 0.225 mg of aluminium as 
amorphous aluminium 
hydroxyphosphate sulphate 

from 12 
months (up to 
18 years) 

Vaccine for immunization against disease caused by 
hepatitis A virus 

Adacel Sanofi Pasteur [Canada] 0.5 1.5 mg aluminium phosphate 
(0.33 mg aluminium) 

from 10 years Vaccine for active immunization against tetanus, 
diphtheria and pertussis. 

HAVRIX GlaxoSmithKline (GSK) 
[Belgium] 

0.5 0.25 mg of aluminium as aluminium 
hydroxide 

from 12 to 24 
months 

Vaccine for immunisation against disease caused by 
hepatitis A virus. 

Infanrix hexa GlaxoSmithKline (GSK) 
[Belgium] 

0.5 0.82 mg of aluminium (as 
aluminium salts) 

from 2 to 18 
months 

Vaccine for immunization against diphtheria, 
tetanus, pertussis, hepatitis B, poliomyelitis and 
Haemophilus influenzae type b. 

Synflorix GlaxoSmithKline (GSK) 
[Belgium] 

0.5 0.5 mg of aluminium as aluminium 
phosphate 

from 6 weeks 
up to 5 years 

Vaccine for immunization against infections caused 
by Streptococcus pneumoniae.  
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2.3. Determination of aluminium 

The total aluminium content of each vaccine digest and each method 
blank was measured by transversely heated graphite furnace atomic 
absorption spectrometry (TH GFAAS) using a fully established method 
including matrix-matched standards and commensurate quality assur-
ance criteria [24]. Method blank data equating to 54 ngAl/5 mL digest 
were subtracted from each vaccine sample. Data are presented as 
mgAl/0.5 mL vaccine volume. 

2.4. Statistics 

Data on the measured concentrations of aluminium, stratified by 
brand, were tested for normality. Depending on whether the data were 
normally distributed or not, means and medians were calculated and 
tested two- and one-sided against the manufacturer’s content of 
aluminium (see Table 1) using one-sample t-test and Wilcoxon signed 
rank test respectively. 

Differences in aluminium content between lots were analysed for 
those vaccines with two lots and sufficient sample numbers. 

To determine the probability, expressed as a percentage, that the 
measured content of aluminium in a vaccine was less than, the same as 
or greater than the amount given by the vaccine manufacturer, Bayesian 
methodology was used [25]. 

The hypotheses tested were as follows: 

H0. Declared content of aluminium is equal to or less than the 
measured concentrations of aluminium. (The difference in means is 
zero.) 

The alternative hypothesis is that the difference in means is not zero: 

Ha1. Measured concentration of aluminium is not the same. 

Ha2. Measured concentration of aluminium is greater. 

Ha3. Measured concentration of aluminium is less. 

Tests were repeated one-sided in both directions. For two-sided tests, 
a p-value < 0.05 was considered as statistically significant and for one- 
sided tests a p-value < 0.025. 

Analyses were performed using R-Studio version 1.1.1093 [26] 
including packages ggplot2 [27], doBy [28], BEST [29], BayesianFirst-
Aid [30] and bayesWilcoxTest [31]. The last three packages provide 
Bayesian alternatives to the classical hypothesis tests in R. Bayesian 
methods were used to calculate the percentage probability that 
measured aluminium concentrations were randomly the same or 
greater/less than amounts stated by the manufacturer. Bayes factors can 
complement p-values by providing additional information for hypoth-
esis testing by quantifying the relative evidence for both alternative and 
null hypotheses. Moreover, the magnitude of this evidence can be pre-
sented as percentages [25,32–36]. 

The following code was used to produce random data sets of 
aluminium values for each vaccine with the stated manufacturers mean 
and 10 % RSD. The latter to reflect ‘expected’ manufacturing error.  

rnorm2 <- function(n,mean,sd) {mean + sd*scale(rnorm(n))}                       

The Bayesian approach was repeated with the random data sets 
including the 10 % variation. 

3. Results 

3.1. Pentacel 

The data for Pentacel were normally distributed. Ten individual 
vaccines were investigated across two lots. The aluminium content 
differed significantly between lots (P < 0.030). The highest content of 
aluminium measured was 0.440 mg/vaccine. The lowest content of 

aluminium measured was 0.343 mg/vaccine. The mean content of ten 
vaccines was 0.379 mg/vaccine (Table 2). The aluminium content of 
Pentacel was significantly higher for both lots combined (P < 0.001) 
(Fig. 1), lot 1 only (P = 0.005) and lot 2 only (P = 0.004) than the 
amount stated by the manufacturer (0.330 mg/vaccine) on the patient 
information leaflet (Table 3). 

3.2. Havrix 

The data for Havrix were not normally distributed. Twenty individ-
ual vaccines were investigated across two lots. The aluminium content 
differed significantly between lots (P < 0.001). The highest content of 
aluminium measured was 0.602 mg/vaccine. The lowest content of 
aluminium measured was 0.172 mg/vaccine. The median content of 
twenty vaccines was 0.307 mg/vaccine (Table 2). The aluminium con-
tent of Havrix was significantly higher for both lots combined 
(P = 0.003) (Fig. 1) and lot 2 only (P = 0.003) than the amount stated by 
the manufacturer (0.250 mg/vaccine) on the patient information leaflet 
(Table 3). 

3.3. Adacel 

The data for Adacel were not normally distributed. Nine individual 
vaccines were investigated across two lots. The aluminium content was 
not significantly different between lots (P > 0.05).The highest content of 
aluminium measured was 0.445 mg/vaccine. The lowest content of 
aluminium measured was 0.302 mg/vaccine. The median content of 
nine vaccines was 0.397 mg/vaccine (Table 2). The aluminium content 
of Adacel was significantly higher (P = 0.006) (Fig. 1) than the amount 
stated by the manufacturer (0.330 mg/vaccine) on the patient infor-
mation leaflet (Table 3). 

3.4. Boostrix 

The data for Boostrix were normally distributed. Twenty individual 
vaccines were investigated from a single lot. The highest content of 
aluminium measured was 0.525 mg/vaccine. The lowest content of 
aluminium measured was 0.345 mg/vaccine. The mean content of 
twenty vaccines was 0.407 mg/vaccine (Table 2). The aluminium con-
tent of Boostrix was not significantly different (P = 0.101) (Fig. 1) to the 
amount stated by the manufacturer (0.390 mg/vaccine) on the patient 
information leaflet (Table 3). 

3.5. EngerixB 

The data for EngerixB were normally distributed. Twenty individual 

Table 2 
Descriptive statistics for each of the thirteen infant vaccines including normal 
distribution (N.D.), number of replicates (N), minimum (Min.), maximum 
(Max.), mean/median values (mg/0.5 mL dose) and indication of variance (SD, 
RSD). Vaccines ordered according to their mean/median Al contents.  

Vaccine N.D. N Min. Max. Mean/ 
Median 

SD RSD 

Prevnar 13 Y 6 0.127 0.141 0.136 0.006 0.04 
EngerixB Y 20 0.187 0.287 0.249 0.027 0.11 
Pedvax Y 20 0.192 0.334 0.287 0.040 0.14 
Havrix N 20 0.172 0.602 0.307 0.084 0.28 
Vaqta N 20 0.270 0.796 0.340 0.109 0.32 
Pentacel Y 10 0.343 0.440 0.379 0.032 0.09 
Adacel N 9 0.302 0.445 0.397 0.041 0.10 
Synflorix Y 3 0.396 0.399 0.398 0.002 0.00 
Boostrix Y 20 0.345 0.525 0.407 0.043 0.11 
Kinrix N 20 0.464 0.635 0.511 0.062 0.12 
Infanrix Y 20 0.415 0.662 0.546 0.069 0.13 
Pediarix Y 20 0.575 0.743 0.661 0.039 0.06 
Infanrix Hexa Y 6 0.766 0.851 0.806 0.028 0.04  
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vaccines were investigated from a single lot. The highest content of 
aluminium measured was 0.287 mg/vaccine. The lowest content of 
aluminium measured was 0.187 mg/vaccine. The mean content of 
twenty vaccines was 0.249 mg/vaccine (Table 2). The aluminium con-
tent of EngerixB was not significantly different (P = 0.897) (Fig. 1) to the 
amount stated by the manufacturer (0.250 mg/vaccine) on the patient 
information leaflet (Table 3). 

3.6. Infanrix 

The data for Infanrix were normally distributed. Twenty individual 
vaccines were investigated from a single lot. The highest content of 
aluminium measured was 0.662 mg/vaccine. The lowest content of 
aluminium measured was 0.415 mg/vaccine. The mean content of 
twenty vaccines was 0.546 mg/vaccine (Table 2). The aluminium con-
tent of Infanrix was significantly lower (P < 0.001) (Fig. 1) than the 
amount stated by the manufacturer (0.625 mg/vaccine) on the patient 
information leaflet (Table 3). 

3.7. Infanrix Hexa 

The data for Infanrix Hexa were normally distributed. Six individual 
vaccines were investigated from a single lot. The highest content of 
aluminium measured was 0.851 mg/vaccine. The lowest content of 
aluminium measured was 0.766 mg/vaccine. The mean content of six 
vaccines was 0.806 mg/vaccine (Table 2). The aluminium content of 

Infanrix Hexa was not significantly different (P = 0.268) (Fig. 1) to the 
amount stated by the manufacturer (0.820 mg/vaccine) on the patient 
information leaflet (Table 3). 

3.8. Kinrix 

The data for Kinrix were not normally distributed. Twenty individual 
vaccines were investigated across two lots. The aluminium content was 
not significantly different between lots (P > 0.05). The highest content 
of aluminium measured was 0.635 mg/vaccine. The lowest content of 
aluminium measured was 0.464 mg/vaccine. The median content of 
twenty vaccines was 0.511 mg/vaccine (Table 2). The aluminium con-
tent of Kinrix was significantly less (P = 0.001) (Fig. 1) than the amount 
stated by the manufacturer (0.600 mg/vaccine) on the patient infor-
mation leaflet (Table 3). 

3.9. Pediarix 

The data for Pediarix were normally distributed. Twenty individual 
vaccines were investigated across two lots. The aluminium content was 
not significantly different between lots (P > 0.05). The highest content 
of aluminium measured was 0.743 mg/vaccine. The lowest content of 
aluminium measured was 0.575 mg/vaccine. The mean content of 
twenty vaccines was 0.661 mg/vaccine (Table 2). The aluminium con-
tent of Pediarix was significantly lower (P < 0.001) (Fig. 1) than the 
amount stated by the manufacturer (0.850 mg/vaccine) on the patient 

Fig. 1. Boxplots of measured aluminium concentrations (mg/0.5 mL dose) stratified per vaccine brand and compared to the manufacturers’ stated amounts (yellow 
line). The colour gradient represents p-values of one-sided t-tests or Mann-Whitney U tests of the measured Al against the manufacturers’ stated amounts. The red 
boxplots indicate vaccines with significantly more aluminium than that stated by the manufacturer. Boxplots in violet and blue represent data for vaccines where the 
measured content is either not significantly to or significantly less than the manufacturers’ stated amounts. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article). 
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information leaflet (Table 3). 

3.10. Pedvax 

The data for Pedvax were normally distributed. Twenty individual 
vaccines were investigated across two lots. The aluminium content was 
not significantly different between lots (P > 0.05). The highest content 
of aluminium measured was 0.334 mg/vaccine. The lowest content of 
aluminium measured was 0.192 mg/vaccine. The mean content of 
twenty vaccines was 0.287 mg/vaccine (Table 2). The aluminium con-
tent of Pedvax was significantly higher (P < 0.001) (Fig. 1) than the 
amount stated by the manufacturer (0.225 mg/vaccine) on the patient 
information leaflet (Table 3). 

3.11. Prevnar13 

The data for Prevnar13 were normally distributed. Six individual 
vaccines were investigated in a single lot. The highest content of 
aluminium measured was 0.141 mg/vaccine. The lowest content of 
aluminium measured was 0.127 mg/vaccine. The mean content of six 
vaccines was 0.136 mg/vaccine (Table 2). The aluminium content of 
Prevnar13 was significantly higher (P = 0.003) (Fig. 1) than the amount 
stated by the manufacturer (0.125 mg/vaccine) on the patient infor-
mation leaflet (Table 3). 

3.12. Synflorix 

The data for Synflorix were normally distributed. Three individual 
vaccines were investigated from a single lot. The highest content of 
aluminium measured was 0.399 mg/vaccine. The lowest content of 
aluminium measured was 0.396 mg/vaccine. The mean content of three 

vaccines was 0.398 mg/vaccine (Table 2). The aluminium content of 
Synflorix was significantly less (P < 0.001) (Fig. 1) than the amount 
stated by the manufacturer (0.500 mg/vaccine) on the patient infor-
mation leaflet (Table 3). 

3.13. Vaqta 

The data for Vaqta were not normally distributed. Twenty individual 
vaccines were investigated across two lots. The aluminium content was 
not significantly different between lots (P > 0.05). The highest content 
of aluminium measured was 0.796 mg/vaccine. The lowest content of 
aluminium measured was 0.270 mg/vaccine. The median content of 
twenty vaccines was 0.340 mg/vaccine (Table 2). The aluminium con-
tent of Vaqta was significantly higher (P < 0.001) (Fig. 1) than the 
amount stated by the manufacturer (0.225 mg/vaccine) on the patient 
information leaflet (Table 3). 

4. Discussion 

We present the aluminium content of 13 paediatric vaccines (Sup-
plementary Table 1). We have compared our raw data with values given 
by manufacturers on patient information leaflets. In addition, we have 
applied a generous ±10 % margin of manufacturing error to the latter 
published values when applying Bayesian methods (see Supplementary 
Table 2). Using a level of statistical significance of P = 0.05, 3 vaccines 
contained the amount of aluminium stated by the manufacturer on the 
patient information leaflet (Boostrix, Engerix B, Infanrix Hexa). Six 
vaccines contained significantly more aluminium (Pentacel, Havrix, 
Adacel, Pedvax, Prevnar 13, Vaqta) while 4 vaccines contained signifi-
cantly less (Infanrix, Pediarix, Kinrix, Synflorix). Statistical significance, 
of course, does not tell the only story. For example, while the aluminium 
content of Boostrix is not significantly different to that stated by the 
manufacturer (P > 0.05) there remains a 92 % chance that the 
aluminium content of a Boostrix vaccine will exceed the official content 
(Table 3). In addition, the content of aluminium is extremely variable 
with many vaccines showing %RSD in excess of 10 % even within the 
same lot (Table 2). For example, an infant receiving Havrix could receive 
anything between 0.172 and 0.602 mg of aluminium per vaccine. The 
data presented herein will be an underestimate of the actual content of 
aluminium as it is inevitable that some aluminium adjuvant will remain 
within the syringe system following injection. This will also be true 
when vaccines are injected in vivo. Vaccines that include an aluminium 
adjuvant are cloudy suspensions and manufacturers recommend that 
they are shaken prior to injection. For a few vaccines we were unable to 
obtain ten or more individual products and so data are limited, espe-
cially Synflorix. However, we present the first robust data obtained 
using state-of-the-art methods on the aluminium content of vaccines 
currently being administered in infants. The data are not reassuring. 
They suggest that vaccine manufacturers have limited control over the 
aluminium content of their vaccines. The aluminium content of indi-
vidual vaccines within vaccine lots vary significantly. The amount of 
aluminium an infant receives in a vaccine is, it would appear, akin to a 
lottery. The true significance of this lottery is unknown. Vaccine man-
ufacturers do not provide experimental protocols or rationales to sup-
port the amount of aluminium used in vaccines. If the amount used 
relates to a vaccine’s potency in eliciting antibody titres then this should 
be explained in complementary information including, for example, that 
provided with the vaccine. Equally, how this potency is affected by the 
quantity of aluminium should also be a matter of public record. For 
example, using the data previously noted for Havrix, does it matter for 
the vaccine’s efficacy if the content of aluminium received by an infant 
is 0.172 or 0.602 mg/vaccine. The natural assumption is that it does 
matter, otherwise why state specific amounts of aluminium on patient 
information leaflets. If the vaccine manufacturers stated content of 
aluminium is significant then it is concerning that six of the thirteen 
vaccines measured had statistically higher contents of aluminium. In 

Table 3 
Summary statistics of results including statistical test used (T test or Mann 
Whitney U), two- and one-sided p-values of statistical tests, difference in means 
(stated Al amount – measured amount) and percentage of evidence for the 
outcome according to Bayesian methodology. Vaccines ordered according to 
their mean/median Al content.  

Vaccine Test p- 
value 
2- 
sided 

p- 
value 
1- 
sided 

Diff. 
in 
Means 

Outcome 
(H1) 

Probability 
of 
Outcome 

Prevnar 13 T 0.005 0.003 − 0.01 Greater 0.993 
EngerixB T 0.897 0.551 0.00 Same or 

Less 
0.513 

Pedvax T <

0.001 
<

0.001 
− 0.06 Greater > 0.999 

Havrix MWU 0.006 0.003 − 0.06 Greater 0.872 
Havrix Lot 1 T 0.710 0.355 − 0.01 Greater 0.661 
Havrix Lot 2 MWU 0.006 0.003 − 0.08 Greater 0.988 
Vaqta MWU <

0.001 
<

0.001 
− 0.11 Greater 0.995 

Pentacel T 0.001 <

0.001 
− 0.05 Greater 0.999 

Pentacel Lot 
1 

T 0.010 0.005 − 0.03 Greater 0.986 

Pentacel Lot 
2 

T 0.008 0.004 − 0.07 Greater 0.991 

Adacel MWU 0.013 0.006 − 0.07 Greater 0.938 
Synflorix T <

0.001 
1.000 0.10 Same or 

Less 
0.998 

Boostrix T 0.101 0.051 − 0.02 Greater 0.924 
Kinrix MWU 0.001 0.999 0.09 Same or 

Less 
0.878 

Infanrix T <

0.001 
1.000 0.08 Same or 

Less 
> 0.999 

Pediarix T <

0.001 
1.000 0.19 Same or 

Less 
> 0.999 

Infanrix 
Hexa 

T 0.268 0.866 0.01 Same or 
Less 

0.846  
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practice, this would mean that many infants are receiving significantly 
more aluminium than recommended by the manufacturer. How is this 
additional aluminium affecting the efficacy and safety of the vaccine? 
Similarly, four out of the thirteen vaccines contained statistically 
significantly less aluminium than recommended by the manufacturer. Is 
the lower than prescribed amount of aluminium in these vaccines 
affecting their efficacy? 

The data raise many open questions about the significance of the 
amount of aluminium included in vaccines. They demonstrate if nothing 
else that further clarity and transparency is required from vaccine 
manufacturers as well as regulatory organisations such as the EMA and 
FDA. The aluminium content of a vaccine is never trivial [37]. There is a 
long history of testing the efficacy of childhood vaccines against false 
placebos and warnings against this practice continue to go unheeded 
[38]. It should be a matter of concern that a recent freedom of infor-
mation act request (FOIA Case Number 50882, and HHS Appeal No.; 
19-0083-AA) revealed that the NIH were unable to provide a single 
study relied upon by them in relation to the safety of injection of 
aluminium adjuvants in infants. Human exposure to aluminium is an 
unequivocal consequence of everyday living [39]. Aluminium adjuvants 
in infant vaccines contribute towards the body burden of aluminium 
[37]. Aluminium in the body has the potential to be toxic and signifi-
cantly neurotoxic [40]. Where aluminium is being used for apparent 
human benefit, as in vaccines, we cannot simply ignore the other side of 
the coin, its known toxicity. We cannot afford to be complacent about its 
injection into infants [22]. 

Aluminium adjuvants are critical to the efficacy of vaccines and are 
far from being benign components [22]. Information on their content, 
activity and safety is severely lacking and this void requires urgent 
attention. Until such information is forthcoming, aluminium adjuvants 
remain prime suspects in widely documented vaccination-related 
adverse events. 
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Abstract

Background

Food allergy (FA) is an adverse health effect produced by the exposure to a given food. Cur-

rently, there is no optimal animal model of FA for the screening of immunotherapies or for

testing the allergenicity of new foods.

Objective

The aim of the present study was to develop an effective and rapid model of FA in Brown

Norway rats. In order to establish biomarkers of FA in rat, we compared the immune re-

sponse and the anaphylactic shock obtained in this model with those achieved with only

intraperitoneal immunization.

Methods

Rats received an intraperitoneal injection of ovalbumin (OVA) with alum and toxin from Bor-
detella pertussis, and 14 days later, OVA by oral route daily for three weeks (FA group). A

group of rats receiving only the i.p. injection (IP group) were also tested. Serum anti-OVA

IgE, IgG1, IgG2a, IgG2b and IgA antibodies were quantified throughout the study. After an

oral challenge, body temperature, intestinal permeability, motor activity, and mast cell prote-

ase II (RMCP-II) levels were determined. At the end of the study, anti-OVA intestinal IgA,

spleen cytokine production, lymphocyte composition of Peyer’s patches and mesenteric

lymph nodes, and gene expression in the small intestine were quantified.

Results

Serum OVA-specific IgG1, IgG2a and IgG2b concentrations rose with the i.p. immunization

but were highly augmented after the oral OVA administration. Anti-OVA IgE increased two-

fold during the first week of oral OVA gavage. The anaphylaxis in both IP and FA groups
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decreased body temperature and motor activity, whereas intestinal permeability increased.

Interestingly, the FA group showed a much higher RMCP II serum protein and intestinal

mRNA expression.

Conclusions

These results show both an effective and relatively rapid model of FA assessed by

means of specific antibody titres and the high production of RMCP-II and its intestinal gene

expression.

Introduction
Food allergy (FA) is ‘an adverse health effect arising from a specific immune response that oc-
curs reproducibly on exposure to a given food’ [1]. Nowadays it is a major public health prob-
lem and the only therapy available consists of avoiding the causative foods [2]. An American
retrospective study showed that the economic burden of FA reactions and anaphylaxis treat-
ments is near to $300 million [3]. Despite the fact that more than 170 foods have been reported
to cause IgE-mediated hypersensitivity [4], most of the allergic reactions are attributed to a lim-
ited number of foods, cow’s milk, egg, nuts and seafood being the most common in Europe [5],
whereas they share prominence with wheat, soy and peanut in the USA [6]. Although the exact
prevalence of FA remains uncertain, data supports that its prevalence is increasing with current
rates around 5% in adults and approaching 8% in the child population [7].

In healthy conditions, the intestinal barrier, constituted by the epithelium covered with
mucus, enzymes and bile salts together with extreme pH, acts as a physical barrier preventing
the passage of harmful pathogens, as well as a selective filter, allowing essential dietary nutri-
ents to pass into the circulation [8,9]. In general, food ingestion results in oral tolerance: when
dendritic cells, the professional antigen-presenting cells, capture food antigen in the lamina
propria (LP) and Peyer’s patches (PP), they carry them to the mesenteric lymph nodes (MLN)
where they induce regulatory T (Treg) cells that migrate back to the LP. The resident macro-
phages in the LP can expand Treg cells, suppressing Th2 cytokines and IgE as well as the effec-
tor functions of mast cells and basophils, thus inhibiting allergic inflammation and food
hypersensitivity [8,10]. In contrast, patients with FA have lost the immune mechanisms re-
sponsible for oral tolerance, and recognize some food antigens as harmful molecules. In this
population, alterations in Treg cell function and environmental factors, such as microbiota,
have been suggested to be important contributors to food sensitization and allergy [11].

Animal models, such as those described in dogs, swine, guinea pigs, mice and rats, have
been used for assessment of allergenicity of foods, although the optimal model has not been
reached [12–18]. In the case of dogs, the gut anatomy, physiology and nutritional requirements
are similar to humans and in swine the anatomy, physiology and immunology of skin and gas-
trointestinal tract are also comparable to humans [19], but in both animal species there are
some disadvantages in comparison with rodents, such as the expense incurred by animal main-
tenance, the limited availability of strains, the lack of commercially available immunological re-
agents, and the long process to sensitization (18 months for dogs) [20]. Studies related to cow’s
milk allergy commonly use guinea pigs for oral sensitization [21,22]. However, it is not an ap-
propriate model for the assessment of allergenicity of novel proteins because the immunologi-
cal reactions to proteins differ from those in humans [22], there are a lack of available tools to
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study the guinea pig immune system and, for FA research, there are significant differences in
the immunophysiology in comparison with other species [19].

Regarding the use of mice in allergy research, the transcriptional analysis approach has
shown remarkable consistency between murine and human samples, and studies in atopic der-
matitis showed a high degree of homology in the gene expression profile [23]. In addition, their
small size, short breeding cycle and well-characterized immunology are certainly key factors.
Several allergy models performed in mice differ in the strain, the sensitization route, the type of
allergen, the dosage, or the use of an adjuvant [16,24–27]. Nevertheless, the natural complexity
of the allergic reactions makes it difficult to find a single reliable marker to quantify the sensiti-
zation potential of a protein [28]. Finally, the use of rats has a number of advantages compared
with other animal models, particularly with respect to being one of the most commonly used
species in toxicity testing [29]. Brown Norway (BN) rats have been widely studied because this
strain is a high IgE responder, similar to atopic humans. BN rats have been used as a model of
FA in the presence or absence of an adjuvant. In this latter condition, Knippels et al. have dem-
onstrated oral sensitization and have evaluated the influence of rat strain [30] and dosage
[31,32]. However, the model of oral sensitization without an adjuvant requires a long process
of sensitization (six weeks) and, although it has been used in several studies [33–36], success
after oral sensitization was not always achieved in a high percentage of rats [37] and/or the sen-
sitization does not always induce the synthesis of IgE antibodies [20,30,38,39]]. This limitation
makes it difficult to use this model for the screening of new therapies or allergenicity studies.
Regarding the use of other sensitization routes and an adjuvant to induce FA in BN rats, the ad-
ministration of two to three intraperitoneal (i.p.) injections of allergen and, in some cases, the
oral gavage of the same allergen has been applied [40–42]. The present study aimed to develop
an effective and more rapid model of FA in BN rats based on that reported by Ogawa et al. [43]
with only one i.p. injection of the allergen with alum together with toxin from Bordetella per-
tussis (tBp) to promote IgE synthesis [44], and two weeks later the oral administration of
soluble allergen. In order to establish biomarkers of FA in rat, we compared the specific im-
mune and the anaphylactic responses obtained in this model with those achieved with only an
i.p. immunization.

Material and Methods

Animals and experimental design
Three-week-old female BN rats obtained from Janvier (Saint-Berthevin, France) were main-
tained on an OVA-free diet and water ad libitum. The parent rats had followed the SSNIFF
S8189-S105 diet, free of egg proteins. The rats were housed in cages under conditions of con-
trolled temperature and humidity in a 12:12 h light-dark cycle. After an acclimatization period
of one week, the rats were randomized into three groups: reference (RF) group, intraperitoneal
(IP) group and food allergy (FA) group (n = 8 per group). The FA induction was carried out by
combining an i.p. immunization with OVA mixed with alum and tBp followed, 14 days later,
by oral OVA administration for three weeks; five days later, an oral challenge was given to
cause an anaphylactic response (AR). The AR was evaluated by means of body temperature,
protease release of mast cells, intestinal permeability and also by motor activity assessment
[45]. Finally, rats were sacrificed on day 42, two days after the oral challenge, to collect tissue
samples. During the study, the body weight was registered and blood samples were collected
weekly to determine specific antibodies production.

Experimental design was repeated twice in order to get representative results of an enough
number of animals per group.
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Experimental procedures in rats were reviewed and approved by the Ethical Committee for
Animal Experimentation at the University of Barcelona (ref.359/12).

Food allergy induction
An emulsion of OVA (grade V, Sigma-Aldrich, Madrid, Spain) as allergen, in alum (Imject,
Pierce, IL, USA) as an adjuvant and tBp (Sigma-Aldrich) was prepared. Each rat from the IP
group received by i.p. route 0.5 mL of the emulsion containing 50 μg of OVA, 2.5 mg of Imject
and 50 ng of tBp. In the FA group, in addition to the i.p. injection as administered in the case
of the IP group, the animals received, starting 14 days later, 1 mL of OVA solution in sodium
bicarbonate (1 mg per rat) by oral gavage five days/week for three weeks. As a control, the IP
and RF groups received 1 mL of sodium bicarbonate by oral gavage for the same period.

Anaphylaxis induction
Forty days after OVA i.p. immunization, the animals were deprived of food overnight and then
received 2 mL of OVA (200 mg per rat) orally. Blood was collected every 30 min up to 2 h
post-AR induction from the saphenous vein. During this period rectal temperature was mea-
sured using a digital thermometer (OMRON Healthcare Europe, the Netherlands).

In order to determine the intestinal barrier integrity, 30 min after the challenge each rat re-
ceived 100 mg/mL of β-lactoglobuline (βLG, Sigma-Aldrich) by oral gavage [31], details are de-
scribed in the “Quantification of intestinal permeability” section

Motor activity measurement
Motor activity was assessed for 21 min using individual cages in an isolated room, with an ac-
tivity meter that included two perpendicular infrared beams, which crossed the cage 6 cm
above the floor. These facilities have been commonly used to study rat motor activity in differ-
ent conditions [46,47]. Two motor activity measures were performed: the first was measured
24 h before anaphylaxis induction to determine the basal movements, and the second immedi-
ately after the oral challenge to establish the changes produced by anaphylaxis induction.
Activity counts were recorded using time frames of 1 min for 21 min. To stimulate rat move-
ments, 8 min after the beginning of the measurement, the lights were turned off for 5 min and
then turned on until the end of the measurement. The results refer to the movements in three
time phases (pre-darkness, darkness and post-darkness) as well as the entire period. The area
under the curve (AUC) for the 21-min period and the percentage of decrease in motor activity
after AS induction with respect to the basal measurement in each studied phase as well as in
the whole period were also calculated.

Sacrifice and sample processing
Two days after AR the rats were anaesthetized with ketamine (90 mg/kg) (Merial Laboratories
S.A, Barcelona, Spain) and xylazine (10 mg/kg) (Bayer A.G, Leverkusen, Germany). Blood was
obtained by heart puncture. MLN and spleen were also dissected for immediate lymphocyte
isolation. From the middle of the small intestine (SI), a small piece (0.5 cm) was excised and
kept in RNA later (Ambion, Life Technologies, Austin, USA) until gene expression analysis by
real-time PCR, the procedure is detailed in the “Quantification of gene expression in small in-
testine” section. From the distal part of the SI, visible PP were collected for immediate lympho-
cyte isolation, and gut washes were obtained for quantification of specific IgA.

An Effective Food Allergy Model in Rat
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Peyer’s patches lymphocyte isolation and gut wash obtention
The processing of these samples was performed as previously described [48,49]. Briefly, PP
were incubated with complete culture medium containing Roswell Park Memorial Institute
(RPMI 1640, Sigma-Aldrich), 10% fetal bovine serum (FBS), 100 IU/mL streptomycin-
penicillin, 2 mM L-glutamine (Sigma-Aldrich), and 0.05 mM 2-β-mercaptoethanol (Merck,
Darmstadt, Germany) with 1 mM of dithiothreitol (Sigma-Aldrich) (5 min, 37°C). Thereafter,
PP were washed with RPMI medium and passed through a cell strainer (40 μm, BD Biosci-
ences, Madrid, Spain).

The remaining distal SI tissue (without PP) was cut into 5 mm pieces, weighed and used to
obtain the gut wash by shaking in phosphate-buffered saline (PBS) (37°C, 10 min). Gut washes
were conserved at -20°C for anti-OVA IgA determination.

Ovalbumin-specific stimulation of mesenteric lymph nodes and spleen
lymphocytes
MLN and spleen cell suspensions were obtained as previously described [48] by passing the tis-
sue through a cell strainer (40 μm, BD Biosciences). Erythrocytes from the spleen were elimi-
nated by osmotic lysis. MLN and spleen cells were cultured at 5 × 106 cells in 1 mL of medium
with or without OVA (50 μg/mL) for 96 h. Supernatants from spleen cultures were collected to
assess cytokine concentrations. MLN cells were used to establish changes in lymphocyte com-
position after specific stimulation.

Assessment of lymphocyte composition in Peyer’s patches and
mesenteric lymph nodes
Peyer’s patches and MLN lymphocytes were stained with the following mouse anti-rat mono-
clonal antibodies (mAb) conjugated to fluorescein isothiocyanate, phycoerythrin or allophyco-
cyanin: anti-TCRαβ (R73), anti-CD4 (OX-35), anti-CD8α (OX-8), anti-CD45RA (OX-33),
anti-NKR-P1A (10/78), anti-CD25 (OX-39) (BD Biosciences) and anti-IgA (Abcam, Cam-
bridge, UK). Cells were labeled with saturating concentrations of conjugated mAb in PBS con-
taining 1% FBS and 0.09% Na3N as previously described [50]. Negative control staining using
isotype-matched mAb was included for each sample.

Analyses were performed using a FC 500 Series Flow Cytometer (Beckman Coulter, FL,
USA), and data were assessed by the FlowJo v7.6.5 software (Tree Star Inc,. Ashland, OR,
USA). Lymphocyte populations were defined as: B (CD45RA+CD4−), B expressing IgA
(IgA+CD45RA+), T (TCRαβ+), Th (TCRαβ+CD4+), Tc (TCRαβ+CD8+) and activated Th
(TCRαβ+CD4+CD25+) cells. Results are expressed as percentages of positive cells in the lym-
phocyte population previously selected according to their forward scatter and side scatter
characteristics.

Quantification of serummast cell protease II
In serum samples obtained during the AR, rat mast cell protease II (RMCP-II) concentration
was quantified using a commercial ELISA set (Moredun Animal Health, Edinburgh, UK) with
slight modifications. In brief, 96-well ELISA plates (Nunc Maxisorp, Wiesbaden, Germany)
were coated with anti-rat RMCP-II antibody (overnight, 4°C). After blocking and washing,
appropriately diluted serum samples were incubated for 3 h. Peroxidase-conjugated anti-rat
RMCP-II antibody was incubated for 2 h and, finally, a 3,3’,5,5’-tetramethylbenzidine solution
with H2O2 was added, and optical density (OD) was measured on a microtiter plate photometer
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(Labsystems Multiskan, Helsinki, Finland). Data were interpolated by means of Ascent v.2.6
software (Thermo Fisher Scientific, S.I.U., Barcelona, Spain).

Quantification of intestinal permeability
To assess intestinal permeability, a method previously described in BN rats was used [30,51].
In this method, βLG was orally given 30 min after the OVA challenge and then were quantified
by ELISA in serum obtained every 30 min duringanaphylaxis. In brief, ELISA plates were coat-
ed with rabbit anti-bovine βLG antibody (A10-125A, Bethyl, Montgomery, USA) and incubat-
ed overnight at room temperature. The plates were then blocked with bovine serum albumin
(Sigma-Aldrich) in TRIS-buffered saline containing 0.05% Tween 20, and after washing, ap-
propriate diluted samples and standard dilutions were added. Finally, an adequate dilution of
peroxidase-conjugate anti-bovine βLG antibody (A10-125P, Bethyl) was incubated and an
o-phenylenediamine dihydrochloride solution was added for detection of βLG from samples.
OD was measured as detailed above.

Determination of cytokines released from spleen lymphocytes
IL-2, IL-4, IL-10 and IFN-γ cytokines released from spleen cell cultures were measured using
the BD Cytometric Beads Assay Rat Soluble Protein Flex Set (BD Biosciences). Briefly, samples
and standards were incubated with a mix of specific fluorescent beads for each cytokine. Then,
a mix containing the detection antibodies conjugated with phycoerythrin was incubated and,
after that, samples were washed. Analysis was carried out by a BD FACSAria (BD Biosciences)
cytometer and the FCAP Array Software (BD Biosciences). The limits of detection were 0.46
pg/mL for IL-2, 3.4 pg/mL for IL-4, 19.4 pg/mL for IL-10 and 6.8 pg/mL for IFN-γ.

Quantification of gene expression in small intestine
For RNA isolation, samples from the SI were processed as previously described [52]. Tissue
samples were homogenized in a FastPrep (MP Biomedicals, Illkirch, France) for 30 s. Total
RNA was isolated with the RNeasy Mini Kit (Qiagen, Madrid, Spain) following the manufac-
turer’s recommendations. The quality of the RNA was assessed by the Agilent 2100 Bioanalyzer
with the RNA 6000 LabChip kit (Agilent Technologies, Madrid, Spain). Two micrograms of
total RNA were converted to cDNA using random hexamers (Life Technologies). The specific
PCR TaqMan primers and probes (Applied Biosystems, Weiterstadt, Germany) used were: Iga
(331943, made to order), Fcer1a (Rn00562369_m1, inventoried (I)), Il2 (Rn00587673_m1, I),
Il4 (Rn01456866_m1, I), Il10 (Rn00563409_m1, I), Ifng (Rn00594078_m1, I) andMcpt2
(Rn00756479_g1, I). Quantification of the genes of interest was normalized to the endogenous
control Hprt1 (Rn01527840_m1, I). Real-time PCR assays were performed in duplicate using
an ABI Prism 7900HT sequence detection system (Applied Biosystems). The SDS software
(version 2.4) was used to analyzethe expression data.

The amount of target mRNA relative to HPRT expression and relative to values from the
RF group was calculated using the 2-ΔΔCt method, as previously described [53]. Ct is the cycle
number at which the fluorescence signal of the PCR product crosses an arbitrary threshold set
within the exponential phase of the PCR. Results are expressed considering gene expression in
the RF group as 100%.

Anti-OVA antibody quantification
Anti-OVA IgG1, IgG2a, IgG2b and IgA antibody concentrations were quantified using an indi-
rect ELISA, and OVA-specific IgE concentration by an antibody-capture ELISA as previously
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described [54]. The relative concentration of each anti-OVA Ig isotype was calculated by com-
parison with a pool of OVA-immunized rat sera to which arbitrary units (AU) were assigned
according to the dilution of the serum samples used for each isotype determination. The AU/
mL assigned were 100000 AU/mL for IgG1 and IgG2a, 10000 AU/mL for IgG2b, 50 AU/mL
for IgA, and 10 AU/mL for IgE.

Statistical analysis
The software package IBM SPSS Statistics 20 (SPSS Inc., USA) was used. The Levene and the
Kolmogorov-Smirnov tests were applied to assess variance equality and normal distribution,
respectively. Two-way ANOVA tests were used to study the effect of group and group x time
interaction. The motor activity data were analyzedby two-way ANOVA for repeated measures
considering the group (FA vs. IP vs. RF group) and time as the interacting factor, followed by
Bonferroni’s post hoc test. To evaluate the correlation among studied variables, Pearson’s coef-
ficient (ρ) was applied. To analyzethe results from anti-OVA antibodies, RMCP-II, βLG and
cytokine concentrations, body temperature, relative gene expression, AUC of motor activity,
and lymphocyte composition, non-parametric tests (Kruskal–Wallis and Mann–Whitney U)
were used due to non-variance homogeneity. Differences were considered statistically signifi-
cant for p values< 0.05.

Results

Body weight and mortality
Rats weighed 66.6 ± 3.68 g (mean ± S.E.M.) at the beginning of the study. Rat growth was mon-
itored throughout the study and was similar among groups. At the end of the study, body
weight was 137.1 ± 6.88 g [127.2–146.2], 136.7 ± 4.49 g [130.5–141.6], and 138.4 g ± 3.22 g
[135.1–143.7] in the RF, IP and FA groups, respectively. No death was produced after the oral
challenge in any of the experimental groups.

Serum and intestinal anti-OVA antibodies
Sera from the RF group did not contain anti-OVA antibodies of any isotype (data not shown).
The i.p. immunization caused the synthesis of anti-OVA IgG1, IgG2a and IgG2b antibodies in
the IP and FA groups that were already detectable 14 days after OVA immunization (Fig 1A–
1C). The oral administration of the allergen boosted the synthesis of anti-OVA IgG isotypes,
which increased in the FA group more than tenfold for IgG1 and IgG2a, remaining elevated
until the end of the study (Fig 1A and 1B; p< 0.05). This increase was also produced in anti-
OVA IgG2b, but to a lower degree (Fig 1C; p< 0.05).

Regarding serum anti-OVA IgE antibodies (Fig 1D) the OVA immunization also induced
their synthesis in both the IP and FA groups. Nevertheless, the oral administration of OVA for
a week magnified the production of this antibody in the FA group, increasing almost twofold
the levels of specific IgE with respect to the IP group (p< 0.05). Afterwards, however, anti-
OVA IgE underwent a progressive decrease in both the IP and FA groups.

With regards to the anti-OVA IgA concentrations measured in serum and gut wash sam-
ples, the i.p. immunization did not induce the synthesis of this antibody in either compartment
(Fig 1E and 1F). In contrast, the oral OVA administration in the FA group induced the synthe-
sis of anti-OVA IgA antibodies (Fig 1E) and they were also found in gut washes at the end of
the study (Fig 1F).
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Assessment of anaphylaxis
Body temperature, RMCP-II concentration and intestinal permeability, together motor activi-
ty, allowed to quantify anaphylaxis in rats after oral OVA challenge.

The body temperature, registered during the 2 h after oral challenge in intervals of 30 min,
revealed that there was a decrease of about 2°C in both the IP and FA groups compared to the
RF group throughout the whole studied period (Fig 2A; p< 0.05). No significant differences
were observed between the IP and FA groups.

After AR induction, the IP group showed about a threefold increase in serum RMCP-II con-
centration compared to that in RF animals (Fig 2B; p< 0.01). However, in the FA group the in-
crease was much higher. The FA animals underwent a rise about 18 times (p< 0.01) higher
than that of the RF animals and six times higher compared with the IP group (p< 0.01). This
effect lasted for at least 2 h post-challenge.

βLG given orally 30 min after AR induction, quantified in sera as a measure of intestinal
permeability, increased significantly at 30 min from oral protein administration (60 min after
AR induction) in both IP and FA groups (Fig 2C; p< 0.05). Later, IP rats kept the serum βLG
concentration whereas the FA rats showed a faster decrease, although at the end of the studied
period, both groups had significantly higher levels compared to RF animals (p< 0.05).

Fig 1. Concentrations of OVA-specific antibodies during post-immunization period. A) serum IgG1,B) serum IgG2a, C) serum IgG2b, D) serum IgE,
E) serum IgA and F) intestinal IgA. White bars represent RF group,▼ or black bars represent IP group and∎ or grey-striped bars represent FA group.
Shadow period corresponds to oral administration of OVA in FA group. Results are expressed as mean ± S.E.M. (n = 8). *p < 0.05 vs. RF group and ϕp < 0.05
vs. IP group.

doi:10.1371/journal.pone.0125314.g001
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Motor activity
Rat motor activity was measured for 21 min at 24 h before (Fig 3A) and immediately after (Fig
3C) AR induction to obtain basal values and data representative of AR-induced behavioral
changes, respectively. With regards to basal motor activity, the pattern of movements during
the time showed that the three groups became quieter over the 21 min period (Fig 3A; p< 0.05
for time) although motor activity increased when the lights were turned off (p< 0.05 for RF
and FA groups). The motor activity of the IP group was lower than that of the RF group, look-
ing at the whole period and the three established phases (pre-darkness, darkness and post-
darkness) (p< 0.05). Similarly, in the basal pattern, FA rats also made a lower number of
movements than RF animals, taking into account the whole period (p< 0.001) and also the
pre- and post-darkness phases (p< 0.05). The differences among basal groups’movements in

Fig 2. Variables measured during 2 h after anaphylactic shock induction: A) body temperature, B) serumRMCP-II concentration and C) serum βLG
concentration.White bars represent RF group, black bars represent IP group and grey-striped bars represent FA group. Results are expressed as
mean ± S.E.M. (n = 8). *p < 0.05 vs. RF group and ϕp < 0.05 vs. IP group.

doi:10.1371/journal.pone.0125314.g002
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Fig 3. Motor activity for 21-min period. A) Basal motor activity assessed 24 h before the AR induction;B)
area under the curve from the whole studied period before AR induction;C)motor activity assessed
immediately after AR induction; D) area under the curve from the whole studied period after AR induction; E)
percentage of motor activity decrease after AR induction referring to pre-darkness, darkness, post-darkness
and the whole period. � or white bars represent RF group,▼ or black bars represent IP group and∎ or grey-
striped bars represent FA group. In A and C, shadow period corresponds to darkness. Results are expressed
as mean ± S.E.M. (n = 8). *p < 0.05 vs. RF group.

doi:10.1371/journal.pone.0125314.g003
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the whole studied period can also be observed when AUC was calculated (Fig 3B; p< 0.05 IP
and FA groups vs. RF).

The motor activity registered after AR induction showed a similar pattern to the basal one,
the animals being quieter during the pre-darkness phases and more active in the darkness peri-
od (Fig 3C; p< 0.05). However, the three studied groups showed a lower number of move-
ments than those observed in basal conditions. Interestingly, for those animals belonging to
the IP and FA groups, the AR induction produced a more noticeable decrease in the motor ac-
tivity than in the RF group (p< 0.001), which can also be observed when considering the AUC
of the whole period (Fig 3D; p< 0.05 IP and FA groups vs. RF).

The reduction in motor activity resulting from AR induction was also calculated as the per-
centage of motor activity decrease between basal and post-AR induction in each phase (Fig
3E). RF animals reduced by about 35–50% their number of movements; however, both IP and
FA groups underwent a 70–85% reduction of motor activity (p< 0.05 in the whole studied
period).

There was a correlation between the percentage of decrease in motor activity and the body
temperature after AR (ρ = -0.615, p< 0.05 at 90 min; ρ = -0.601, p< 0.05 at 120 min) meaning
that the higher the percentage of decrease, the lower the animal’s body temperature.

Lymphocyte composition in Peyer’s patches and mesenteric lymph
nodes
The percentage of TCRαβ cells, Tc and Th subsets, activated Th cells, B cells and B IgA+ subset
from PP and MLN lymphocytes in the three studied groups is summarized in Fig 4. No differ-
ences between the groups were observed either in PP or MLN (Fig 4A and 4B), showing that
both i.p. immunization and FA induction did not produce significant changes in the consid-
ered cell populations in either intestinal compartments.

After 96 h of OVA stimulation, the composition of MLN cells from RF animals did not sig-
nificantly change (Fig 4C). Interestingly, in the IP group there was an increase in the TCRαβ
cell proportion after OVA stimulation (p< 0.05). This increase corresponded to Tc and acti-
vated Th cells (p< 0.05). In cells from the FA group, no significant variations were observed in
any of the studied MLN subsets after OVA stimulation.

Cytokine production by spleen cells
The cytokine quantification of supernatants obtained from spleen cells isolated after two days
of AR induction and cultured for four days with or without OVA was carried out. Those sam-
ples that had concentrations below the cutoff received a value corresponding to one-half the
cutoff value, as previously described [55]. Spleen cells from RF animals did not produce detect-
able amounts of the studied cytokines (Table 1). After OVA stimulation, cells from the IP
group increased their IL-2, IL-4 and IL-10 production with respect to that in the RF group
(p< 0.05). On the contrary, the concentrations of cytokines from cells obtained from FA ani-
mals did not significantly differ from that of RF group, which could be due to the fact that IL-2
and IL-4 cytokines were only detected in 25% of FA animals, and IL-10 and IFN-γ in 50% and
75% of these animals, respectively. In comparison with the IP group, FA rats produced signifi-
cantly lower amounts of IL-10 (p< 0.05).

Small intestine gene expression
The gene expression of IFN-γ, IL-2, IL-4, IL-10, IgA, RMCP-II and FcεRI was analyzedin the
SI at the end of the study (Fig 5). In both the IP and FA groups, IFN-γ and IL-10 gene expres-
sion was down-regulated whereas IgA mRNA levels increased but these changes did not
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achieve statistical significance. In the IP group a significant up-regulation of FcεRI gene expres-
sion was found in comparison with RF animals (p< 0.05) and RMCP-II mRNA levels also in-
creased but not significantly. Regarding the FA group, the gene expression of RMCP-II
increased about fourfold with respect to RF animals (p< 0.05), but no changes were detected
in FcεRI. No significant amounts of mRNA of IL-2 and IL-4 were expressed in the small intes-
tine wall from either the reference or immunized animals.

Table 1. Cytokine production by spleen cells after stimulation with OVA.

Groups IL-2 (pg/mL) IL-4 (pg/mL) IL-10 (pg/mL) IFN-γ (pg/mL)

Reference 0.23 1.70 9.70 3.40

Intraperitoneal 54.18 ± 9.94* 104.34 ± 40.93* 803.3 ± 300.5* 26.94 ± 10.08

Food allergy 68.17 ± 25.32 38.97 ± 15.25 61.25 ± 33.54ϕ 7.55 ± 4.15

Results are expressed as mean ± S.E.M.

*p < 0.05 vs. RF group,
ϕp < 0.05 vs. IP group.

doi:10.1371/journal.pone.0125314.t001

Fig 4. Lymphocyte composition isolated from A) Peyer’s patches, B) mesenteric lymph nodes, and C) mesenteric lymph nodes after culturing for
96 h in the presence or absence of OVA. In A and B, white bars represent RF group, black bars represent IP group and grey-striped bars represent FA
group. In C, white bars summarize values without stimulus and striped bars represent values after OVA stimulation. Results are expressed as mean ± S.E.M.
(n = 8). *p < 0.05 vs. non stimulated condition.

doi:10.1371/journal.pone.0125314.g004
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Discussion
The present study provides the set-up and characterization of a FA model in BN rats, including
the induction of an AR, carried out following the previous i.p. immunization with the allergen,
OVA, together with alum and tBp and a subsequent daily oral administration of OVA for a
period of three weeks. In order to establish specific biomarkers of FA, we compared the anti-
allergen immune response and the AR obtained in this model with those achieved with only
the i.p. immunization.

For the screening of drugs, nutritional interventions or immunotherapies to fight against al-
lergies or for testing the allergenicity of new foods, many rat models of FA have been described,
including those that only use the oral route [30–32], those that only use the i.p. route without
adjuvant [40,56] and those that combine i.p. and oral administration [42]. Although BN rats
are high IgE responders, similar to atopic humans, experimental procedures in this rat strain to
induce oral sensitization without adjuvant are time-consuming and are not always able to gen-
erate a reproducible and effective FA model [20,30,37–39]. In fact, we previously tested a
model in BN rats administered only by oral route and the result was that a few animals were
sensitized and none produced specific IgE [39]. In contrast, other studies using several i.p. im-
munization protocols, with or without adjuvant, reported a successful production of specific
IgE [40,56,57]. It is for this reason that we applied here an i.p. immunization with alum and
tBp previous to the oral allergen administration.

As described in previous studies [54], the i.p. immunization of BN rats with OVA, alum and
tBp induces the synthesis of specific antibodies in 100% of the animals, especially those isotypes
related to Th2 immune response in rat, such as IgE, IgG1 and IgG2a [18,36,58]. The anti-OVA

Fig 5. Relative gene expression in small intestine. Expression levels were normalized using HPRT as the
endogenous housekeeping gene and were expressed as percentage in comparison with the RF group, which
was considered as 100% gene expression. White bars represent RF group, black bars represent IP group
and grey-striped bars represent FA group. Results are expressed as mean ± S.E.M. (n = 8). *p < 0.05 vs.
RF group.

doi:10.1371/journal.pone.0125314.g005
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antibody profile, including specific IgE, is not surprising and can be attributed to both alum ad-
juvant and tBp which favor IgE synthesis [59,60]. Interestingly, when two weeks later a daily
OVA solution was given orally, the specific antibody response was strengthened. This pattern
was observed for serum IgG isotypes, which rose steeply during the first week of oral gavage,
demonstrating that anti-OVA immune response was rapidly boosted by oral OVA administra-
tion. Similarly, OVA-specific IgE antibodies increased nearly twofold after one week of oral ga-
vage but, however, when longer oral OVA administration was carried out, IgE serum
concentrations decreased, following the same pattern as those that only received i.p. immuniza-
tion. These results regarding serum anti-OVA antibody kinetics agree with those reported by
Golias et al. [61] in a mouse model of FA obtained by two i.p. immunizations (two weeks
apart) and oral feeding 14 days later every two days. In particular, this last study found that
specific IgE response was already present before oral OVA administration, peaked during the
first week after oral gavage and decreased later. Therefore, from the overall results concerning
specific IgE, it could be suggested that only the first doses of the allergen administered are re-
sponsible for an exacerbation of the IgE synthesis and this response is lost with time. Overall,
from the results concerning anti-OVA antibodies, it could be concluded that an effective FA
model had been achieved because it produced the synthesis of specific antibodies in 100% of
the animals and was relatively rapid since the highest specific IgE and IgG levels were reached
one week after oral allergen administration, which was sooner than other reported models
[34,37].

The FA model proposed here produced the synthesis of serum and intestinal anti-OVA IgA
antibodies, which were not found when only i.p. immunization was carried out, thus demon-
strating the stimulation of gut-associated lymphoid tissue. Although intestinal IgA is thought
to contribute to gut homeostasis by limiting the uptake of oral antigens and it has been consid-
ered to have a protective role against oral sensitization [62], its role in food allergy is still con-
troversial. In human FA, it has been reported that specific IgA2 levels (isotype mainly found in
mucosa surfaces such as those of the intestine) increased when children became tolerant [63].
However, other authors reported that increased specific IgA was associated with a later FA [64]
and that serum allergen-specific IgA seems not to be associated with food tolerance [65]. From
our results, although oral challenge was performed with a high dose of oral OVA, the protective
effect of intestinal IgA antibodies in the FA group was not observed because the measurement
of AR provided similar results in both the FA and IP groups.

After AR induction, the FA model was characterized by a high increase in serum RMCP-II
concentration, which again might reflect the stimulation of gut-associated lymphoid tissue be-
cause this protease is typical of activated mucosal mast cells [66]. In addition, other mediators
released from mast cells produce vasodilatation and are responsible for the decrease in body
temperature [67,68]. Animals immunized with only OVA by i.p. route and those immunized
by i.p. route and subsequent oral OVA administration underwent a similar drop in body tem-
perature after AR induction. There was no correlation between body temperature and the
serum RMCP-II concentration, suggesting that other mast cells different from those in the in-
testinal mucosa could contribute to AR-induced hypothermia. On the other hand, AR caused
an increase in intestinal permeability in both IP and FA groups, which must reflect the dis-
rupted intestinal barrier after OVA immunization. It has been demonstrated that repeated
OVA oral gavage produces an accumulation of RMCP-II in the intestine leading to altered
motor responses in both the small intestine and the colon [69,70]. Nevertheless, it has been re-
ported that an i.p. immunization produced a higher increase in intestinal permeability than an
oral sensitization without an adjuvant, and this was attributed to the release of RMCP-II,
among other mediators, which could increase the absorption by paracellular route [31]. From
the results obtained here, rats with FA (i.p. and oral sensitization) seem to absorb βLG faster
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than the IP group because serum protein concentration tended to be higher at 30 min after
βLG oral administration (60 min after AR induction) and disappeared faster. The collection of
samples earlier than 30 min should confirm this suggestion and can shed some light as to
whether there is any difference in intestinal permeability when OVA is given orally after the i.
p. immunization. AR-induced behavioral changes were quantified by the decrease in motor ac-
tivity as performed in a previous study [45], instead of using the classical score systems which
require the subjective validation by the investigator [71,72]. The results after AR induction re-
vealed a clear decrease of movements in comparison with the basal ones. However, when com-
paring the motor activity between the IP and FA groups, it could be observed that the decrease
in motor activity induced by AR was similar in both groups. Therefore, from the results ob-
tained after AR induction, it could be concluded that only the serum concentrations of
RMCP-II, which were highly increased by oral OVA, clearly indicated the development of an
FA model. Further studies on intestinal permeability should be directed to elucidate changes
induced by oral allergen administration in this FA model. However, the decrease in body tem-
perature and also in motor activity did not differ between IP and FA rats, which could be attrib-
uted to the similar serum IgE levels present at the end of the study.

Tissue samples obtained two days after AR induction allowed the detailed characterization
of the FA process in comparison with the i.p. immunization. The study of lymphocyte compo-
sition in PP and MLN shows that neither the i.p. immunization nor the oral OVA administra-
tion changed the proportion of the main lymphocyte subsets in these intestinal compartments,
at least at the moment when these samples were collected. These results did not agree with
those of Ogawa et al. [43], which reported the accumulation of T lymphocytes in PP in a model
of FA. Further studies carried out at different times could help to clarify this controversy, but
from our results, it could be suggested that the characterization of lymphocyte phenotype in
PP and MLN did not constitute a biomarker of FA induction. On the other hand, we observed
that the proportion of T cells increased when MLN lymphocytes isolated from the IP group
were specifically stimulated in vitro, but these results were not found in the FA group. These
data could suggest the lymphocyte responsiveness in the IP group in contrast to the lympho-
cyte unresponsiveness after oral gavage of OVA for three weeks. This suggestion agrees with
the cytokine results obtained from OVA-stimulated spleen cells, which show that only in the
IP group was the amount of IL-4 and IL-10 released from spleen cells higher than that observed
in the RF group, whereas the concentration of cytokines released by the FA group did not differ
from reference values. In this sense, although some authors describe an increase of IL-4 and IL-
10 in supernatants of spleen cultures of FA animals [34,73,74], other authors do not [42], and
none of them compare the changes between i.p. immunization alone and i.p. together with an
oral allergen administration. From these results it could be suggested that cytokines released
from spleen cells collected after three weeks of allergen gavage did not reflect the oral sensitiza-
tion process present in FA. Studies carried out in a previous phase of FA induction could better
represent this response. In addition, other conditions of spleen cell incubation, such as a
shorter stimulation and higher stimulus concentration, among others, could be better condi-
tions for releasing representative cytokines. Nevertheless, it could be speculated that, at the end
of the study, the continuous oral OVA administration produced a certain tolerance. This lack
of response would not be reflected in the great synthesis of antibodies that occurred throughout
the process, but would be only observed in the specific stimulation of cells collected at the end
of the study.

Finally, the study of gene expression on intestinal tissue could reflect changes induced local-
ly by oral OVA administration. We found that the gene expression of RMCP-II was significant-
ly increased in FA animals, and these results agree with serum concentrations of this mediator
and also with changes reported concerning the gene expression of this molecule in mice and
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rats with food allergies [33,35,43]. However, surprisingly the gene expression of FcεRI did not
change with FA induction, although it did after i.p. immunization alone. It has been reported
in mouse mast cells that the internalization of FcεRI is a mechanism of antigen-specific desen-
sitization [75]. Therefore, the comparison of the results obtained in the FcεRI gene expression
in IP and FA groups could endorse the idea that the FA group developed a certain tolerance
from the continuous oral allergen administration.

In conclusion, by means of the combination of i.p. immunization followed by the oral ga-
vage of the food allergen, we have established a rat model of FA that is effective because it was
able to induce the synthesis of specific Th2-related antibodies, especially IgE, and consequently
an AR after oral challenge in all animals. This fact represents a great advantage with respect to
FA models only induced by oral route, which did not provide effective and reproducible results
in all experiments. In addition, the allergic response development is faster than in other FA
models described because one week after the oral administration of allergen i.e., three weeks
after i.p. immunization, high levels of specific IgE were produced. In comparison with only i.p.
immunization, the developed model provides much higher levels of specific IgG antibodies,
achieving high amounts of Th2-related antibodies in rat (IgG1 and IgG2a), and also anti-OVA
IgE, although the anaphylactic response after five weeks was similar in both groups. In addi-
tion, the levels of RMCP-II released after the anaphylaxis induction and the intestinal gene ex-
pression of this protease with respect to those of the i.p. immunization are the best biomarkers
of the FA process. The results from in vitro antigen-specific activation of lymphocytes from
spleen and mesenteric lymph nodes suggest a certain unresponsiveness state of these cells pos-
sibly induced by repeated oral doses of the allergen. Nevertheless, although further studies
must confirm this hypothesis, the specific antibody response kinetics suggest that the best FA
model could be obtained after only a week of oral OVA administration.
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The Centers for Disease Control (CDC) 
asserts that vaccines and vaccine ingredients 
have been disproven as potential causes of 
autism.  Statements by the CDC are generic 
and encompass all vaccines and vaccine 
ingredients. For example, the CDC states:  

“Vaccines Do Not Cause Autism” 
“There is no link between vaccines and 
autism.” “…no links have been found 
between any vaccine ingredients and 
autism spectrum disorder.” (CDC 
website, August 2017) 

These statements are not supported by 
available science. The CDC’s evidence 
supporting these statements is limited to the 
MMR vaccine (Taylor 2014), thimerosal 
preservative (Taylor 2014) and vaccine 
antigen exposure (DeStefano 2013). 

Dr. Frank DeStefano of the CDC’s 
Immunization Safety Office is co-author of a 
paper (Glanz 2015) which states: 

“To date, there have been no 
population-based studies specifically 
designed to evaluate associations 
between clinically meaningful 
outcomes and non-antigen 
ingredients, other than thimerosal.” 

This statement applies to, among other 
vaccine ingredients, aluminum adjuvant.  
Studies of MMR vaccine cannot be used as 
evidence of safety for other vaccines, for 
example vaccines that contain aluminum 
adjuvant. The overly-broad, generic 

assertions that no vaccines and no ingredients 
cause autism are thus not supported by 
scientific evidence.  In fact, the CDC 
statements are contradicted by a large, 
consistent and growing body of scientific 
evidence, including: 

1) studies showing neurotoxic and
neuroinflammatory effects (e.g. microglial 
activation) from dosages of aluminum 
adjuvants lower than or approximately equal 
to dosages received by infants according to the 
CDC vaccine schedule (Crepeaux 2017, Petrik 
2007, Shaw 2013, Shaw 2009); 

2) studies linking vaccines to immune
activation brain injury (Zerbo 2016, Li 2015); 

3) studies showing that early-life
immune activation is a causal factor in autism 
and other neurodevelopmental disorders and 
mental illnesses (e.g. schizophrenia) (Meyer 
2009, Deverman 2009, Estes 2016, Kneusel 
2014, Careaga 2017, Meyer 2014). 

The accumulating evidence indicates 
that vaccine-induced immune activation, and 
aluminum adjuvants in particular, may cause 
mental illnesses and neurodevelopmental 
disorders, including autism. 

In this paper, we present scientific 
evidence that aluminum adjuvants can cause 
autism and other brain injuries.  Also, we 
explain why the studies allegedly supporting 
the safety of aluminum adjuvants do not show 
safety for adverse neurological outcomes. 
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Fig 1: Proposed mechanism for how aluminum adjuvants cause autism. Each step is 
supported by replicated scientific studies.  

 

Immune Activation: A 
Cause of Autism and 
Mental Illness 

 
The term “immune activation” 

describes the activation of the cellular 
components of the immune system.  The 
developing brain can be injured by immune 
activation, with life-long consequences (Meyer 
2009, Deverman 2009, Estes 2016, Kneusel 
2014, Careaga 2017, Meyer 2014).  Immune 
activation injury is linked to autism, 
schizophrenia, depression and other mental 
illnesses or neurodevelopmental disorders.  
Immune activation effects on the brain are 
mediated by immune system signaling 
molecules, especially cytokines (Estes 2016, 
Meyer 2014, Smith 2007, Choi 2016, Pineda 
2013).  

 
It is generally accepted that immune 

activation (e.g., from infection) during 
pregnancy is a risk factor for autism and 
schizophrenia in the offspring (Ciaranello 
1995, Atladottir 2010, Brown 2012).  The 
intensity and duration of immune activation 
and cytokine expression appear to be 
important factors influencing autism risk 
(Meyer 2014).  Intense immune activation is 
associated with greater risk of autism (Careaga 
2017, Atladottir 2010).   Chronic inflammation 
is associated with greater risk of autism (Jones 
2016, Zerbo 2014).  However, there is no 
evidence that short-duration, low-intensity 

immune activation resulting from common 
childhood illnesses increase autism risk. 
Timing of immune activation in relation to 
stages of brain development is also an 
important factor (Meyer 2006, Meyer 2009).  

 
Animal experiments have tested the 

effects of immune activation during pregnancy 
and postnatally on the development of 
offspring (Meyer 2009, Deverman 2009, Estes 
2016, Kneusel 2014, Careaga 2017, Meyer 
2014). In these experiments, pregnant animals 
(mice, rats and monkeys) or neonates are 
injected with a non-infectious immune 
activating substance such as “poly-IC” (which 
mimics a viral infection) or lipopolysaccharide 
(LPS, which mimics a bacterial infection).  
These substances cause immune system 
activation without infection.  They induce 
fever and cytokine production and can have 
substantial effects on brain development if 
activation is sufficiently intense or prolonged 
and if exposure occurs during vulnerable 
developmental stages.  

 
Immune activation has been 

demonstrated in mice to cause the three core 
behavioral symptoms of autism: decreased 
socialization and communication, and 
increased repetitive behaviors (Malkova 
2012).  Immune activation has also been 
shown to cause neuropathology (Weir 2015) 
and behavioral abnormalities in monkeys that 
resemble behaviors in human schizophrenia 
and autism (Bauman 2014, Machado 2015). 
See Fig. 2.  
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Fig 2: Maternal immune activation in monkeys caused behavioral abnormalities in juvenile 
offspring resembling behaviors in both autism and schizophrenia. MIA1 (Black)= first 
trimester immune activation; MIA2 (grey) 2nd trimester immune activation; CON (white) 
saline control. From Bauman et al. 2014 

Immune activation also causes non-
behavioral effects associated with human 
autism (citations here link immune activation 
with these effects): 

 
1)  reduction in Purkinje cells (Shi 2009); 
2) mitochondrial dysfunction (Giulivi 

2013); 
3)  increase in brain volume (from IL-6 

exposure, Wei 2012(b)) and neuron 
density in the brain (Smith 2012); 

4)  long term chronic brain inflammation 
(Garay 2012); and 

5) microbiome disruption (dysbiosis) 

(Hsiao 2013). 
 

These non-behavioral similarities 
further support the relevance of the immune 
activation models to human autism. The non-
behavioral (e.g., physiological) effects of 
immune activation have been reviewed 
(Labouesse 2015).  

 
The cytokines interleukin-6 (IL-6) and 

interleukin-17a (IL-17) have been identified as 
mediating the behavioral effects of immune 
activation (Smith 2007, Malkova 2012, Choi 
2016, Pineda 2013, Wei 2012(a), Wei 2013, 
Parker-Athill 2010, Wei 2016).  The IL-6 
findings have been replicated by different 
researchers using a variety of experimental 
methods. For example, in an experiment with 
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poly-IC, abnormal behavior is almost 
completely prevented by simultaneous 
administration of IL-6-blocking antibody 
(Smith 2007, Pineda 2013). Injection of IL-6 
by itself causes abnormal behavior that closely 
matches behavior resulting from poly-IC 
immune activation (Smith 2007).  Inhibition 
of IL-6 signaling in a genetic autism model 
(BTBR mice) normalized social and repetitive 
behavior (Wei 2016).  These results 
demonstrate that IL-6 is responsible for 
causing abnormal autism-like behavior.  

 
The Patterson laboratory at CalTech 

was the first to report that IL-6 is responsible 
for causing the autism-like behavioral effects 
of immune activation (Smith 2007).  Two 
papers from this research group state: 

 
 “IL-6 is central to the process by 
which maternal immune activation 
causes long-term behavioral 
alterations in the offspring.” (Smith 
2007) 
 
“…blocking IL-6 prevents >90% of the 
changes seen in offspring of poly(I:C)-
injected females, showing that gene 
expression changes, as well as 
behavioral changes, are normalized 
by eliminating IL-6 from the maternal 
immune response.” (Smith 2007) 

 
“IL-6 is necessary and sufficient to 
mediate these effects since the 
effects…are prevented by injection of 
pregnant mice with poly-IC combined 
with an anti-IL-6 antibody, and are 
mimicked by a single maternal 
injection of IL-6.” (Garay 2013) 

 
Brain exposure to elevated IL-6 by 

engineered virus showed that IL-6 exposure, 
initiated after birth, caused autism-like 
behaviors (Wei 2012(a)).  The Wei 2012(a) 
paper states:  

 
“We demonstrated that IL-6 is an 
important mediator of autism-like 
behaviors. Mice with an elevated IL-6 
in brain developed autism-like 
behaviors, including impaired 
cognition ability, deficits in learning, 

abnormal anxiety-like trait and 
habituation, as well as a decreased 
social interaction initiated at later 
stages. These findings suggest that an 
IL-6 elevation in the brain could 
modulate certain pathological 
alterations and contribute to the 
development of autism.” (Wei 
2012(a)) 

 
More recent evidence shows that IL-17 

acts downstream of IL-6 to cause autism-like 
behavioral abnormalities and atypical cortical 
development in mice (Choi 2016).  Blocking 
either IL-6 or IL-17 prevents the autism-like 
behavior; an injection of IL-17 by itself causes 
the autism-like behavior (Choi 2016).  IL-6 is 
known to induce IL-17 by promoting the 
development of Th17 cells which produce IL-
17.  

 
Immune activation animal models 

appear to be valid models for human 
neurological/psychiatric disorders, including 
autism (Estes 2016, Careaga 2017, Meyer 
2014).  The Estes 2016 review argues for the 
validity of the immune activation models to 
humans: 

 
“These MIA (maternal immune 
activation) animal models meet all of 
the criteria required for validity for a 
disease model: They mimic a known 
disease-related risk factor (construct 
validity), they exhibit a wide range of 
disease-related symptoms (face 
validity), and they can be used to 
predict the efficacy of treatments 
(predictive validity).” (Estes 2016) 

 
Evidence suggests a mediating role for 

IL-6 and IL-17 in human autism.  For example, 
IL-6 is significantly elevated in the cerebellum 
in human autism (Wei 2011) and is highly 
elevated in some brain regions of some autistic 
individuals (Vargas 2005).  Treatment of 
human autistics with the anti-inflammatory 
flavonoid luteolin improves autistic behaviors 
in the individuals that also experience a 
decline in IL-6 blood levels (Tsilioni 2015).  
This result is consistent with a causal role for 
IL-6 in human autism. Also, IL-17 is elevated 
in human autism (Akintunde 2015, Al-Ayadhi 
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2012, Suzuki 2011). Vitamin D reduces IL-17 
production (Bruce 2011, Wobke 2014, 
Drozdenko 2014) and improves autistic 
behaviors in humans (Saad 2016, Jia 2015).  
The vitamin D findings are consistent with a 
causal role for IL-17 in human autism. 

 
IL-6 functioning appears to be similar 

or identical in mice and humans. No mouse-
human differences in IL-6 functioning are 
described in a 2004 review (Mestas 2004).  IL-
6 functioning is quite conserved across species 
(Brown 2014).  Central nervous system 
development in rodents and humans is 
governed by the same principles (Brown 
2014).  Hence, the fact that IL-6 causes 
autism-like behavioral abnormalities in 
animal models deserves a presumption of 
validity to humans.  

 
Immune activation is a risk factor for 

autism, schizophrenia and other 
neurological/psychiatric disorders.  The 
cytokines IL-6 and IL-17 are responsible for 
mediating the autism-like behavioral effects of 
immune activation in the animal models.  The 
available evidence supports a causal role for 
IL-6 and IL-17 in human autism.  

 

Maternal vs. Postnatal 
Immune Activation 

 
The timing of immune activation is an 

important factor influencing effects on the 
brain.  The developing brain is vulnerable to 
immune activation injury; the mature, adult 
brain is apparently not nearly as vulnerable.  
Sensitivity to immune activation likely 
declines as the brain matures (Meyer 2014, 
Meyer 2007). 

 
In most immune activation 

experiments, the offspring are exposed to 
immune activation during gestation (by 
stimulating the maternal immune system).  In 

contrast, most vaccines are administered 
postnatally.  This raises the question of 
whether postnatal immune activation can 
have similar effects on the brain as maternal 
immune activation.  Diverse evidence 
indicates that the brain can be adversely 
affected by postnatal immune activation.  
Postnatal immune activation experiments, 
human case reports, and consideration of 
brain development timelines suggest that the 
human brain is vulnerable to immune 
activation injury for years after birth.  

 
In the maternal immune activation 

experiments, inflammatory signaling and 
some cytokines (e.g. IL-6) traverse the 
placenta into the fetus.  Consequently, 
immune activation in the mother causes 
immune activation and elevated cytokines in 
the fetus, and in the fetal brain (Oskvig 2012, 
Ghiani 2011).  

 
Postnatal immune activation can have 

adverse neurological effects, including 
increased seizure susceptibility (Chen 2013, 
Galic 2008), learning and memory deficits 
(Harre 2008), and an increase in excitatory 
synapse formation (Shen 2016).  Seizure 
disorders, learning and memory dysfunction, 
and elevated excitatory signaling are 
associated with autism.  

 
Elevated IL-6 in the brain in the 

postnatal period causes neuronal circuitry 
imbalance and mediates autism-like behaviors 
in mice (Wei 2012(a)).  The circuitry 
imbalance observed in Wei 2012(a) was an 
excess of excitatory synapses and a deficit of 
inhibitory synapses. See Fig. 3.  Excessive 
excitatory signaling is observed in human 
autism (Robertson 2016, Freyberg 2015).  In 
fact, an imbalance between excitatory and 
inhibitory signaling (towards excess 
excitation) has been posited as a central 
characteristic of autism (Robertson 2016, 
Freyberg 2015). 
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Fig 3: Elevation of IL-6 in the brains of mice (initiated shortly after birth) caused an increase 
in excitatory synapses (VGLUT1) and a decrease in inhibitory synapses (VGAT). Excessive 
excitatory signaling is observed in human autism. Red=Elevated IL-6; Black=Control. 
VGLUT1=excitatory synapses; VGAT=inhibitory synapses. *P<0.05, **P<0.01 and ***P 
<0.001. Adapted from Wei et al 2012(a).  

In a maternal immune activation 
experiment with mice (Coiro 2015), autism-
relevant behavior and dendritic spine 
abnormalities (relevant to autism and 
schizophrenia) were ameliorated by 
administering an anti-inflammatory drug 
postnatally.  The drug was started at birth and 
continued for 2 weeks, which roughly 
corresponds to age 2 in humans (Semple 
2013). This result indicates that brain 
development is affected by postnatal 
inflammation, at times corresponding to when 
vaccines are given to humans.  

 
Several case reports describe 

previously-healthy children that displayed 
sudden-onset autistic behavior during or 
subsequent to infection in the brain.  All the 
cases had signs of intense brain inflammation. 
Here are brief descriptions: 

 
Delong 1981: describes 3 children, 

ages 5, 7 and 11 with full-blown autistic 
behavior associated with brain 
inflammation. Brain inflammation was 
presumed in two cases and confirmed in 
one. The 5 and 7 year olds recovered 
completely, and the 11-year recovered 
partially.  

 
Marques 2014:  describes a 

previously healthy 32-month-old girl that 

suffered autistic regression from a viral 
central nervous system infection with 
associated brain inflammation.  

 
Ghaziuddin 2002: describes a 

previously healthy 11-year-old boy that 
suffered permanent autistic regression 
after sudden onset herpes brain infection 
with associated brain inflammation.  

 
Gillberg 1986: describes a 

previously healthy 14-year-old girl with 
permanent autistic regression from herpes 
brain infection with associated brain 
inflammation.  

 
The most parsimonious explanation 

for these cases is that autistic behavior 
resulted from intense inflammation and 
cytokine production in the brain.  Accordingly, 
these cases indicate that the human brain 
remains vulnerable to immune activation 
injury well into childhood, though the 
vulnerability almost certainly decreases with 
maturation.  The susceptibility of older 
children to inflammation-induced autistic 
behavior strongly suggests that younger 
infants, of 0-2 years of age, are also vulnerable.  
It is not reasonable to claim, and there is no 
evidence to suggest, that the age range of 0-2 
years (when most vaccines are given) is 
uniquely resistant to immune activation 
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injury.  All the available evidence indicates the 
opposite.  

 
The immune activation experiments 

and case reports are consistent and indicate 
that immune activation and elevated cytokines 
in the postnatal period can cause brain injury. 

 
The next critical question to consider is 

whether vaccines can cause immune 
activation and elevated cytokines in the brain.  

 

Postnatal Vaccination 
Affects Brain Development 
in Animal Model 

 
The first study to test the effect of 

postnatal vaccination on brain development 
was published in 2015 (Li 2015). In this 

experiment, neonatal rats were administered 
bacillus calmette-guerin (BCG) vaccine, 
hepatitis B (HBV) vaccine or a combination 
(BCG+HBV) timed to imitate human infant 
vaccination schedules. BCG and HBV vaccines 
produced opposite effects on the brain.  
Specifically, BCG enhanced synaptic plasticity 
and long-term potentiation (LTP, the basis for 
learning and memory); HBV inhibited 
synaptic plasticity and LTP. BCG and HBV 
vaccines also caused opposite changes in some 
synapse protein levels. 

 
HBV vaccine (but not BCG vaccine) 

increased IL-6 gene expression in the brain; 
increased gene expression likely indicates an 
elevation in brain IL-6.  The HBV vaccine 
contains aluminum adjuvant, and the BCG 
does not contain aluminum adjuvant.  Hence, 
the aluminum adjuvant may be the ingredient 
responsible for the elevated IL-6 gene 
expression. See Fig. 4.  

 

 

Fig. 4: Hepatitis B vaccine, but not BCG vaccine, increased IL-6 gene expression in the brain 
at 8 weeks after neonatal vaccination. Hepatitis B vaccine contains aluminum adjuvant; BCG 
vaccine does not. Elevated IL-6 causes autism-like behaviors in animal models. *P<0.05 
Adapted from Li et al 2015.  

The Li et al study showed that the 
vaccines caused other changes in the brain, 
including 1) changes in long-term potentiation 
(LTP) (Hep B decreased LTP), 2) changes in 
dendritic spines, and 3) changes in synapse 
protein expression.  Changes in synapse 

proteins and dendritic spines have been 
observed in human brain disorders.  

 
Li et al. attribute the brain effects to 

changes in cytokine levels and immune 
polarization (Th1/Th2 polarization) induced 
by the vaccines. Aluminum adjuvants cause 
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Th2 polarization. Li et al. state that the results 
suggest vaccines can interact by way of 
immune activation effects: 

 
“…our data suggested that 
combinations of different vaccines can 
mutually interact (enhance or 
counteract). The mechanism of 
synaptic plasticity modulation 
through neonatal BCG/HBV 
vaccination may be via systemic 
Th1/Th2 bias accompanied by a 
specific profile of cytokines and 
neurotrophins in the brain.” (Li 2015) 

 
Li 2015 demonstrates that vaccines 

affect brain development by an immune 
activation mechanism.  Further, since 
aluminum adjuvants induce Th2 activation 
and long term Th2 polarization, the Li 2015 
results suggest that all aluminum-adjuvanted 
vaccines may cause adverse effects similar to 
the HBV vaccine.  Accordingly, the Li 2015 
results suggest that studies showing that 
immune activation causes 
neurological/psychiatric disorders are 
relevant to vaccine adverse effects.  

 

Vaccines Are Given During 
Synaptogenesis 

Another way to answer the question of 
brain vulnerability to immune activation is to 
consider the types of brain development 
processes occurring when vaccines are 
administered. Vaccines are given primarily in 
the first 18 months after birth.  The human 
brain undergoes intense and rapid 
development during this period. 
Synaptogenesis (formation of synapse 
connections between neurons) is especially 
intense in this period.  

 
The vulnerability of the developing 

brain to immune activation is apparently 
related to the specific types of brain 
development processes occurring (Tau 2010, 
Meyer 2006, Meyer 2007).  Such processes 
include migration (movement of neurons to 

final locations in the brain), adhesion 
(formation of chemical-mechanical 
attachments between brain cells), and 
synaptogenesis (formation of synapse 
connections between neurons), among others 
(neurogenesis, gliogenesis, myelination etc).  

 
Cytokines affect brain development 

processes. For example, elevated IL-6 affects 
migration, adhesion and synaptogenesis (Wei 
2011).  Elevated IL-6 in the postnatal period 
promotes an excess of excitatory synapses and 
a deficit of inhibitory synapses, and mediates 
autism-like behaviors (Wei 2012(a)).  

 
In humans, a dramatic increase in 

synaptogenesis begins around the time of 
birth, and continues until about age 3 
(Huttenlocher 1997, Tau 2010, Stiles 2010, 
Semple 2013).  Vaccines are administered 
during this intense synaptogenesis. See Figs. 
5-6. Elevated brain IL-6 induced by 
vaccination during synaptogenesis may cause 
an excitatory-inhibitory imbalance, towards 
excitation.  An excitatory imbalance has been 
observed in human autism (Robertson 2016, 
Freyberg 2015).  

 
Synaptogenesis tapers off through 

childhood and adolescence.  This fact may 
explain why some older children and teens can 
suffer autistic regression after intense brain 
inflammation, but apparently become less 
vulnerable to immune activation brain injury 
with age. 

 
Intense synaptogenesis occurs at ages 

0-18 months, when many vaccines are 
administered.  Consequently, vaccines may 
adversely impact synaptogenesis if they 
induce inflammation or IL-6 in the brain.  

 
The timing of brain development 

processes in humans supports the idea that the 
human brain is vulnerable to immune 
activation and cytokines in the first few years 
after birth, when vaccines are administered.  
Disruption of synaptogenesis by vaccine-
induced immune activation is a particular 
concern.  
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Fig. 5: Timeline of specific brain developmental processes in humans. Synaptogenesis is 
most intense during the first couple years of life, when vaccines are administered. Timing of 
vaccination according to the CDC vaccine schedule is shown. Elevated IL-6 during 
synaptogenesis may cause an excitatory-inhibitory synapse imbalance, towards excitation. 
Adapted from Semple 2013. 

 

Fig. 6: Measurements of synapse density in human cadavers of various ages indicate a 
dramatic increase in synapses in the first few years of life. Vaccines are administered during 
intense synapse formation. Elevated IL-6 during synaptogenesis may cause an excitatory-
inhibitory synapse imbalance, towards excitation. Image adapted from Huttenlocher and 
Dabholkar 1997.  
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Aluminum Adjuvants: 
Neurotoxic At Vaccine 
Dosages 

 
Aluminum (Al) adjuvants have an 

essential role in many vaccines: to stimulate 
immune activation.  Without Al adjuvants, 
these vaccines would have greatly reduced 
efficacy.  

 
Aluminum adjuvants comprise sub-

micron particles (primary particles) of 
aluminum compounds, typically AlOH, 
AlPO4, AlSO4 or mixtures.  The primary 
particles are typically agglomerated into larger 
particles with sizes of about 2-20 microns 
(Harris 2012).  The Al adjuvant materials have 
low solubility in water and body fluids. Al 
adjuvant particles are biopersistent and can 
remain in the body for months or years 
(Flarend 1997, Khan 2013, Gherardi 2001).  

 
Aluminum ingested in the diet has low 

oral absorption (about 0.3%), is rapidly 
excreted by the kidneys, is (mostly) excluded 
from the brain by the blood-brain barrier, and 
is in a solubilized, Al3+ ionic form (not 
particulate).  These defenses are adequate for 
protecting the brain from natural levels of 
aluminum exposure. These protective 
mechanisms are unable to protect the brain 
from injected aluminum adjuvant particles.  Al 
adjuvant particles are too large to be removed 
by the kidneys, and are carried across the 
blood-brain barrier by macrophages.  

 
Dosages of aluminum adjuvants 

received by infants according to the CDC 
vaccination schedule are: 

 
Birth (Hep B): 
 74 mcg/kg  (250 mcg for 3.4 kg infant) 
 
2 month: 
 245 mcg/kg (1225 mcg for 5 kg infant) 
 
4 month: 
 150 mcg/kg (975 mcg for 6.5 kg 
infant) 
 
6 month: 
 153 mcg/kg (1225 mcg for 8 kg infant) 

 
These are maximum-possible dosages 

(because different vaccine products have 
different amounts) for average-weight infants.  

 
Accumulating evidence shows that 

aluminum adjuvants have adverse 
neurological effects at dosages lower than or 
approximately equal to dosages infants receive 
from vaccines.  These effects appear to depend 
on the particulate nature and biopersistence of 
the aluminum adjuvant.  Injected Al adjuvant 
has adverse effects that are apparently 
mediated by the particles and independent of 
solubilized Al3+ ions released by the slowly 
dissolving particles (Crepeaux 2017).  

 
Al adjuvant injections in mice cause 

adverse effects at vaccine-relevant dosages of 
100, 200, 300 and 550 mcg/Kg body weight 
(Crepeaux 2017, Shaw 2009, Petrik 2007, 
Shaw 2013).  These include deficits in learning 
and memory (Shaw 2009), deficits in 
neuromuscular strength/function (Petrik 
2007), and changes in locomotor activity 
and/or gait (Shaw 2009, Shaw 2013).  Autism 
is associated with gait and movement 
abnormalities (Kindregan 2015) and memory 
dysfunction (Williams 2006).   
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Fig. 7: Dosage of 300mcg/Kg AlOH adjuvant caused large and persistent changes in 
exploratory behavior and movement in open field tests. This is an indicator of neurotoxicity. 
Human autistics also display abnormal movement and exploratory behavior. Adapted from 
Shaw and Petrik 2009.  
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Al adjuvant dosages of 200mcg/Kg (as 
3 x 66mcg/Kg) (Crepeaux 2017) and 
300mcg/Kg (as 6 x 50mcg/Kg) (Shaw 2009) 
increased microglial activation in the ventral 
forebrain and lumbar spinal cord, 
respectively.  The elevated microglial 
activation was measured about 6 months after 
Al adjuvant injection, which suggests that the 

microglial activation is chronic.  Activated 
microglia indicate an ongoing inflammatory 
process and suggest the presence of elevated 
cytokines.  Human autistics have activated 
microglia and elevated cytokines throughout 
the brain (Vargas 2005, Suzuki 2013, Li 
2009). 

 

 

Fig. 8: Al adjuvant (200mcg/Kg) caused an increase in microglial activation in the brain of 
mice. The protein iba1 indicates activated microglia. Measurements were performed 6 
months after Al adjuvant injection, indicating that the microglial activation is a chronic 
condition. * P<0.05. From Crepeaux et al., 2017.  

 

Fig. 9: Al adjuvant (300mcg/Kg) caused an increase in microglial activation in the lumbar 
spinal cord of mice. The protein iba1 indicates activated microglia. Measurements were 
performed 6 months after Al adjuvant injection, indicating that the microglial activation is 
a chronic condition. ***p < 0.001, one-way ANOVA. From Shaw and Petrik 2009.  
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Activated microglia are implicated as a 
causal factor in autism, because microglia 
mediate inflammation in the brain.  Microglia 
can produce IL-6 when in an activated state. A 
recent review on microglia and autism 
(Takano 2015) states: 

 
“…any factors that alter the number or 
activation state of microglia either in 
utero or during the early postnatal 
period can profoundly affect neural 
development, thus resulting in 
neurodevelopmental disorders, 
including autism.” (Takano 2015) 

 
Microglia appear to play an important 

role in the causation of autism (Takano 2015, 
Kneusel 2014).  Hence, the microglial 
activation caused by aluminum adjuvants 
suggests a role in autism.  

 
Several studies show that Al adjuvants 

increase brain aluminum content (Crepeaux 
2017, Flarend 1997, Shaw 2009, Khan 2013, 
Crepeaux 2015).  A dosage of 200 mcg/Kg Al 
adjuvant caused a 50-fold increase in brain 
aluminum content in mice, from 0.02 ug/g to 
1.0 ug/g dry weight of brain (Crepeaux 2017).  
These measurements were performed 6 

months after the final injection, indicating 
that the Al persists in the brain long-term 
(Crepeaux 2017).  See Fig. 10.  Al adjuvants 
have been found to accumulate in the brain of 
mice up to one year after injection (Khan 
2013).  Crepeaux 2015 demonstrated 
persistence and increasing accumulation of Al 
adjuvant particles up to 270 days in spleen and 
lymph nodes of mice.  Increasing 
accumulation of Al in distant organs over time 
suggests that toxic effects may increase with 
time, and may be delayed by months or years 
after exposure. 

 
The 400 and 800 mcg/Kg doses used 

in the Crepeaux 2017 study did not cause 
adverse effects or elevated brain aluminum.  
The authors attribute this surprising inverted 
dose-response relationship to granulomas 
induced by the higher dosages.  Granulomas 
trap the Al adjuvant at the injection site, 
thereby preventing its transport into the brain 
and other sensitive tissues.  Granulomas occur 
after about 1% of vaccinations (Bergfors 2014).  
This is cause for concern because it indicates 
that, for 99% of vaccinations, the Al adjuvant 
can be transported around the body.  It is not 
confined to a granuloma. See Fig. 11. 

 

 

 

Fig. 10: Dosage of 200 mcg/Kg Al adjuvant caused a 50-fold increase in brain aluminum 
content, from 0.02 to 1.00 ug/g dry weight, in mice. Higher dosages (400 and 800 mcg/Kg) 
did not increase brain Al content, presumably because the higher dosages caused a 
granuloma at the injection site. A granuloma traps the Al adjuvant at the injection site, 
thereby preventing systemic dispersal and transport into the brain. These measurements 
were performed 6 months after the final injection, indicating that the Al persists in the brain 
long-term. *P<0.05. From Crepeaux et al., 2017. 
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Fig. 11: High dose Al adjuvant injection into the muscle causes a granuloma, which traps the 
Al adjuvant and prevents it from traveling into the brain. Low dose does not form a 
granuloma. Hence, the lower dose is free to travel to the brain. Consequently, the lower dose 
is more toxic than the higher dose. This mechanism explains the surprising inverted dose-
toxicity results of Crepeaux et al. 2017.

Particle Transport and 
Macrophage Chemotactic 
Protein (MCP-1) 

 
Aluminum adjuvants travel into the 

brain (Khan 2013, Crepeaux 2015, Crepeaux 
2017, Shaw 2009, Flarend 1997). Al adjuvant 
particles are carried through the blood-brain 
barrier and into the brain by macrophages 
(Khan 2013).  Transport is promoted by 
macrophage chemotactic protein-1 (MCP-1) 
(Khan 2013).  MCP-1 causes macrophages to 
travel around the body and into the brain. 
Particle transport into the brain by 
macrophages is well-established and has been 
investigated for therapeutic applications (Choi 
2012, Pang 2016).   

 
MCP-1 is elevated in the brains of 

human autistics (Vargas 2005) and is elevated 
in the blood of neonates later diagnosed with 
autism (Zerbo 2014).  This suggests that 
neonates with high MCP-1 will experience 
elevated Al adjuvant transport into the brain 
when injected with Al adjuvanted vaccines.  
This is consistent with Al adjuvants causing 
autism by inducing immune activation and 
elevated cytokines in the brain.  

 

Aluminum Induces IL-6 
Expression In The Brain 

 
Water-soluble aluminum salts (e.g. 

AlCl3, Al lactate) induce elevated IL-6 in the 
brain and other tissues.  In fact, aluminum 
appears to selectively induce IL-6 (Viezeliene 
2013).  Studies of aluminum exposure and IL-
6 expression in the brain include: 

 
Cao 2016: Ingestion of 30 or 90 

mg/kg/day aluminum (as AlCl3) for 90 days 
significantly increased gene expression of IL-6 
and other cytokines in the brain 
(hippocampus).  

 
Alawdi 2016: Ingestion of 3.4 

mg/kg/day aluminum (as AlCl3) for 6 weeks 
caused a 4-fold increase in IL-6 in the brain 
(hippocampus).  This dosage is far lower than 
the outdated “no observed adverse effects 
level” (NOAEL) oral dosages (26 and 62 
mg/kg/day) used as benchmarks for toxicity 
threshold (Mitkus 2011, Offit 2003).   

 
In fact, other experiments show that 

oral dosages of 3.4, 4, 5.6, 6, and 20.2 
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mg/Kg/day aluminum cause numerous 
adverse effects in mice or rats and hence the 
NOAEL for orally ingested Al is currently 
unknown (Alawdi 2016, Dera 2016, Sethi 
2008, Sethi 2009, Bilkei-Gorzo 1993). 

 
The induction of IL-6 may occur 

because aluminum strongly induces oxidative 
stress (Exley 2003). Oxidative stress induces 
IL-6 expression (Viezeliene 2013).  

 

CDC Website Cites Fatally 
Flawed Study Of Al 
Adjuvants (Mitkus 2011) 

 
Dosages of Al adjuvants received by 

infants increased dramatically as the vaccine 
schedule was expanded in the 1980s and 
1990s.  However, as the vaccine schedule 
expanded, the increasing dosages of Al 
adjuvants were not tested for safety.  
Government agencies (HHS, NIH, CDC, FDA) 
have not pursued any new experimental work 
on Al adjuvant toxicity.  

 
To support the safety of Al adjuvants at 

today’s higher dosages, the CDC cites a 2011 
FDA study of aluminum exposure from 
vaccines (Mitkus 2011).  This study is the only 
scientific evidence cited by the CDC and FDA 
websites to support the safety of Al adjuvants.  

 
The Mitkus 2011 study is a theoretical 

modeling study of Al adjuvant kinetics; it 
contains no new data concerning Al adjuvant 
toxicity (from animal models or 
epidemiology).  Mitkus 2011 calculates a body 
burden of aluminum resulting from the slow 
dissolution of Al adjuvant particles, and 
compares the dissolved-aluminum body 
burden to a “minimal risk level” (MRL).  The 
MRL is derived from a study of ingested Al 
toxicity in mice (Golub 2001).  The Golub 2001 
study provides the NOAEL (26 mg/kg/day 
ingested), which is converted into the MRL for 
human infants (based on 1mg/kg/day 
ingested) by using a safety factor of about 30.  

 
The Mitkus study is fatally flawed for 

these reasons: 

1) MITKUS ASSUMES AL 

ADJUVANT PARTICLES ARE HARMLESS  

 
Mitkus makes an unstated assumption 

that Al adjuvants have zero toxicity while in 
particulate form.  Mitkus only considers the 
potential toxicity of aluminum ions (Al3+) 
released by the slowly-dissolving Al adjuvant 
particles.  

 
Al adjuvants comprise low-solubility 

and biologically-persistent microscopic 
particles.  The Mitkus analysis assumes that 
the particles are absolutely nontoxic and 
perfectly harmless, even when present in the 
brain and other organs.  Mitkus provides no 
justification for this unstated assumption. 
Further, the assumption is contradicted by 
recent findings on Al adjuvant toxicity 
(Crepeaux 2017) and particulate toxicity 
generally.  Particles can have toxic effects 
mediated by surface chemistry (e.g. surface 
charge and surface catalytic activity) and 
particle shape, among other characteristics of 
solid particles (Sharifi 2012, Podila 2013).  

 
Several studies show injected Al 

adjuvants cause behavioral abnormalities, 
abnormal weight gain, learning and memory 
impairment, motor neuron death/apoptosis, 
neuromuscular strength deficits, chronic 
microglial activation/brain inflammation, and 
large (e.g. 50X) increases in brain and spinal 
cord aluminum content (Petrik 2007, Shaw 
2009, Shaw 2013, Crepeaux 2017).  These 
adverse effects occur at dosages less than or 
approximately equal to dosages received by 
infants according to the CDC vaccine schedule.  

 
2) NEW RESEARCH SHOWS 

INGESTED AL HARMFUL AT DOSAGES 

LOWER THAN 26 MG/KG/DAY 

 
Mitkus assumes that Al adjuvant 

toxicity is mediated exclusively by solubilized 
Al (Al3+ ions) released by the slowly-
dissolving Al adjuvant particles.  To establish 
a threshold toxicity level from the solubilized 
Al, Mitkus relies on a mouse feeding study 
(Golub 2001) reporting a “no-observed 
adverse effects level” (NOAEL) oral dosage of 
26 mg/Kg/day ingested aluminum. Mitkus 
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used a 30X safety factor for applying this 
dosage to humans, which is reasonable. 

 
However, other experiments show that 

much lower oral dosages of 3.4, 4, 5.6, 6, and 
20.2 mg/Kg/day aluminum cause adverse 
effects in mice or rats (Alawdi 2016, Dera 
2016, Sethi 2008, Sethi 2009, Bilkei-Gorzo 
1993).  The adverse effects include chronic 
brain inflammation, learning and memory 
impairment, and kidney inflammation.  So, 
the Mitkus analysis is wrong because 26 
mg/kg/day is not a NOAEL.  The “minimal 
risk level” (MRL) determined by Mitkus is too 
high by a factor of at least 26/3.4 = 7.6.  Using 

a corrected NOAEL of 3.4 mg/Kg/day (based 
on Alawdi 2016) results in vaccine aluminum 
exposure exceeding the MRL for AlPO4 
adjuvant, and approximately matching the 
MRL for AlOH adjuvant.  The new, corrected 
MRL lines indicate that Al phosphate adjuvant 
(Fig. 12) and Al hydroxide adjuvant (Fig. 13) 
from the CDC vaccine schedule may cause 
toxicity from the solubilized Al per se. 

 
Since 3.4mg/Kg/day is not a NOAEL 

(adverse effects were observed at this dosage) 
the true NOAEL is less than 3.4/mg/Kg/day. 
See Figs. 12-13. 

  

 

 

Fig. 12: Body burden vs. MRL comparison chart for Al phosphate adjuvant (AlPO4) corrected 
in accordance with the new discovery (Alawdi 2016) that ingestion of 3.4 mg/kg/day Al 
causes adverse effects. The body burden exceeds the corrected MRL curve for almost the 
entire first year of life, indicating toxicity. The toxicity of Al adjuvant particles is a separate, 
additional issue. MRL 50 and MRL 5 refer to two different infant growth rates. Adapted from 
Mitkus et al., 2011. 
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Fig. 13: Body burden vs. MRL comparison chart for Al hydroxide adjuvant (AlOH), corrected 
in accordance with the new discovery (Alawdi 2016) that ingestion of 3.4 mg/kg/day Al 
causes adverse effects. The body burden overlaps the new, corrected MRL, indicating 
borderline toxicity. The margin of safety is gone. MRL 50 and MRL 5 refer to two different 
infant growth rates. The toxicity of Al adjuvant particles is a separate, additional issue. 
Adapted from Mitkus et al., 2011.  

 
3) NO AL ADJUVANT TOXICITY 

DATA CITED, DESPITE AVAILABILITY 

 
Mitkus does not cite any toxicity data 

for injected Al adjuvants. Mitkus instead uses 
toxicity data for ingested, non-particulate, 
water-soluble Al (Golub 2001, which used Al 
lactate) to derive the MRL.  This data comes 
from a single study (Golub 2001).  

 
So, remarkably, Mitkus claims a safe 

level of injected Al adjuvant exposure, without 
citing any Al adjuvant toxicity data.  The error 
is unnecessary and neglectful because at least 
two animal studies of injected Al adjuvant 
toxicity were available prior to the Mitkus 
publication in 2011 (Petrik 2007, Shaw 2009).  
These papers were not cited or mentioned by 
Mitkus 2011. 

 
Each of these three flaws is fatal for the 

validity of the Mitkus study in establishing the 
safety of aluminum adjuvants.  Hence, the CDC 
is completely lacking valid evidence for the 

safety of Al adjuvants.  This is especially true 
for safety regarding neurological and long-term 
outcomes, because other available studies of Al 
adjuvant safety (e.g., Jefferson 2004) do not 
consider (or are incapable of detecting) these 
outcomes.  

 

CDC Fails To Investigate 
Toxicity of Al Adjuvants 

 
The CDC has conducted no 

epidemiological studies on long term safety 
(e.g. considering neurological outcomes) of Al 
adjuvants.  There is one ecological study of 
country-level data, which reported an 
association between Al adjuvant exposure and 
autism (Tomljenovic 2011).  However, being an 
ecological study, it is highly susceptible to 
confounding and biases. 

 
Dr Frank DeStefano of the CDC’s 

Immunization Safety Office is co-author of a 
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feasibility study (Glanz 2015) on using the 
Vaccine Safety Datalink (VSD) to investigate 
the safety of individual vaccine ingredients.  
The paper focuses on Al adjuvants.  It 
acknowledges that thimerosal is the only 
vaccine ingredient studied for autism or 
neurological safety, and that a possible 
association between Al adjuvants and autism 
has not been explored in epidemiological 
studies. Glanz 2015 states:  

 
“To date, there have been no 

population-based studies specifically 
designed to evaluate associations 
between clinically meaningful 
outcomes and non-antigen 
ingredients, other than thimerosal.” 

 
The CDC has not investigated Al 

adjuvant safety concerns, despite the 
accumulating scientific evidence of harm and 
evidence linking Al adjuvants to immune 

activation mechanisms of brain injury.1  
 
 
 

 

                                                        
 

1 However, the Glanz paper notes that studies of aluminum adjuvants 
are problematic because of expected small differences in exposures in 
the low and high exposure groups. Glanz 2015 concludes: “…children 
below the 10th percentile would be exposed to between 0 mg and 
3.1mg, while children above the 90th percentile would be exposed to 
between 4.8 mg and 5.3 mg of aluminum from vaccines. It is unclear 
if such differences in aluminum exposure would be biologically 
meaningful.” (Glanz 2015).  So, epidemiological studies may not 
provide reliable evidence for safety or harm. Controlled, prospective 
human trials of aluminum adjuvant exposure from vaccines will likely 
be prohibited for ethical reasons. Also, Al adjuvants are essential 
ingredients for Al adjuvanted vaccines. Consequently, it will be 

Conclusion 

The science reviewed here tells a 
consistent and compelling story: that vaccines 
may cause autism by stimulating immune 
activation and elevated cytokines in the brain.  
Al adjuvants are implicated as a cause of autism 
because they can be transported into the brain, 
because they cause microglial activation at 
vaccine-relevant dosages, and because 
aluminum induces IL-6 in the brain.  

 
In statements asserting no vaccine-

autism link, the CDC cites scientific evidence 
that is not relevant to Al adjuvant safety or is 
incapable of disproving an Al adjuvant-autism 
link (Taylor 2014, DeStefano 2013, Mitkus 
2011).  In support of claims for Al adjuvant 
safety, the CDC relies on a profoundly flawed 
theoretical modelling study (Mitkus 2011).  
There is little scientific evidence supporting the 
safety of Al adjuvants, especially in relation to 
autism and other long term neurological 
outcomes.  

  

challenging to design studies of long term adverse effects of Al 
adjuvants in humans.  Experiments in animal models can provide 
valuable information. Al adjuvants should be tested for effects on: 1) 
excitatory/inhibitory imbalance; 2) core symptoms of autism (social, 
communicative and repetitive/stereotyped behaviors); 3) IL-6, IL-17, 
and other cytokine levels in the brain; 4) other physiological 
abnormalities associated with autism (e.g. mitochondrial 
dysfunction, microbiome dysbiosis, Purkinje cell loss, cerebellum 
abnormalities etc); and 5) microglial activation and immune activity 
in the brain. Investigating these outcomes can provide valuable 
information concerning the safety of Al adjuvants. 
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Abstract

Aluminum hydroxide (AlOOH) has been used for many years as a vaccine adjuvant, but little

is known about its mechanism of action. We investigated in this study the in vitro effect of

aluminum hydroxide adjuvant on isolated macrophages. We showed that AlOOH-stimulated

macrophages contain large and persistent intracellular crystalline inclusions, a characteristic

property of muscle infiltrated macrophages described in animal models of vaccine injection,

as well as in the recently described macrophagic myofasciitis (MMF) histological reaction in

humans. AlOOH-loaded macrophages exhibited phenotypical and functional modifications,

as they expressed the classical markers of myeloid dendritic cells (HLA-

DR /CD86 /CD83 /CD1a /CD14 ) and displayed potent ability to induce MHC-II-

restricted antigen specific memory responses, but kept a macrophage morphology. This

suggests a key role of macrophages, in the reaction to AlOOH-adjuvanted vaccines and these

mature antigen-presenting macrophages may therefore be of particular importance in the
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establishment of memory responses and in vaccination mechanisms leading to long-lasting

protection.

Introduction

Vaccine adjuvants have been used for many years to induce strong and sustained humoral

immune responses, but little is known about their mechanisms of action. The most

frequently used adjuvant in commercial vaccines is aluminum hydroxide (AlOOH). The

adjuvant activity of these molecules seems to result partly from a deposition effect and from

antigen adsorption, as they can retain small amounts of antigen at the injection site for a

prolonged period [1]. AlOOH immunoadjuvant property is also associated with the

induction of Th2-type responses in animal models [2]. Aluminum salts also exert

immunomodulatory activities on isolated cells, especially those of the monocyte-

macrophage lineage. Indeed, the adsorption of tetanus toxoid onto aluminum hydroxide

leads to a significant increase of in vitro antigen-induced T-cell proliferation, correlated with

an increase in tetanus toxoid uptake and IL-1 secretion by monocytes [3]. Exposure of

human peripheral blood mononuclear cells (PBMC) to aluminum hydroxide induces

monocyte differentiation into mature CD83  dendritic cells (DC), with a typical DC

morphology, which strictly requires paracrine secretion of IL-4 by helper T lymphocytes [4].

Aluminum hydroxide also increases the survival and proliferation of murine bone marrow-

derived macrophages in vitro [5].

Intramuscular injection of aluminum adjuvants causes tissue reactions and may lead to the

local secretion of cell recruitment and differentiation factors. Several studies have been

performed in laboratory animals to evaluate the safety of vaccines containing aluminum

hydroxide adjuvants, as required by the EMEA guidelines (EMEA (1997); note for guidance

on preclinical pharmacological and toxicological testing of vaccines; CPMP/SWP/465/95) [8].

These studies included the histological examination of the injection site after intramuscular

administration, which showed a homogeneous pattern of macrophage infiltration within 1–

2 weeks of vaccine injection (EMEA (2002); Hexavac: European Public Assessment Report

(EPAR), scientific discussion). Follow-up study of the histological reaction has also been

carried out in rabbits and cynomolgus monkeys after the intramuscular injection of

diphtheria, tetanus, pertussis, and polio and the combined polio and diphteria vaccines,

respectively (Verdier et al., manuscript in preparation). Both studies showed that aggregates

of macrophages persisted for several months between muscle fibers. These observations are

consistent with those of Gherardi et al., obtained after intramuscular injection of aluminum

hydroxide-containing Hepatitis B vaccine in the rat [6]. There was a clear predominance of

macrophages following the injection of aluminum hydroxide-containing vaccines in
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animals, and the data obtained illustrate the key role of this cell type in the physiological

reaction to aluminum hydroxide containing vaccines.

Muscle reaction to vaccine injection thus consists in a granuloma with striking muscle fascia

infiltration by aluminum-loaded macrophage, a histological entity called macrophagic

myofasciitis (MMF) that is also found in some human vaccinees. Altogether, these results

strongly suggest that macrophages may play a critical role in vaccine-induced immune

responses.

This led us to investigate the effect of aluminum adjuvants on isolated macrophages. As

reported here, we found that aluminum-loaded macrophages differentiate into mature,

specialized antigen-presenting cells different from monocyte-derived DC.

Section snippets

Human monocyte isolation and differentiation

PBMC were isolated from the blood of healthy HIV-seronegative donors by Ficoll-hypaque

density gradient centrifugation. Monocytes were separated from PBMC by incubation for 1 h

in 75 cm  culture flasks to allow adhesion. They were cultured in DMEM-glutamax medium

(Life Technologies, Grand Island, NY, USA) supplemented with 10% heat-inactivated (+56 °C

for 30 min) FCS (Roche Diagnostics, Mannheim, Germany), 1% antibiotic mixture (penicillin,

streptomycin, neomycin, Life Technologies) and 15 ng/ml …

Morphological and phenotypic changes induced by AlOOH

We first assessed the toxicity of AlOOH by the MTT assay, by incubating macrophages

cultures for 3 days with AlOOH concentrations ranging from 0.1 to 100 µg/ml. The dose of

AlOOH used for vaccination is about 0.8 mg per dose of vaccine. The AlOOH concentration

resulting in 50% mortality was 11±1.7 µg/ml (n=13) (data not shown). AlOOH concentrations

ranging from 1 to 5 µg/ml did not induce more than 30% toxicity. Treatment with 2 µg/ml

AlOOH for 2 days induced morphological changes in macrophages: …
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Discussion

Overall, data from animal models have shown that in vivo, macrophage recruitment is a

normal response to the intramuscular injection of AlOOH-containing vaccines [6]. However,

it has also been suggested that the presence of a MMF in muscle would be associated with a

diffuse arthromyalgia and fatigue syndrome [6], [7], [9], [10], raising questions about the

physiological or pathophysiological role of macrophages infiltrating muscle fascia. Although

the interaction between cell types that can …
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Abstract

Aluminium adjuvants, typically referred to as ‘alum’, are the most commonly used adjuvants in human
and animal vaccines worldwide, yet the mechanism underlying the stimulation of the immune system by
alum remains unknown. Toll-like receptors are critical in sensing infections and are therefore common
targets of various adjuvants used in immunological studies. Although alum is known to induce the
production of proin�lammatory cytokines in vitro, it has been repeatedly demonstrated that alum does
not require intact Toll-like receptor signalling to activate the immune system1,2. Here we show that
aluminium adjuvants activate an intracellular innate immune response system called the Nalp3 (also
known as cryopyrin, CIAS1 or NLRP3) in�lammasome. Production of the pro-in�lammatory cytokines
interleukin-1β and interleukin-18 by macrophages in response to alum in vitro required intact
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in�lammasome signalling. Furthermore, in vivo, mice de�icient in Nalp3, ASC (apoptosis-associated
speck-like protein containing a caspase recruitment domain) or caspase-1 failed to mount a signi�icant
antibody response to an antigen administered with aluminium adjuvants, whereas the response to
complete Freund’s adjuvant remained intact. We identify the Nalp3 in�lammasome as a crucial element
in the adjuvant effect of aluminium adjuvants; in addition, we show that the innate in�lammasome
pathway can direct a humoral adaptive immune response. This is likely to affect how we design effective,
but safe, adjuvants in the future.

Shortly after the discovery that alum could be used as an adjuvant in the 1920s (ref. 3), a hypothesis was
put forth that alum stimulated an immune response by acting as a ‘depot’; antigens were proposed to be
slowly released in a particulate form that was favourable for uptake by antigen-presenting cells (APCs),
thereby enhancing the immune response to the antigen (reviewed in ref. 4). Since then, many of the
signals used by APCs to initiate T-cell responses have been identi�ied along with the immune stimuli (for
example, Toll-like receptor (TLR) ligands) required to enhance interactions between APCs and T cells.
However, the cellular signalling pathways triggered by alum that induce effective immunity against
antigens have remained elusive.

The initiation of adaptive immune responses is controlled by innate immune signals. Regulation of these
immune signals relies on a large group of intracellular and extracellular receptors called pattern
recognition receptors5. The best-described class of these receptors is the TLRs, which sense conserved
molecular patterns from a wide range of microbes. Whereas TLRs sense non-self motifs of infectious
organisms, another class of intracellular pattern recognition receptors, the NOD-like receptors (NLRs),
can sense stimuli of microbial origin as well as endogenous markers of cellular damage (for example ATP
or uric acid crystals)6,7. Nalp3, a member of the NLR family, along with ASC (also known as Pycard) and
caspase-1, forms a molecular platform called the in�lammasome, which regulates the cleavage and
release of the potent pro-in�lammatory cytokines interleukin (IL)-1β, IL-18 and IL-33 (ref. 8). One
recently described endogenous molecule that activates the Nalp3 in�lammasome is crystalline (but not
soluble) uric acid (monosodium urate; MSU)9–11.

Aluminium particles of various aluminium adjuvants form insoluble particles that can aggregate, are
readily phagocytosed by macrophages and have been shown to stimulate IL-1β and IL-18 production in
vitro12–15. We formed the hypothesis that the particulate nature of alum might be recognized by NLRs,
much like crystalline MSU. To test whether alum activates the Nalp3 in�lammasome, we used primary
peritoneal macrophages from mice de�icient in critical signalling components of the Nalp3
in�lammasome. Because in�lammasome activation requires two signals for the production of mature IL-
1β, we �irst primed macrophages with lipopolysaccharide (LPS) and then exposed them to aluminium
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adjuvants. Consistent with previous reports13–15, aluminium adjuvants induced the production of IL-1β
and IL-18 from wild-type (C57BL/6; WT) primary murine macrophages (Fig. 1a, d), bone-marrow-
derived macrophages (Supplementary Fig. 1a) and bone-marrow-derived dendritic cells
(Supplementary Fig. 1b) in vitro. IL-1β secretion was dependent on the dose of alum (Fig. 1b) and
peaked between 8 and 10 h of stimulation with alum in WT macrophages, but continued out to 48 h (Fig.
2c and data not shown).
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Figure 1. Aluminium-containing adjuvants stimulate macrophages to produce the pro-
inflammatory cytokines IL-1β and IL-18 in a Nalp3 inflammasome-dependent manner.
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Open in a new tab

a, Macrophages were stimulated with 50 ng ml−1 LPS for 18 h and then 500 µg ml−1 Imject alum
(‘Alum1’) or aluminium hydroxide gel (‘Alum2’) for 8 h. IL-1β released into culture
supernatants was measured by ELISA with a minimum detection level of 200 pg ml−1. b, LPS-
primed macrophages were stimulated with the indicated amount of Imject alum for 8 h and
analysed as in a. c, Unprimed or LPS-primed WT, ASC-de�icient, Nalp3-de�icient, caspase-1-
de�icient (Casp1) and Ipaf-de�icient macrophages were stimulated with Imject alum (500 µg
ml−1) for 8 h, and the IL-1β released into the culture supernatants was measured by ELISA. d,
WT or Nalp3-de�icient macrophages were stimulated as in c, and the IL-18 released was
measured by ELISA. e, WT or Nalp3-de�icient LPS-primed macrophages were stimulated with
either Imject alum, CFA (120 µg ml−1) or IFA (30 µl ml−1) for 8 h and analysed as in a.
Determinations were performed in triplicate and are expressed as means and s.d.; data are
from one of at least three independent experiments.

12/15/24, 12:13 PM Crucial role for the Nalp3 inflammasome in the immunostimulatory properties of aluminium adjuvants - PMC

https://pmc.ncbi.nlm.nih.gov/articles/PMC4804622/ 6/19

https://pmc.ncbi.nlm.nih.gov/articles/PMC4804622/figure/F1/
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=4804622_nihms488129f1.jpg


Figure 2. Caspase-1 activation by aluminium adjuvants requires Nalp3 and ASC.

Open in a new tab

a, b, LPS-primed or unprimed macrophages from WT mice (a, b), Nalp3-de�icient mice and
caspase-1-de�icient (Casp1) mice (a) and from ASC-de�icient mice (b) were stimulated with
Imject alum (500 µg ml−1) for the indicated durations, and cell lysates were immunoblotted
with antibodies against the p10 subunit of caspase-1. Macrophages from caspase-1 knockout
mice were stimulated as indicated to provide a reference for some of the non-speci�ic bands
seen with this antibody. Indeed, the band at 15 kDa in the Nalp3 knockout samples in a and in
all samples in b is distinct from the p10 band representing active caspase-1. c, LPS-primed
macrophages from WT or Nalp3-de�icient mice were stimulated with Imject alum (500 µg
ml−1) for the indicated durations, and the IL-1β released into culture supernatants was
measured by ELISA. Results are shown as means ± s.d. from one of three independent
experiments.

In contrast, macrophages from animals de�icient in Nalp3, ASC or caspase-1 failed to produce IL-1β or
IL-18 on stimulation with multiple types of aluminium adjuvant (Fig. 1c, d, Supplementary Fig. 1b and
data not shown). Another member of the NLR family, Ipaf (also known at NLRC4), also forms an
in�lammasome, which is capable of activating caspase-1 in response to several different Gram-negative
bacteria16,17. Ipaf-de�icient macrophages were fully capable of secreting IL-1β in response to LPS and
alum (Fig. 1c), suggesting that alum-induced IL-1β secretion is speci�ically dependent on the Nalp3
in�lammasome. Consistent with NLR, but not TLR activation, alum did not induce the production of IL-6
or tumour necrosis factor (TNF)-α by primary macrophages in vitro (Supplementary Fig. 2a, b). Neither
of two other common adjuvants, complete Freund’s adjuvant (CFA) and incomplete Freund’s adjuvant
(IFA), induced IL-1β production by macrophages (Fig. 1e).
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Caspase-1 activation involves autocatalytic processing of the 45-kDa pro-caspase-1 to generate two
subunits, p20 and p10. Caspase-1 activation in LPS-primed WT macrophages stimulated with alum was
detected by western blotting by the appearance of the p10 cleavage product 4 h after the addition of
alum (Fig. 2a). Consistent with the lack of IL-1β production, caspase-1 activation was absent in
macrophages de�icient in Nalp3 and ASC that were exposed to LPS and alum (Fig. 2a, b). Nalp3 knockout
macrophages did not show caspase-1 activation or IL-1β production even at later time points, arguing
against delayed caspase-1 activation by alum in the absence of Nalp3 (Fig. 2a, c). These data
demonstrate that alum activates macrophages in vitro to secrete mature IL-1β in a manner dependent
on the Nalp3 in�lammasome.

To understand how alum might stimulate the in�lammasome pathway, we �irst tested whether the
endocytic ability of macrophages was required for the alum-stimulated production of IL-1β. Inhibiting
actin or tubulin polymerization with either cytochalasin B or colchicine, respectively, inhibited IL-1β
production by LPS and alum (Fig. 3a) but did not affect secretion of the in�lammasome-independent
cytokines TNF-α or IL-6 (Supplementary Fig. 2a, b). Neither cytochalasin B nor colchicine decreased IL-
1β production in response to stimulation with ATP, which uses the P2X7 receptor (P2X7R) to activate the
Nalp3 in�lammasome18,19, con�irming that macrophages were still viable and capable of secreting
in�lammasome-dependent IL-1β (Fig. 3a).
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Figure 3. Alum requires intact endocytic macrophage machinery and causes potassium-
gradient-dependent IL-1β secretion without causing significant cell death.
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Open in a new tab

a, LPS-primed peritoneal macrophages were treated with either colchicine (28 µg ml−1) or
cytochalasin B (10 µM) for 1 h before the addition of Imject alum (500 µg ml−1), ATP (5 mM) or
MSU (200 µg ml−1). b, Lactate dehydrogenase (LDH) release was measured from LPS-primed
WT, Nalp3-de�icient and caspase-1-de�icient (Casp1) macrophage culture supernatants
stimulated with the indicated amounts of Imject alum. c, Unprimed or LPS-primed WT
macrophages were stimulated for 8 h with either Imject alum (500 µg ml−1) or MSU (200 µg
ml−1) in the presence or absence of 2 U ml−1 uricase. d, LPS-primed macrophages from WT or
P2X7R-de�icient (P2X7) mice were stimulated with Imject alum (500 µg ml−1) or ATP (5 mM)
and samples were analysed as in a. e, Unprimed or LPS-primed WT or Nalp3-de�icient
macrophages were stimulated with Imject alum in serum-free buffer with either 150 mM NaCl
or 150 mM KCl and analysed as in a. Determinations were performed in triplicate and are
expressed as means and s.d.; data are from one of at least three independent experiments.

ATP and MSU released from dying and injured cells into the extracellular milieu may activate the Nalp3
in�lammasome8,9,19. In vitro, alum induced cell death at very high doses (that did not induce signi�icant
IL-1β) in WT macrophages and in macrophages de�icient in Nalp3 and Caspase-1 (Fig. 3b); however, the
induction of IL-1β by alum did not depend on the presence of MSU because the addition of uricase,
which degrades MSU crystals and prevents the induction of IL-1β (ref. 10), had no effect on IL-1β
production in response to LPS and alum (Fig. 3c). To exclude the possibility that Nalp3 in�lammasome
activation was in response to ATP release caused by alum-induced cellular damage, we used
macrophages from P2X7R knockout mice. P2X7R-de�icient macrophages showed no defect in IL-1β
production after stimulation with LPS and alum (Fig. 3d). Taken together, these data support a model of
active endocytosis of alum by viable macrophages leading to Nalp3 in�lammasome activation with the
resultant secretion of pro-in�lammatory cytokines.

Although several diverse stimuli activate the Nalp3 in�lammasome, the ef�lux of cellular potassium
seems to be a common step shared by these stimuli and is required for Nalp3-dependent caspase-1
activation; it has therefore been suggested that the in�lammasome acts as a sensor of cellular membrane
disruption7. Preventing this potassium ef�lux by increasing extracellular potassium inhibits
in�lammasome activation with a variety of Nalp3 triggers20. Indeed, increased extracellular potassium
signi�icantly inhibited alum-induced IL-1β production from macrophages (Fig. 3e) but not the LPS-
dependent production of TNF-α or IL-6 (data not shown). Pannexin pores are thought to have a function
in in�lammasome activation induced by ATP, nigericin or maitotoxin, possibly by facilitating potassium
ef�lux21. We did not detect a signi�icant difference in IL-1β secretion between macrophages exposed to a
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pannexin-pore-blocking peptide and those exposed to a scrambled peptide. Therefore we do not
currently have evidence that pannexin pores mediate alum-induced in�lammasome activation. Alum is
therefore a new Nalp3 trigger and, like other triggers, may induce in�lammasome activation through
membrane disruption with resultant potassium ef�lux.

Aluminium adjuvants are used in human vaccines to induce a potent humoral response; alum is also
used as a potent adjuvant to induce T helper type 2 (TH2)-mediated in�lammation in murine
allergy/asthma models. Given the Nalp3-dependent activation of macrophages that we observed in vitro,
we tested whether immunity in mice against a model protein antigen, ovalbumin, required a functional
Nalp3 in�lammasome. Ovalbumin-speci�ic IgG1 antibody induction was signi�icantly decreased in Nalp3-
de�icient, ASC-de�icient and caspase-1-de�icient mice primed intraperitoneally with ovalbumin and alum
(Fig. 4a) or subcutaneously with another protein antigen, human serum albumin (HSA) in alum
(Supplementary Fig. 3), but was not affected in MyD88 knockout mice (Supplementary Fig. 4; ref. 2). We
tested whether Nalp3 and ASC knockout mice have a general antibody-production defect by immunizing
them with the adjuvant CFA. Ovalbumin-speci�ic IgG2c (Fig. 4b) and IgG1 (not shown) in Nalp3 and ASC
knockout mice were equivalent to levels in WT mice but, as expected, CFA-induced ovalbumin-speci�ic
IgG2c was completely dependent on MyD88 (Fig. 4b).
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Figure 4. Antibody production and TH2-dependent inflammation induced by aluminium
adjuvants are decreased in the absence of Nalp3, ASC and caspase-1.

Open in a new tab

a, WT, Nalp3-de�icient, ASC-de�icient or caspase-1-de�icient (Casp1) mice (three to �ive mice per
group) 6–8 weeks old were injected intraperitoneally with ovalbumin adsorbed on Imject alum
on day 0 and again on day 10. Mice were challenged intranasally with ovalbumin on days 21, 22
and 23. Sera were collected from mice on day 25 and analysed for ovalbumin-speci�ic IgG1 by
ELISA as described previously2. Asterisk, P < 0.03; nonparametric Mann–Whitney U-test. b, WT,
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Nalp3-de�icient, ASC-de�icient or MyD88-de�icient mice (three to �ive mice per group) were
primed subcutaneously with ovalbumin in CFA on day 0 and on day 10 in IFA. Sera were
collected on day 21 and analysed for ovalbumin-speci�ic IgG2c by ELISA. c, Three to �ive mice
per group were primed and challenged as in a; bronchoalveolar lavage was collected on day 25
and analysed as described previously2 (see Methods) (total cell number; means and s.d. are
shown). Asterisk, P < 0.03; nonparametric Mann–Whitney U-test. d, Lung draining (hilar)
lymph nodes were collected from WT and Nalp3-de�icient mice primed and challenged as in a
and pooled within each group for restimulation; cells were restimulated in vitro with (+) or
without (−) 200 µg ml−1 ovalbumin and mitomycin-C-treated splenocytes for 48 h.
Supernatants were analysed for IL-5 (�illed bars) or IFN-γ (open bars).

TH2 cell priming was also impaired in Nalp3, ASC and caspase-1 knockout mice as demonstrated by
decreased airway eosinophilia and hilar lymph-node IL-5 production in an alum-dependent model of
asthma (Fig. 4c, d). The overall in�lammation was decreased in these knockout mice without evidence of
a switch to a TH1 response (typically characterized by airway neutrophilia and IgG2c induction).
Consistent with previous reports, alum-induced TH2 responses are not affected in mice lacking MyD88
(ref. 2) or lacking both MyD88 and TRIF (ref. 1; Fig. 4c and Supplementary Fig. 4). Previous studies have
suggested that antigen must be physically associated with (although not necessarily adsorbed on) alum
for it to have an adjuvant effect22. Indeed, we saw a signi�icantly impaired antibody response
(Supplementary Fig. 5a) and an absence of TH2 in�lammation in the airways when alum and ovalbumin
were injected separately into the peritoneum (Supplementary Fig. 5b). In mouse cells, but not in human
cells, there is a clear requirement in vitro for two signals to activate the in�lammasome and to produce
pro-IL-1β (LPS and alum), yet it is not clear what is providing the �irst signal for alum in vivo (or other
Nalp3 stimuli including MSU). We have preliminary evidence from in vitro studies that IL-1β itself can
prime macrophages for alum-induced in�lammasome activation (data not shown); these results are
consistent with previous reports that IL-1β can act in an autocrine manner to induce its own gene
expression23. Other groups have similarly seen macrophage priming with cytokines (for example TNF-α)
instead of LPS13. Combining the above information with the fact that alum must be encountered
simultaneously with antigen in vivo for ef�icient priming suggests that the antigen might provide the
�irst signal either directly, or indirectly by inciting the production of local pro-in�lammatory cytokines
from resident monocytes or specialized cells recruited by alum24. Once the �irst signal has primed the
cell, alum provides the second signal for activation of the Nalp3 in�lammasome. These two stimuli must
be sensed by the same cell for effective immune activation, thereby increasing the speci�icity of an
immune response and perhaps explaining why alum (which readily adsorbs antigens) is such an
effective adjuvant.
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Thus, by eliminating signalling through the Nalp3 in�lammasome, we have eliminated one critical
pathway used by alum to initiate humoral and cellular immunity. In doing so, aluminium hydroxide
adjuvants ‘hijack’ an innate immune pathway that is exquisitely sensitive to cellular damage, perhaps as
a result of the similarity to MSU in its physical structure. Although intraperitoneal MSU induces
peritonitis9 and subcutaneous MSU in concert with antigen injection has been used in vivo to initiate
CD8 T-cell responses10, we predicted, on the basis of our �indings, that this Nalp3 stimulant would also
induce a signi�icant antibody response to a protein antigen. Indeed, MSU injected intraperitoneally with
antigen induces an IgG1-type antibody response similar in nature to that induced by alum in WT mice
but not in Nalp3-de�icient mice (Supplementary Fig. 6). These mice did not develop a signi�icant TH1-
type antibody response (IgG2c) under these immunization conditions (data not shown), suggesting that
MSU and alum induce a similar pattern of in�lammation when injected at similar doses in the same
location.

A critical question regarding the mechanism by which alum in�luences immunity is how alum initiates
lymphocyte activation and how it favours TH2 differentiation over TH1 differentiation. In�lammasome-
dependent cytokines have been implicated in various aspects of TH2 responses: IL-1 has classically been
thought to promote TH2 cell proliferation25,26, IL-33 is a potent pro-TH2 stimulus26 and IL-18 has been
shown to augment IgE antibody production (although it primarily potentiates TH1 responses)27. On the
basis of our in vitro �indings, we would predict that local production of IL-1β, IL-18 and/or IL-33 could
induce the requisite signals for activation of the adaptive immune system. Indeed, we found a lower
expression of Il1b mRNA from peritoneal cells of Nalp3-de�icient mice immunized with ovalbumin and
alum than in WT mice (Supplementary Fig. 7). In further support of an IL-1-dependent model, the
antibody response in another immunization model has been shown to be defective in IL-1α/IL-1β
knockout mice as the result of a defect in the induction of CD40L on T cells by activated APCs28.
However, there is no antibody production or TH2 defect after alum priming in MyD88 knockout mice.
MyD88 is critical in the IL-1 receptor signalling cascade29, although one recent study has identi�ied a
MyD88-independent IL-1 pathway30. It will therefore be of interest to study the relative roles of IL-1
family members in alum-dependent priming in future work. In addition, as new functions of caspase-1
and the in�lammasome are uncovered, we will further understand how stimulation of this potent pro-
in�lammatory machinery results in activation of the adaptive immune response.

METHODS SUMMARY

Mice

The generation of mice de�icient in Nalp3, ASC, Ipaf, caspase-1 and P2X7R has been reported
previously8,16,18. Nalp3-de�icient, Caspase-1-de�icient and ASC-de�icient mice were backcrossed nine
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generations, and Ipaf-de�icient mice were backcrossed six generations onto a C57BL/6 background. Age-
matched and sex-matched C57BL/6 mice from the National Cancer Institute were used as all WT
controls. All protocols used in this study were approved by the Yale Institutional Animal Care and Use
Committee.

Macrophages

The generation of thioglycollate-elicited peritoneal and bone-marrow-derived macrophages and bone-
marrow-derived dendritic cells has been described previously2,8. Unless indicated, macrophages were
primed by stimulating with 50 ng ml−1 LPS from Escherichia coli serotype 0111:B4 (Invivogen) for 16–
18 h before stimulation with Imject alum (unless otherwise indicated), MSU or ATP. For ATP-stimulated
cells, the medium was changed at 20 min and all stimulants were replaced. Macrophage cell death was
measured by the release of lactate dehydrogenase with a cytotoxicity detection kit (Promega).

Sensitizations

For intraperitoneal sensitization, 6–8-week-old mice were injected intraperitoneally on day 0 with 50 µg
of ovalbumin (Grade V; Sigma) adsorbed on 4 mg of Imject alum and again on day 10 with 25 µg of
ovalbumin adsorbed on 4 mg of Imject alum. Mice were challenged intranasally with 25 µg of ovalbumin
in PBS on days 21, 22 and 23. Mice were killed for analysis on day 25. For subcutaneous sensitization,
mice were injected subcutaneously on day 0 with 50 µg of ovalbumin in 400 µg (180 µl) of CFA and again
on day 10 with 25 µg of ovalbumin in 180 µl of IFA.

Full Methods and any associated references are available in the online version of the paper at
www.nature.com/nature .
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INTRODUCTION 

The treatment of glioma is one of the greatest 
challenges in cancer therapy [1]. Despite the substantial 
progress of current treatment strategies in recent decades, 
the prolongation of glioma patients’ survival has not been 
efficiently achieved [2]. Since infiltrative growth of glioma 
leads to incomplete surgical excision [3], radiotherapy and 
chemotherapy are necessary following surgery. Therefore, 
how to deliver drugs into tumor site represents one of the 
most important obstacles during the treatment of glioma.

In the early stage of glioma, an endothelial cell 
monolayer associated with pericytes and astrocytes 
constitutes the blood-brain barrier (BBB), which protects 
brain tissue from harmful substances in blood circulation 
[4–6]. Meanwhile, it prevents therapeutic drugs from 
entering the brain to treat various diseases. With the 

progression of glioma into later stage, the integrity of 
BBB is compromised due to enhanced permeability 
and retention (EPR) effect [7]. However, the increased 
interstitial fluid pressure (IFP) inside the tumor and the 
blood tumor barrier (BTB) still impede therapeutic agents 
into tumor [8, 9]. Only by overcoming these barriers, the 
drug could be successfully delivered into the diseased site. 
Recently, multifunctional nano-drug delivery systems have 
been developed to improve therapeutic effect of different 
drugs [10], but rapid clearance from blood, limited 
targeting to diseased tissues and serious immunogenicity 
seriously restricted their application in tumor therapy.

To our knowledge, when inflammation happens, 
leukocyte will be mobilized from bone marrow into 
circulation and move into inflammatory site. Some 
studies have exploited this pathological property 
to design cell-based drug delivery system. For 
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AbsTRACT
The restriction of anti-cancer drugs entry to tumor sites in the brain is a major 

impediment to the development of new strategies for the treatment of glioma. Based 
on the finding that macrophages possess an intrinsic homing property enabling them 
to migrate to tumor sites across the endothelial barriers in response to the excretion 
of cytokines/chemokines in the diseased tissues, we exploited macrophages as ‘Trojan 
horses’ to carry drug-loading nanoparticles (NPs), pass through barriers, and offload 
them into brain tumor sites. Anticancer drugs were encapsulated in nanoparticles to 
avoid their damage to the cells. Drug loading NPs was then incubated with RAW264.7 
cells in vitro to prepare macrophage-NPs (M-NPs). The release of NPs from M-NPs 
was very slow in medium of DMEM and 10% FBS and significantly accelerated when 
LPS and IFN-γ were added to mimic tumor inflammation microenvironment. The 
viability of macrophages was not affected when the concentration of doxorubicin 
lower than 25 μg/ml. The improvement of cellular uptake and penetration into the 
core of glioma spheroids of M-NPs compared with NPs was verified in in vitro studies. 
The tumor-targeting efficiency of NPs was also significantly enhanced after loading 
into macrophages in nude mice bearing intracranial U87 glioma. Our results provided 
great potential of macrophages as an active biocarrier to deliver anticancer drugs to 
the tumor sites in the brain and improve therapeutic effects of glioma.
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instance, monocytes were used as drug carrier to treat 
atherosclerosis with high efficiency [11]. As with other 
inflammatory responses, inflammation in the brain is also 
characterized by extensive leukocytes infiltration into 
brain tissue by cell diapedesis and chemotaxis [12–14]. 
Brynskikh et al. utilized macrophage as a drug vehicle 
to improve the delivery of redox enzymes into the brain 
for neuroprotection of dopaminergic neurons in a mouse 
model of Parkinson’s disease. Therapeutic efficacy of 
macrophages loaded with nanozyme was confirmed by 
twofold reductions in microgliosis and twofold increase 
in tyrosine hydroxylase-expressing dopaminergic 
neurons [15].

Rudolf Virchow identified the presence of 
leukocytes within tumors for the first time in the 19th 
century, which indicated a possible link between 
inflammation and cancer [16]. Inflammation is a critical 
component in the progression of tumor, including 
initiation, promotion, invasion and metastasis [16, 17]. 
A larger number of immune cells, mainly macrophages 
and T cells, are recruited into tumor microenvironments. 
It has been reported that macrophages constitute 
up to a third of the whole tumor mass in glioma 
[18]. Additionally, hypoxia is the hallmark feature 
of most solid tumors due to their rapid growth and 
poorly organized vasculature. Such hypoxic pressure 
impedes the penetration of anticancer drugs into tumor 
tissues. Therefore, the hypoxic regions in tumor are 
usually resistant to radio-and chemotherapy [19, 20]. 
Interestingly, the chemoattractant released by tumor cells 
in response to hypoxia attract macrophages infiltration 
into tumor tissues [21, 22]. Huang et al. employed bone 
marrow-derived monocytes to deliver polymer bubbles 
and vesicles for chemotherapy of tumor hypoxia [23]. 
Inspired by these understandings, a novel strategy 
utilizing macrophage as a carrier to migrate across the 
BBB, BBTB and home into tumor sites is conceived. 
Importantly, macrophages are able to carry drugs into 
brain tumor throughout the whole progress. 

In this manuscript, RAW264.7, a kind of mouse 
macrophage-like cell line with similar functions to 
primary macrophage cells, were used here to demonstrate 
the feasibility of macrophage as vehicle to deliver drug 
into glioma. Figure 1 illustrates schematic strategy 
adopted in this work for the construction of M-NPs and 
in vivo fate. A fluorescent dye, coumarin-6, and a near 
infrared dye, DiR, were respectively encapsulated to 
quantitatively or qualitatively track the behavior of a 
macrophage based drug delivery system. The stability 
of this system and its release kinetics in a simulated 
inflammatory  environment was studied. Avascular 
U87 glioma spheroids were employed to explore the 
penetration ability of M-NPs system. The tumor targeting 
capacity of this system was validated in orthotopic U87 
glioma bearing mice model by in vivo imaging system, 
and the brain distribution was evaluated by confocal 
microscopy in frozen brain slices. 

REsULTs

Characterization of nanoparticles

In order to study the effect of particle size on the 
uptake efficiency of macrophages, nanoparticles in three 
sizes (50–100 nm, 100–200 nm, 200–300 nm) were 
prepared by emulsion-solvent evaporation method. The 
particle size, Zeta potential and polydispersity index (PDI) 
of the nanoparticles were listed in Table 1. Encapsulation 
of coumarin-6, DiR did not significantly influence the 
characteristics of nanoparticles. Owing to the water 
solubility of doxorubicin hydrochloride, the DOX-NPs 
were prepared by double-emulsion method. The size, zeta 
potential and PDI of DOX-NPs is 141.6 nm, -31.7mv and 
0.086, respectively. 

Effect of particle size on macrophages uptake

Macrophages itself could efficiently phagocytize 
nanoparticles by endocytosis. The size of NPs influences 
the phagocytosis capacity of macrophages greatly. 
Coumarin-6 was used as fluorescent probe to investigate 
the cellular uptake characteristics. As illustrated in 
Figure 2, qualitative fluorescent images showed that 
macrophages incubated with 100–200 nm NPs exhibited 
the highest fluorescence intensity among three types of 
NPs under the same incubation conditions. Quantitatively, 
the cellular uptake of 100–200 nm NPs was1.56 and 
2.0 fold of the uptake efficiency of 50–100 nm and  
200–300 nm NPs, respectively.

Effect of DOX-NPs loading on macrophages 
viability

The function of macrophage as carrier is strongly 
correlated with its viability after the loading of DOX-NPs. 
Macrophages showed reduced viability after incubation 
with 10, 25, and 50 μg/ml free DOX. Whereas, incubation 
with DOX-NPs resulted in higher viability than that of free 
DOX under the same concentration (Figure 3). Hence, in 
a certain concentration range of DOX, DOX-NPs was 
successfully loaded with low toxicity into macrophages, 
leading us to conclude that macrophages would be a 
useful candidate as a biocarrier to deliver nanodrugs. It 
is worthwhile to note that the incubation concentration 
of NPs and cell viability should be carefully balanced 
because high drug concentration may cause toxicity to 
macrophages.

Release profile of NPs from macrophages

DiR was used to track the release profile of NPs 
from macrophages. The cells were pre-loaded with 
nanoparticles for 2 hours, then washed with phosphate 
buffered saline (PBS) and incubated in fresh media for 
different time intervals (0 h, 2 h, 4 h, 8 h, 12 h, 24 h).  
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The media was collected and the fluorescence intensity 
was measured by fluorospectro photometer. Sustained 
release of DiR-NPs from macrophages was observed and 
achieved cumulative release of 42% after 24 h incubation 
in Dulbecco’s Modified Eagle Medium (DMEM) 
containing 10% fetal bovine serum (FBS). Meanwhile, 
a faster release pattern was obtained (71%) in DMEM 
containing 10% FBS with addition of LPS and IFN-γ 
(Figure 4), which indicated that drug release would be 
accelerated in tumor microenvironment.

In vitro glioma spheroid penetration of M-NPs

In vitro U87 glioma spheroids model was established 
to evaluate the penetration ability of M-NPs. After 12 h 
incubation, M-NPs showed more extensive infiltration 
into tumor spheroids than NPs. M-NPs could reach about 
56.42 μm away from the rim of the spheroids, and was 
1.56 fold deeper than that of NPs which penetrated only 
36.07 μm into glioma spheroids (Figure 5A, 5C). Multi-
level scanning from the top of the glioma spheroid with an 
interval 20 μm into the core showed that the fluorescence 
intensity of M-NPs treatment is higher than that of 
NPs (Figure 5B, 5D). Therefore, nanoparticles loaded 
in macrophage could not only facilitate the uptake by 
tumor cells, but also enhance their penetration into tumor 
spheroids.

Tumor targeting of M-NPs 

To determine the biodistribution of NPs and M-NPs, 
in vivo imaging was conducted to track the particles in 
nude mice bearing intracranial U87 glioma. Both the 
NPs and M-NPs could apparently accumulate in the 
tumor tissues from 0.5 h after injection (data not shown). 
However, the fluorescence intensity of M-NPs treated 
mice was much higher than that of NPs treated mice at 
all-time points from 2 to 24 h (Figure 6), indicating that 
macrophage as cell carrier significantly improved the 
tumor-targeting efficiency of NPs. Correspondingly, the 
conclusion was further confirmed by ex vivo imaging of 
the brains.

In vivo tumor localization of M-NPs

Three weeks after glioma cell inoculation, in vivo 
brain distribution of coumarin 6-labeled NPs and M-NPs 
was measured 12 h after intravenous administration into 
mice. As shown in Figure 7, there was only a little green 
fluorescence distributed in glioma tissues in NPs group. 
but in the case of the M-NPs group, an obvious stronger 
fluorescent signal was detected and a much deeper 
permeation was observed at the glioma parenchyma. The 
results indicated that macrophage as carrier can increase 
the accumulation of NPs in brain tumor.

Figure 1: schematic illustration of the construction of ‘Macrophage-NPs’ and their targeting delivery into brain tumor.
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DIsCUssION

During the progression of glioma, tumor tissues are 
protected by BBB, BBTB and high IFP, which make the 
parenchyma inaccessible to therapeutic drugs [4, 7, 8]. 
Nanoparticle drug delivery systems with active targeting 
capabilities have been explored for enhancing drug 
delivery to glioma by conjugating target moiety onto the 
surface of nanoparticles [24, 25]. In recent decades, cell 
based drug delivery systems take advantage of circulatory 
cell (red blood cell, T cell, macrophage, antigen presenting 
cell, etc.) to improve the therapeutic effect of anti-cancer 
drugs [15, 26, 27]. Using cells as carriers for drug delivery 
offers several advantages over free drug, including 
improved drug efficacy, extended half-lives, sustained 
drug release, and limited immunogenicity and cytotoxicity.  

When tumor occurs, the tumor inflammation 
environment could induce the overexpression of the 
cell adhesion moleculars (CAMs) on the surface of 
endothelial cell monolayer, which mediate interaction 
between macrophages and endothelial cells, facilitate the 
initial process of macrophage rolling, firm attachment 
to endothelium and transmigration [28, 29]. Meanwhile, 
there are accumulating evidences showing that a larger 
number of macrophages are attracted and retained in 
hypoxia regions by local synthesis of chemoattractant 
in tumor cells undergoing hypoxia due to rapid tumor 
growth [20, 21]. We compared the chemotactic ability 
of unactivated RAW264.7 and activated RAW264.7 
by boyden chamber method. The migration rate of 
unactivated and activated RAW264.7 is 9.28 ± 0.54% and 
11.06 ± 0.53%, respectively. No significant difference was 

Figure 2: In vitro cellular uptake of coumarin-6-labeled NPs in three sizes by RAW264.7 after incubation for 2 h. 
(A) Left: 50–100 nm; Middle: 100–200 nm; Right: 200–300 nm. (b) The quantitative results of cellular uptake for RAW264.7, *P < 0.05, 
compared with other two groups.

Table 1: Characterization of nanoparticles
Nanoparticles Mean size (nm) Polydispersity (PDI) Zeta potential (mV)

NP-Small 69.90 ± 3.730 0.29 ± 0.034 − 41.33 ± 3.092
NP-Middle 138.13 ± 2.205 0.10 ± 0.007 − 42.93 ± 1.305
NP-Large 236.67 ± 9.730 0.20 ± 0.029 − 43.90 ± 0.436
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found between them. Therefore, unactivated RAW264.7 
cell line was chosen in this manuscript.

If free anticancer drugs are encapsulated into 
cells, it may cause damage to the carrier itself before 
arriving at tumor sites and suppress the functions 
of cells as transporter. Therefore, we encapsulated 
anticancer drugs into nanoparticles with the purpose to 
reduce the damage of the drug to the cell carriers [30]. 
As illustrated in Figure 2, CCK8 assay showed that the 
viability of macrophages incubated with NPs-DOX was 
higher than those incubated with free DOX. By blocking 
direct contact between the cell and the drug, DOX-NPs 
efficiently reduced drug-induced cellular toxicity. The 
properties of nanoparticles, such as size, shape, chemical 
functionality and surface charge, are closely related to the 
uptake capacity of macrophages [31]. Nanoparticles in 
three sizes were prepared by the same method using the 
same materials. Under identical conditions, 100–200 nm 
nanoparticles are easily internalized by macrophages 
compared with other two particles of different size, 
and the loading of NPs did not affect the migration of 
macrophages into tumor tissues [32].

Experiments performed on 3D glioma spheroids 
investigated the migratory potential of macrophages 

loaded with nanoparticles. Tumor cells in spheroids 
display higher resistance to radio- and chemotherapy 
than monolayer tumor cells, and are thought to mimic 
tumor nodes well prior to vascularization in vivo [33, 34]. 
As illustrated in Figure 5, NPs loaded macrophages 
infiltration toward spheroids was observed to be 1.5-
fold deeper penetration into the spheroids than free 
NPs. These results demonstrated that macrophage as an 
anticancer agent transporter could enhance drug delivery 
in inaccessible tumor hypoxic region effectively. 

In vivo imaging experiments were performed to 
evaluate the behavior of M-NPs in nude mice bearing 
intracranial U87 glioma. The accumulation of NPs in 
tumors via passive EPR effect was limited, while M-NPs 
exhibited a significant superiority in glioma targeting with 
high fluorescent intensity at all-time points. Consistently, 
in frozen brain sections, the accumulation of NPs was 
low and located on the border of glioma. However, 
M-NPs showed an extensive distribution and deep 
penetration into glioma parenchyma, indicating circulating 
macrophages could overcome the barriers (BBB, BBTB, 
IFP) and penetrate into the tumor tissue. The major organs, 
including heart, liver, spleen, lung, kidney, and brain, were 
harvested 24 hours after the administration of M-NPs and 

Figure 3: Macrophages viability after incubation with DOX or DOX-NPs for 12 h at 37°C.

Figure 4: Drug release from pre-loaded macrophages in different medium. (A) DMEM, 10% FBS; (b) DMEM, 10% FBS, 
LPS and IFN-γ.
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Figure 5: Penetration of coumarin-6-labeled NPs (A, b) and M-NPs (C, D) into U87 glioma spheroids after incubation 
for 12 h. (A and C) penetration depth of NPs and M-NPs ; (B and D) multi-level scan of the penetration of NPs and M-NPs with intervals 
of 20 μm; (E) the value of penetration depth were expressed as mean ± standard deviation (n = 3), P < 0.05.

Figure 6: In vivo imaging of brain glioma-bearing nude mice administrated with DiR-labeled NPs and M-NPs at 
different time points (A), Ex vivo imaging of major organs collected at 24 h after dosing (b).
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imaged under ex vivo fluorescence. The results illustrated 
in Figure 6B showed that there were some differences in 
tissues distribution between NPs and M-NPs, especially 
in the lung, which might due to pulmonary capillaries 
retention of macrophages.

It was reported that therapeutically meaningful 
amount of free DOX could be loaded into the RAW264.7 
cells by short time incubation, About 65% of the drug 
were released from the cells in the first 2 h [35]. Less than 
20% and only 42% NPs were released from preloaded 
macrophages after 2 h and 24 h incubation respectively, 
indicating the sustained release of NPs from macrophages. 
The release of drug from macrophages is a complicated 
process. Based on the results of our study and literature 
[13, 35, 36], we speculated that the drug could be released 
from macrophages in two ways. Firstly, NPs was excreted 
from macrophages by exocytosis, and the free drug 
diffused from NPs into extracellular medium subsequently. 
Secondly, the free drug might be released from NPs within 
cells, and then diffuse into the surroundings via passive 
driving force caused by concentration gradient between 
cells and surroundings, or the multi-drug resistant proteins 
P-gp expressed in the macrophage could pump the drug 
out of the cells. The former plays a dominant role in the 
process. Once NPs loading macrophages enter into the 

tumor sites, tumor inflammation environment will activate 
macrophages and result in significant increase in drug 
release from macrophages. It was found that when the cell 
carrier enters into diseased site in Parkinson’s disease, 
the direct contact between cell carrier and endothelial, 
neuronal and glial cells promote drug transfer through 
endocytosis-independent mechanism, which mainly 
involve fusion of cell membranes, bridging conduits and 
nanoparticle lipid coating [37]. Therefore, it is supposed 
that the increased nanoparticles transfer might be occurred 
in a similar way after macrophage being attracted into 
tumor tissue.  The inner of tumor tissue is filled with 
inflammatory cytokines [16, 17]. In order to mimic the 
inflammatory microenvironment in tumor tissue, LPS and 
IFN-γ were added to the medium according to previous 
reports [42, 43]. When LPS and IFN-γ were added, 
they would bind with Toll-like receptor 4 and IFN-γ 
receptor expressed on macrophage respectively, activate 
RAW264.7 and finally promote drug release by exocytosis.

The study demonstrated the feasibility of using 
macrophages as carriers for targeting anticancer drug into 
glioma. Considering that the M2 phenotype macrophage 
in tumor promotes tumor growth and contributes to tumor 
angiogenesis, its migration into tumor would weaken the 
effect of anticancer agents [38], the M1 type macrophage 

Figure 7: In vivo glioma distribution of coumarin-6-labeled NPs and M-NPs 12 h after administration. Blue: DAPI 
stained cell nuclei, Green: Coumarin-6-labeled NPs, White line: border of the glioma, Dense area: glioma tissue, Sparse area: brain tissue.
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maybe the best candidate as a cell carrier since it resist 
tumor progression. Our ultimate goal is to encapsulate 
nanodrugs into patient derived M1 type macrophage, 
then transfer the macrophage-NPs back into the patient to 
achieve improved efficacy and to reduce immune responses.

MATERIALs AND METHODs 

Reagents

PLGA (LA: GA = 75:25, Mw: 12,000 Da) was 
kindly provided by Evonik (Germany). Emprove exp poly 
(vinyl alcohol) (PVA) 4–88 was given as a present from 
Merck (Darmstadt, Germany). DiR (1, 1′-dioctadecyl-3, 3, 
3′, 3′-tetramethyl indotricarbocyanine Iodide), Coumarin-6 
was purchased from Caliper (USA), Aladdin (Shanghai, 
China) respectively. DAPI (4, 6-diamidino-2-phenylindole) 
was purchased from Beyotime (Haimen, China). 
Doxorubicin hydrochloride (DOX·HCL) was obtained 
from Melonapharma (Dalian, China). Lipopolysaccharide 
(LPS) from Sigma (St. Louis, MO, USA) and IFN-γ from 
Peprotech (Rokey Hill, USA) were used. All cell culture 
regents were purchased from Corning, Inc. (VA, USA) 
except Gibco fetal bovine serum.

Cell culture

RAW264.7 cell lines, obtained from the Chinese 
Academy of Sciences Cells Bank (Shanghai, China), were 
cultured in Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with 10% FBS, 1% L-glutamine, 1% 
antibiotics and 1% nonessential amino acids at 37°C, 5% 
CO2, and 95% humidity in a CO2 incubator. 

Animals

Balb/c nude mice (Female, 4–5 weeks, 20–22 g) 
were obtained from the Shanghai B&K Lab Animal Ltd. 
(Shanghai, China) and housed under standard conditions 
with free access to food and water. The protocol of animal 
study was approved by the Animal Experimentation Ethics 
Committee of Fudan University.

Preparation of NPs

PLGA nanoparticles in three sizes loaded with 
fluorescent dye were prepared by emulsion/solvent 
evaporation method according to the procedure reported 
previously [39]. The particle size could be controlled 
by adjusting PLGA amount, emulsifier concentration, 
ultrasonic time. Briefly, 5 mg, 20 mg, 150 mg PLGA and 
100 μl coumarin 6 (1 mg/ml) or 10 μl DiR (5 mg/ml)  
were dissolved in 1 ml dichloromethane respectively, to 
which 2 ml of different concentration (0.05%, 0.5%, 2.0% 
respectively) of sodium cholate aqueous solution was 
added, with the mixture sonicated on ice using a probe 
sonicator (Scientz Biotechnology Co., Ltd., China). Then 

the emulsion was dispersed into 18 ml of corresponding 
concentration of sodium cholate aqueous solution under 
rapid magnetic stirring for 60 min. After evaporating 
dichloromethane with a ZX-98 rotary evaporator 
(LOOYE, China) at 40°C, the suspensions were 
centrifuged using a TJ-25 centrifuge (Beckman Counter, 
USA). After discarding the supernatant, the obtained 
nanoparticles were re-suspended with 0. 1 M PBS buffer 
(pH 7.4) and stored at 4°C for further use.

DOX·HCL loaded nanoparticles were prepared 
by the double/emulsion method as previously reported 
[40, 41]. 20 mg PLGA was dissolved in 1 ml of ethyl 
acetate followed by addition of 100 μl of DOX·HCL 
(10 mg/ml), the first emulsion was formed by tip 
sonication in ice bath, to which 2 ml of 2% PVA was added 
immediately followed by sonication in ice bath to finally 
form double emulsion. The emulsion was dispersed into 
9 ml of 2%PVA with magnetic stirring in room temperature 
(600 rpm) for 2 hours. The organic solvent was removed by 
vacuum evaporation at 40°C for 20min. The residues were 
concentrated by centrifugation using a TJ-25 centrifuge. 

The physiochemical parameters of NPs, including 
particle size, zeta potential, polydispersity were measured 
using a dynamic light scattering detector (Zetasizer, Nano-
ZS, Malvern, UK).

Preload of NPs in macrophages

RAW264.7 were seeded into 12-well plates at 
a density of 2 × 104 cells/ml. 24 h later, the cells were 
incubated with 200 ng/mL coumarin-6-loaded NPs in three 
particle sizes (50–100 nm, 100–200 nm, 200–300 nm)  
respectively in the absence of FBS for 2 h (n = 3). 
After being rinsed with PBS three times, the cells were 
harvested and probe sonicated in ice bath, then centrifuged 
at 8000 rpm for 10min. The supernatant is collected. One 
half was measured for protein concentration, the other 
for fluorescence intensity. The fluorescence intensity 
was normalized for protein content and expressed in 
fluorescence intensity per mg of protein. Meanwhile, 
the pre-loaded cells were washed three times with PBS 
and observed under fluorescent microscopy (Leica, 
DMI4000D, Germany) immediately.

Cell viability assay 

5 × 103 RAW264.7 in 100 μl medium were cultured 
into each well of a 96-well plate. Free DOX·HCL or  
DOX-NPs were then added at concentrations 2, 10, 25 and  
50 μg/ml. Macrophages were incubated with DOX or DOX-
NPs for 12 h. At the end of incubation, the culture medium 
was discarded and the cells were washed with PBS. Cell 
counting kit-8 (CCK-8) (Beyotime, Nantong, China) was 
used to test viability of macrophages by incubating with 
100 μl of fresh medium containing 10 μl of CCK8 solution 
for 3 h at 37°C in 5% CO2. The absorbance of medium was 
measured at 450 nm using a multimode reader (Bio-tek).



Oncotarget37089www.impactjournals.com/oncotarget

In vitro release study

RAW264.7 were seeded into 12-well plates at a 
density of 2 × 104 cells/ml. After 24 h, cells were pre-
loaded with DiR-labeled NPs for 2 h, washed three times 
with ice-cold PBS, The NPs loaded macrophages were 
incubated with two different fresh release media, DMEM 
(no phenol red) and 10% FBS, DMEM (no phenol red) 
and 10% FBS with 500 ng/ml LPS and 200 ng/ml IFN-γ, 
respectively (n = 3). LPS and IFN-γ were added to 
mimic tumor inflammation microenvironment to activate 
RAW264.7 [42, 43]. The media was collected at various 
time intervals. The levels of fluorescence were measured 
on a Shimadzu RF5000 fluorescent spectrophotometer.

Avascular glioma spheroids penetration of 
M-NPs

Three-dimensional spheroids of U87 cells were 
prepared by a lipid overlay method as reported previously 
[44]. Briefly, a 48-well plate was pretreated with 200 μl 
2% (w/v) agarose gel to prevent cell adhesion, U87 cells 
were seeded into each well at the density of 2 × 103 cells/
well, then the plates were gently agitated for 5 min and 
cultured at 37°C in the presence of 5% CO2 for 7 days. 
Glioma spheroids were incubated with coumarin-6 labeled 
NPs and M-NPs respectively for 12 hours, with the final 
coumarin-6 concentration at 100 ng/ml in each well. 
After that, glioma spheroids were rinsed with PBS for 
three times, fixed with 4% paraformaldehyde, transferred 
to a chambered covered slip, and analyzed by confocal 
microscopy (LSM710, Leica, Germany).

In vivo imaging of M-NPs in orthotopic U87 
glioma mice 

The orthotopic U87 glioma bearing mice model was 
established by slowly injecting U87 cells (5 × 105 cells/5 μl  
in pH 7.4 PBS) into right corpus striata of nude mice with 
the help of a stereotaxic apparatus. Three weeks later, six 
nude mice bearing intracranial U87 glioma were divided 
into two groups randomly (n = 3), the mice in two groups 
were intravenously administrated with 200 μl DiR-
NPs and M-NPs-DiR via the tail vein. The distribution 
of fluorescence was observed at predetermined time 
points (2, 4, 8, 12, 24 h) via an in vivo imaging system 
(IVIS Spectrum, Caliper, USA). Twenty-four hours after 
administration, the mice were sacrificed and the brains 
were harvested and imaged.

brain distribution of M-NPs in orthotopic U87 
glioma mice

Coumarin-6-loaded NPs and M-NPs were injected 
to the orthotopic U87 glioma bearing mice respectively 
(n = 3) by tail vein. The mice were anesthetized 12 hours 
later, and their hearts were perfused with saline followed 

by 4% paraformaldehyde. The brains were collected, fixed 
with 4% paraformaldehyde overnight, and dehydrated 
using 15% glucose in PBS followed by 30% glucose 
in PBS. Then the tumors were embedded in Tissue Tek 
O.C.T. compound, frozen at −80°C and sectioned as slides 
at 5 μm thicknesses. The slides were subjected to confocal 
microscopy analysis after stained with DAPI for 10 min 
and rinsed with PBS.

statistical analysis

All the data were presented as mean ± standard 
deviation. Unpaired student’s t test was used for between 
two-group comparisons. Statistical significance was 
defined as p < 0.05.
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Abstract
INTRODUCTION—Drug targeting to sites of tissue injury, tumor or infection with limited
toxicity is the goal for successful pharmaceutics. Immunocytes (including mononuclear
phagocytes (dendritic cells, monocytes and macrophages), neutrophils, and lymphocytes) are
highly mobile; they can migrate across impermeable barriers and release their drug cargo at sites
of infection or tissue injury. Thus immune cells can be exploited as trojan horses for drug delivery.

AREAS COVERED IN THIS REVIEW—This paper reviews how immunocytes laden with
drugs can cross the blood brain or blood tumor barriers, to facilitate treatments for infectious
diseases, injury, cancer, or inflammatory diseases. The promises and perils of cell-mediated drug
delivery are reviewed, with examples of how immunocytes can be harnessed to improve
therapeutic end points.

EXPERT OPINION—Using cells as delivery vehicles enables targeted drug transport, and
prolonged circulation times, along with reductions in cell and tissue toxicities. Such systems for
drug carriage and targeted release represent a novel disease combating strategy being applied to a
spectrum of human disorders. The design of nanocarriers for cell-mediated drug delivery may
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Article Highlights

• Using cell-mediated drug delivery systems offers several advantages including: a) targeted drug transport to disease sites;
b) prolonged drug half-lives; c) time-controlled release of loaded drugs; and d) diminished drug immunogenicity and
cytoxicity profiles.

• The goals need to be achieved for successful cell-mediated drug delivery include: a) high drug loading into cell-carriers; b)
efficient preservation of entrapped therapeutic agents against disintegration and clearance in the host cells; c) drug
triggered release at the site of action; d) efficient homing of cell-carriers to a disease site; e) safety of cell-based drug
formulations for the whole organism.

• Two different approaches are utilized in cell-mediated drug delivery: genetically modified cell-carriers producing
therapeutically active molecules; and drug loaded cell-carriers used as “Trojan horses” to deliver the drug to the disease
side.

• Living cells for drug carriage and release represent a novel disease combating strategy that can be applied to a spectrum of
human infectious, cancerous, and degenerative disorders.
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differ from those used for conventional drug delivery systems; nevertheless, engaging different
defense mechanisms into drug delivery may open new perspectives for the active delivery of
drugs.

Keywords
cell-carriers; drug delivery; immunocytes; nanoparticles; targeted drug transport

Introduction
The development of targeted drug delivery is amongst the most important goals of
pharmaceutical research. Its realization can lead to improved therapeutic efficacy, reductions
in drug dosing intervals, and decreased toxicities. However, this is not a simple task as drug
homing to pathologically relevant disease sites has only recently been investigated.
Obstacles are substantial and include sustained time-based plasma concentrations and local
blood flow.

1. Promise and Perils of Cell-Mediated Drug Delivery
Using immunocytes, mononuclear phagocytes (MP; monocytes, macrophages, and dendritic
cells) lymphocytes, and neutrophils and stem cells as drug carrier systems offers several
advantages over common drug administration regimens. These include targeted drug
transport to disease sites; prolonged drug half-lives; time-controlled drug release; and
diminished drug immunogenicity and cytoxicity profiles. Immunocytes and stem cells
exhibit an intrinsic homing property enabling them to migrate to sites of injury,
inflammation, and tumor. In addition, they can act as Trojan horses carrying concealed drug
cargoes while migrating across impermeable barriers (for example, the blood brain or blood
tumor barriers) to sites of disease.

Despite such advantages, there is as yet limited success for several reasons. First, drug
loading in cell carriers is low. Second, there are limitations due to the ability of
immunocytes and stem cells to efficiently disintegrate and clear entrapped therapeutic
agents. Third, the loaded drug should not be prematurely released, but unloaded, in
continuous action, upon the cell's arrival to the site of action or disease. Fourth, the cell
carriers should migrate to the disease site in substantial quantities. This should not be
compromised during drug loading. Finally, all used formulations must be safe for both the
cell carrier and the organism.

Many of these limitations can be addressed by incorporation of drugs into protective
polymeric nanocarriers (liposomes and lipid nanoparticles 1-4, micelles 5-8, nanogels 9, 10,
nanospheres and nanocapsules 11, 12, solid nanoparticles and nanosuspensions 13-16, block
ionomer complexes 17, 18 or nanofibers and nanotubes 19, 20) that preserve drugs inside
subcellular organelles (Figure 1). The ideal drug carrier for cell-mediated delivery should
have optimal size, shape and surface characteristics; multivalent attachment; controlled drug
release; and biocompatibility. All these characteristics are essential for translating cell-
mediated drug delivery systems for human use.

Drug loading into cell-carriers—Nanocarriers commonly have a core-shell structure.
Their central part (such as aqueous pool of nanospheres, hydrophobic core of micelles, or
polyelectrolyte core of nanogels) permits drug entrapment. It is surrounded with a polymer
shell (or lipids in liposomes and lipid nanoparticles), which defines the nanocarrier
dispersion stability, circulation time and cell interactions 1-8, 10, 11, 13, 14, 17, 18. Both the
core and shell are crucial for successful cell-mediated delivery. For example, the surface
coating affects the ability of particles to internalize into the cells and therefore, affects the
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loading of cell-carriers. In general, charged nanocarriers are rapidly taken up by MP and
other immunocytes or stem cells compared to neutral nanoparticles 1, 21-25. The recognition
occurs by receptors located on the cell plasma membranes, in particular, mannose,
complement, and Fc receptors (MR, CR and FcR) 26-28. In general, MR recognize mannans,
as well as integrins (for example CD11b/CD18), CR interact with particles after nonspecific
complement opsonization, and FcR recognize particles after specific antibody opsonization
28. Furthermore, positively charged nanoparticles accumulate in MP to a greater extent than
negatively charged particles. Thus, positively charged nanoparticles prepared by high
pressure homogenization with antiretroviral drugs, indinavir (IDV), ritonavir (RTV), and
efavirenz (EFV) accumulate in MP at about two-fold greater than the same size negatively
charged carriers 14. Similar effect was reported for nanoparticles (“nanozymes”) comprising
of redox enzyme, catalase, and variant synthetic polyelectrolyte block copolymers 29.
Loading capacity of nanozymes comprising of positively-charged mono-polymers
(polyethyleneimine-(PEI) and poly-L-lysine- (PL) based) is greater than the nanozyme
prepared with negatively-charged block poly-L-glutamic acid (PGLU)-based copolymer,
This likely occurs due to the greater absorption and internalization of positively-charged
nanoparticles to negatively-charged outside plasma membrane of cell-carriers.

An electrostatically neutral and hydrophilic poly(ethylene glycol) (PEG) is perhaps the most
common shell-forming polymer currently used in injectable nanocarriers 30-32. Particularly,
commercial PEGylated liposome-encapsulated Dox, Doxil, is approved for use in the
treatment of recurrent ovarian cancer, AIDS-related Kaposi's sarcoma 33 and metastatic
breast cancer 34. However, PEG is by far not the only polymer that should be considered in
the context of the cell-mediated delivery, as it can limit cellular uptake as was demonstrated
for microspheres bearing high-density surface PEG chains that were resistant to
phagocytosis 35. Similar results were obtained with nanoparticles comprised of catalase and
positively charged polymers based on PEI 29. Thus, loading capacity of nanozymes without
PEG corona in MP was significantly greater than those with PEG. To this end, modification
of nanocarrier shell with specific vector moieties can provide for targeted cell delivery of
nanocarriers 1, 26, 36-38. In particular, modification of PEG shell of a poly(amidoamine)
nanoparticles (PAMAM) with streptavidin facilitates targeting to biotinylated T-cell markers
such as anti-CD3 or peptide/ major histocompatibility (MHC) complexes 39 (Figure 2).

Size and shape of nanocarriers are also of importance for cell uptake, although the
phagosome may have different sizes depending of the size of the particles, which can range
from as little as few hundred nanometers 35, 40, 41 to several of microns 42. For example,
murine bone marrow-derived macrophages accumulate IgG-opsonized latex beads greater
than 20 μm in diameter 43. Furthermore, particles with the size about 1μm were accumulated
at greater extent (2.56 fold) than smaller drug carriers at 500 μm 14.

A recent study by Champion et al. reported striking effects of shape of particles on
phagocytosis in alveolar rat macrophages 44. Polystyrene-based particles of more than
twenty shapes including spheres, rectangles, rods, worms, oblate ellipses, elliptical disks and
UFO-like particles were manufactured. The local particle shape at the point where it was
attached to the cell played the crucial role in phagocytosis. For example, a macrophage
attached to a sharper side of the ellipse would internalize the particle in a few minutes. In
contrast, a macrophage attached to a dull side would not internalize the same ellipse for
hours. Although, particle size played a reduced role in the initiation of the phagocytosis it
could of course affect its completion especially when the particle volume exceeded that of a
cell.

Drug preservation inside cells—The stability of the drug loaded into cell carriers
among other factors can depend on the intracellular trafficking of the nanocarriers. In
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general, drug-loaded nanocarriers need to avoid lysosomes to reduce drug disintegration
inside cells 14. In this regard, it is noteworthy that cationic and anionic nanoparticles show
divergent fates inside MP 38. For example, phagocytosis of cationic polyamine-coated
nanoparticles leads to the diminished phagosomal acidification when compared to anionic
protein-coated particles. Such cationic nanoparticles protect the incorporated drug against
lisosomal degradation 29, 38. Furthermore, loading of “nanozymes” containing positively-
charged block copolymers (PEI-PEG and PL-PEG) protected the enzyme in macrophages.
Increasing the amount of the block copolymer in the nanozyme formulation improved the
stability of the enzyme. In contrast, catalase loaded in a polyion complex with a negatively
charged block copolymer (PGLU-PEG) was degraded in macrophages to an even greater
extent than catalase loaded alone. Protection of the enzymatic activity inside carrier cells
may be, in part, due to a “proton sponge” effect of block copolymers 45, when an excess of
amino groups on the surface of the nanoparticles buffers acidification of the cell's endocytic
compartments. This serves to inhibit protease activity and decrease drug degradation 38. In
other words, a positively charged block-copolymer prevents phagosome-lysosomal
clearance functions and as a result, enzyme degradation.

In extreme case, intracellular drug degradation can be avoided by attaching the drug to the
surface of cell-carriers. This “back pack” approach would still provide targeted transport and
increased blood circulation along with the preserved drug activity. Thus, attaching avidin-
coated nanoparticles to the biotinylated plasma membrane can be achieved through the
avidin-biotin complex 46. Another possibility is red blood cells (RBCs) with attached drugs
on their surface 47. Specifically, glycoprotein A covalently conjugated to the surface of the
RBCs may provide extended half-life, controlled volume of distribution, and multivalent
therapeutic interactions. However, general limitations of the “back pack” approach may
include decreased loading of cell carriers, impeded drug release at the disease site, as well as
increased immunogenicity and toxicity.

Drug release from cell-carriers—Mechanism of nanoparticle unloading at the site of
action remains an active area of investigation. Controlled release of drugs from the cell-
carriers modulates the rate of drug appearance, dose and duration of exposure at the diseased
sites. To this end, utilizing cellular responses to various conditions could provide desired
triggered release. Obviously, targeting of cell-carriers and their prolonged residence at the
disease site should provide opportunities for drug unloading. In addition, MP, in particular,
are known to produce and store various compounds in intracellular vesicles, and liberate
them via exocytosis at the site of the disease. A similar mechanism can trigger release of
drug-loaded nanocarriers, when macrophages serve as drug delivery vehicles 48.
Furthermore, the drug release can be also triggered by the increase of intracellular
concentration of Ca2+ 49. Finally, mild hypothermia was shown to facilitate controlled
release of drug-loaded liposomes from macrophages in anti-cancer therapy 50.

Overall the structure and composition of protective nanocontainers play a crucial role in the
effectiveness of formulations for cell-based drug delivery systems. For example, our recent
studies indicate that structure of block copolymer used for catalase nanoformulation,
nanozyme, affect its cytotoxicity, loading and release capacities, as well as preservation of
catalase enzymatic activity inside cell-carriers 29. Thus, nanozymes containing a negatively-
charged block copolymer (PGLU-PEG/catalase) demonstrated low toxicity, high loading
capacity and effective release from macrophages. However, the polymer provided limited
protection of the enzyme against cell-associated protease degradation. In contrast,
nanozymes based on positively charged block copolymers, especially the PLs, showed
increased cytotoxicity and low loading and release rates, but were protective of the catalase.
Increasing the amount of positively-charged block-copolymer in nanozyme leaded to
protection of catalase enzymatic activity but substantially reduced loadings and release.
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Importantly, nanozymes with PEG corona show water stability, limited cytoxicity and
efficient catalase protection. Nonetheless, these formulations also demonstrated decreased
loading capacity and release rates. In addition, nanozymes based on mono-polymer (without
PEG corona) have higher loading and release levels, but did not protect catalase inside the
cell-carriers. Taken together, the most optimal nanozyme formulation was the one based on
positively charged block copolymers (PEI-PEG/catalase and PL-PEG/catalase) that
demonstrate the most efficient protection of catalase enzymatic activity along with relatively
high loading and release rates with limited cytotoxicity (Figure 3).

Homing of drug-loaded cell-carriers at disease sites—The numbers of cell-carriers
that can reach the disease site is especially crucial in the case of CNS disorders when drug-
loaded cells need to penetrate the blood brain barrier (BBB) to mediate therapeutic effect.
Many neurological diseases, such as Alzheimer's and Parkinson's diseases (AD and PD),
Prion disease, meningitis, encephalitis and HIV-associated neurocognitive disorders
(HAND), have in common an inflammatory component 51. The process of inflammation is
characterized by extensive MP recruitment. Notably, MP migrate toward the inflammation
site via the processes known as diapedesis and chemataxis 52. Such cells efficiently cross the
BBB due to their margination and extravasation properties causing barrier breakdown as a
consequence of brain inflammation53-57. Many reports in the literature indicate that blood
borne monocytes traffic primarily between adjacent endothelial cells, i.e. paracellularly
through the junctional complexes58, 59. Therefore, these cells can be loaded with a required
drug and administered intravenously to reach the brain. For example in an experimental
model of PD, considerable levels of catalase loaded into BMM were reported in 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)-intoxicated brains48. Approximately 2.1% of the
injected catalase dose was delivered to the brain during MPTP-associated inflammation.
Furthermore, several studies confirmed the migration of inflammatory-response cells, in
particular, bone-marrow-derived mesenchymal stromal cells toward injury sites such as
infarcted myocardium60, 61, spinal cord injury62, and cerebral ischemia63.

Neural stem cells (NSCs) were also suggested as drug delivery vehicles for gene therapy in
the CNS 64-66. Indeed, these cells are highly migratory and migrate to areas of brain
pathology including ischemic and neoplastic brain lesions that are commonly present in AD,
PD, brain cancer, stroke, and multiple sclerosis. How the mobility of stem cells are directed
is not understood, although NSCs express a wide variety of receptors that should enable
them to respond to many chemotactic signals present in brain pathologies (Figure 4) 66. In
particular, activated microglia induced NSCs migration to the brain. Delivery of various
neurotropic factors is in the focus of cell-mediated strategies for neurological diseases
treatment.

In regards to cell-mediated drug delivery of antineoplastic agents, MP are known to
accumulate in large numbers in vascular, hypoxic sites in cancer tumors, for example, in
breast and prostate carcinomas 67, 68. Hypoxia is widespread in malignant human tumors
due to their poorly organized vasculature. The cytokines released by tumor cells in response
to hypoxia and other physiological stresses usually attract macrophages and monocytes,
which should facilitate anticancer drug delivery using these cells as vehicles, avoiding
indiscriminate drug distribution and decreasing severe toxicity.

Finally, targeting to disease sites can be improved by drug-incorporated magnetic
nanoparticles loaded into the cell-carriers and followed by application of local magnetic
fields 37. Thus, albino rats with brain inflammation (induced by intrastratial microinjection
of human recombinant IL-1β) received intravenous injections of RGD-coated magnetic
liposomes and non-magnetic liposomes as a control. RGD peptide (i.e. small peptide
domane Arg-Gly-Asp) was used for selective binding by monocytes and neutrophils that
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express integrin receptors on their surface. Magnetic liposomes demonstrated about a ten-
fold increase in brain levels compared with non-magnetic controlled carriers when local
magnetic field was applied. In addition, magnetic neutrophils prepared in vitro target lungs
under magnetic guidance following intravenous injection 69. Moreover, drug loaded
magnetic liposomes can be targeted for selective and preferential presentation to blood
monocytes/neutrophils that result in both drug and magnetic incorporation into these cells
and can be guided to target tissue sites.

Safety of cell-mediated drug delivery systems—An obvious concern for
inflammatory-response cell based drug delivery relates to possible cytotoxic effects of cell-
carriers. MP attracted to the site of pathology by cytokines release reactive oxygen species
(ROS) that cause cell damage. Moreover, a number of therapeutic strategies for CNS
neurodegenerative disorders are based on the prevention of monocyte-macrophage
infiltration 70. Therefore, precluding cytotoxicities for cell-based drug formulations is a
requirement for formulation developments. Furthermore, genetically-modified and
immortalized cell-carriers show atypical characteristics, such as higher degree of
multipotency, which may increase the probability of tumor formation. Nevertheless, studies
so far report no cytotoxic effects after macrophage-mediated drug delivery in the brain of
healthy C57BL/6 mice adoptively transferred with macrophages carrying nanoformulated
catalase 71. In addition, propagation and expansion of immortalized and genetically-
modified cell-carriers should allow improve quality controls 66.

Cell-mediated drug delivery systems in clinical settings—Finally, developing
such methods in a clinical setting may be successful when cell-carriers are harvested from
peripheral blood by apheresis, then loaded with particles and re-infused into the patient. An
alternative approach may be harvesting stem cells from bone marrow, propagation them in
culture to obtain monocytes, and then loading the cells with a drug and adoptively
transferring them. This procedure will allow for expansion of the cell population, although
this would require a more invasive procedure. To this end, immortalization of cell-carriers
can allow propagation of cells with definable properties so that clonal populations with
particular traits can be established. Furthermore, drug loading into cell-carriers can be
achieved directly in the patient's peripheral blood, when nanoformulated drugs would be
injected and selectively taken up by circulating cell carriers. Targeting of such nanocarriers
could be achieved by coating the nanocarrier surface with the receptor-specific moieties
(e.g., folate, gelatin, fibronectin, A-protein, mannose, or RGD peptide), which is recognized
by specific MP surface receptors. Overall, chronic diseases are more suitable for this type of
drug delivery than pathologies that require acute intervention. Based on such considerations,
we now present some successful investigations using living cells as drug delivery vehicles
for therapeutics (Table 1).

2. Neurodegenerative disorders and cell-based carriage of therapeutic nanoparticles
AD and PD—The progressive impairment of short-term memory and emotional
disturbances that typify AD results from synaptic dysfunction and neuronal death in the
hippocampus and linked regions in the cerebral cortex and limbic system. Because of the
increasing numbers of affected people, there is an urgent need to develop strategies able to
interfere with disease progression and protect neurons. In this respect, delivery of
neurotrophic factors (NTFs) including nerve growth factor (NGF) 65, brain-derived
neurotropic factor (BDNF) 64, and choline acetyltransferase (ChAT) 72 is of urgent need. To
overcome limited drug transport across the BBB, direct brain implantation of cells
engineered to produce NTFs was developed 73. In particular, ciliary neurotrophic factor
delivered in cells implanted in the brain prevents Aβ oligomer-induced neuronal damage and
neurobehavioral impairments in mouse models of AD. In another study NSCs
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overexpressing ChAT cDNA targeted acetylcholine deficits 74. The ability cell-carriers,
placed by cortical transplants, to improve cognition was tested after induced cholinergic
lesions in rats. Significant improvements were recorded in Water maze acquisition as well as
in the retention and spatial probe trials 74. A robust enhancement of hippocampal synaptic
density, mediated by BDNF and delivered by NSCs was seen 75. NSCs ameliorated complex
behavioral deficits associated with AD pathology by BDNF. In these experiments the
intracranial transplantation of the cell-carriers were utilized.

Due to specific nigrostriatal degeneration, PD was one of the first targets for cell therapy
transplants. Fetal dopamine neurons were inoculated into the putamen, where the cells
worked as dopamine pumps as seen during systemic administration of L-DOPA 76. It was
suggested that the transplanted cells were gene therapy vehicles for dopamine delivery
rather than replacement neurons 76. Delivery of neurotropic factors such as glial cell-line
derived neurotropic factor (GDNF) or vascular endothelial growth factor (VGEF) in neural
stem cell transplants were tested in PD mouse models 77-79. GDNF was delivered in bone
marrow-derived macrophages to the effected brain 80. The cells were transduced ex vivo
with lentivirus expressing a GDNF gene driven by a synthetic macrophage-specific
promoter and then transplanted into recipient mice. Eight weeks after transplantation, the
mice were injected with MPTP for seven days to induce nigrostriatal neurodegeneration.
Macrophage GDNF treatments dramatically ameliorated MPTP-induced degeneration of
tyrosine hydroxylase (TH)-positive neurons seen in the substantia nigra and TH(+) terminals
in the striatum. This resulted in axon regeneration and reversed hypoactivity in the open
field test.

Development of novel CNS drug delivery using macrophages carriers for delivery of the
antioxidant enzyme, catalase, in MPTP mice was reported by our laboratories 48, 71. In this
system, nanoformulated catalase (nanozyme) was obtained by coupling the enzyme to a
cationic block copolymer, PEI-PEG, leading to a polyion complex micelle. Bone marrow-
derived macrophages (BMM) carried significant amounts of catalase then slowly released
the active enzyme over several days 48. The enzyme released upon stimulation of nanozyme-
loaded cell-carriers decomposed microglial hydrogen peroxide produced upon nitrated
alpha-synuclein (N-α-syn) or tumor necrosis factor alpha (TNF-α) induced activation in
vitro. Subsequent studies examined relationships between the composition of catalase
nanozyme, their physicochemical characteristics (morphology, size, and ξ-potential), and
cell loadings, release, and enzymatic activities for macrophage carriage 29.

Significant amount of catalase was detected in brains of mice after transfer of BMM loaded
with nanoformulated catalase following MPTP intoxication. It was demonstrated that such
nanozyme-loaded BMM injected into MPTP-intoxicated mice reduce neuroinflammation
and attenuate nigrostriatal degeneration 71. In particular, MPTP intoxication decreased the
number of TH-positive nigral dopaminergic neurons (32 % survival) compared to saline-
treated controls (Figure 5). In contrast, the number of surviving dopaminergic neurons in
MPTP-intoxicated mice treated with nanozyme-loaded BMM was greater than the total
number of neurons in MPTP-treated mice (62.4 % survival). Furthermore, treatment with
nanozyme alone (without cell carriers) also produced some neuroprotection effect, although
with fewer neurons (41.3 % survival) compared to the mice treated with cell/nanozyme
formulation. Finally, treatment with empty monocytes did not preserve neurons in MPTP-
intoxicated animals (31.1 % survival). This signified a neuroprotective effect of nanozyme-
loaded monocytes in MPTP-induced neurodegeneration.

The possible means by which BMM-mediated therapeutic effects of the nanozymes were
suggested (Figure 6) : 1) nanozyme-loaded BMM cross the BBB and release catalase at the
site of inflammation (particularly, in the substantia nigra pars compacta, SNpc); 2) a “depot”
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was established such that nanozyme is slowly released from BMM to the blood stream and
bypasses the BBB independently of cell-carriers; and 3) catalase nanozyme released from
BMM in the liver and spleen suppresses peripheral leukocyte activation that results in
significant protection of SNpc neurons against MPTP-induced neurodegeneration 71.
Overall, as few therapeutic modalities exist which affect progression of PD and aimed at
neuroregenerative therapies, the cell-mediated delivery of catalase and GDNF may represent
efficacious strategies that attenuate neuroinflammation and provide neuroprotection for
disease.

HIV-1 infections and neuroAIDS—NeuroAIDS is a clinical disorder that encompasses
neurologic disorders seen primarily as a consequence of damage to the central nervous
system by HIV. The clinical syndromes include cognitive, motor and behavioral disorders of
varying severity. Such syndromes affect 30 to 40% of adults and children with AIDS and,
despite the advent of potent combination antiretroviral therapy (cART), incidence rates
remain constant although disease severity is less. MP carriage has been utilized as a delivery
system for antiretroviral therapy of HIV in mice 14, 57, 81-83. To protect the drug against
degradation, as well as the cell-carriers against the drug, it was incorporated into nanosized
drug crystals (termed nano antiretroviral therapy or nanoART, Figure 7). NanoART were
made by high-pressure homogenization of crystalline drug with various poloxamer and/or
phospholipid surfactants, or by wet-milling homogenization, which produced
nanoformulations with high loading capacities (over 80%) and relatively small particle sizes
(200 to 350 nm). Scanning electron microscopy analysis revealed particles of various sizes
and morphologies, which were either polygonal, rod, cuboidal, or spherical in shape with
smooth-surfaces.

Simultaneous uptake of nanoformulated cART into the cell-carriers was shown 83. It was
also demonstrated that size, charge, coating, and shape of the nanoparticles are crucial for
efficient MP uptake, drug release, and cell migration 14. Coating of nanoART greatly
affected drug accumulation in cell-carriers. Positively-charged nanoART are taken up better
than negatively charged ones. To determine whether any of the wet-milled nanoformulations
could induce long-term antiretroviral effects, macrophages were pretreated with individual
nanoART preparations and then challenged with HIV-1ADA up to 15 days after drug
treatment. Nanoparticles loaded with atazanavir, ritonavir and indinavir were released from
macrophages and demonstrated >85, 80 and 40% inhibition, respectively, of progeny virion
production and HIV-1p24 antigen through challenge day 15. All formulations of EFV
showed almost complete suppression of viral infection 83. These results supported the
continued development of macrophage-mediated nanoART carriage for treating HIV-1
disease. In addition, delivery of antisense oligodeoxynucleotides, ribozymes, incorporated
into liposomes to HIV-1-infected cells was reported in human monocyte-derived
macrophages 84. Thus, in addition to nanoART a ribozyme complementary to HIV-1 5'-long
terminal repeat delivered in pH-sensitive liposomes inhibited virus production by 90%,
while the free ribozyme caused limited viral inhibitions.

3. Cancer
Cell-mediated delivery is also a potential therapeutic and diagnostic strategy for cancer 46,
50, 85-93. The advantage herein is that cytotoxic activity of the cell-carriers can be used in
tandem with site-specific delivery of antineoplastic agents. In addition, antineoplastic agents
are safely packaged into cell-carriers to reduce secondary cytotoxicities. However, adverse
effects of the cytotoxic drugs on the cell-carriers themselves need be considered. For
example, when nanoparticles coated with cytotoxic antibiotic, doxorubicin, were loaded into
T-cells, the release of drug inside the cell-carrier caused cell damage 94. As a result over
60% T cells loaded with the nanoparticles were dead over 15 hours after the loading.
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To overcome these limitations, mesenchymal stem cells (MSCs) were genetically
engineered to produce antitumor proteins 86, 90-93, 95. MSCs possess a set of several unique
properties, which make them ideally suited for both cellular therapies in regenerative
medicine and as vehicles for gene and drug delivery to treat cancer. These properties
include: 1) relative ease of isolation; 2) the ability to differentiate into a wide variety of
functional cell types of both mesenchymal and non-mesenchymal origin; 3) the ability to be
extensively expanded in culture without loss of differentiative capacity; 4) the
hypoimmunogenicity and even ability to produce immunosuppression upon transplantation;
5) the pronounced anti-inflammatory properties; and last but not the least, 6) the ability to
home to damaged tissues, tumors, and metastases following in vivo administration. Thus,
MSCs of human origins were genetically modified to express TNF related apoptosis-
inducing ligand (TRAIL) at the glioma tumor site. First, the retention of tumor tropic ability
of hMSC S-TRAIL cells by in vitro and in vivo migration assays was clearly demonstrated
93. Next, for the in vivo assessment of therapeutic efficacy, hMSCs were injected ipsilateral
to an established intracranial glioma tumor in a mouse xenograft model. Genetically
engineered hMSC S-TRAIL cells were effective in inhibiting intracranial U87 glioma tumor
growth (81.6%) in vivo and resulted in significantly longer animal survival.
Immunohistochemical studies demonstrated a significant, 8-fold greater tumor cell apoptosis
in the hMSC S-TRAIL-treated group compared to controls. Overall, the study demonstrated
the therapeutic efficacy of hMSC S-TRAIL cells and confirmed that hMSCs can serve as a
powerful cell-based delivery vehicle for the site-specific release of therapeutic proteins.
Furthermore, reduction of tumor growth by genetically-modified hMSCs expressing
interferon-β was reported in models of metastatic breast cancer, melanoma 86, 90, and
gliomas 95. The hMSC were also used as carriers for conditionally replicating adenoviruses
in a breast cancer metastasis model 91 and in a model of intracranial malignant glioma 92.

Attachment of nanoparticles with cytotoxic agent to the cell surface allowed cell carriers to
remain intact. Thus, NeutrAvidin-coated nanoparticles were anchored on biotinylated
plasma membrane of hMSC where they remained attached for up to two days 46. The hMSC
with such nanoparticulate patches retained their inherent tumoritropic properties in a tumor
model with a 3D-extracellular matrix. These results provide a novel strategy to actively
deliver nanostructures and therapeutics to tumors utilizing stem cells as carriers.

Besides MSCs, erythrocytes, MP, and bacterially-derived minicells were also evaluated as
carriers for delivery of antineoplastic agents. In particular, erythrocytes were used as carriers
for anticancer agent, 5-fluorouracil (5-FU), to treat malignant ascites 96. Intravenous
injections of the cell-carriers loaded with 5-FU resulted in significant regression of the
quantity of malignant ascites and the increase of survival time in mice. Notably, MP can
serve as “Trojan Horses” for nanoparticle transport into tumor regions 85, 89. Thus,
infiltration of monocytes and active delivery of Au-containing nanoparticles to the center of
tumor spheroids (which contain hypoxic centers) was reported 89. Following the delivery the
tumor spheroids were destroyed by irradiation with near-infrared light, which actuated the
delivered Au-containing nanoparticles. In another study, macrophages acted as a cellular
vehicle for 5-FU encapsulated in oligomannose-coated liposomes (OMLs) 50. The
successful decrease of tumor growth by co-administration of OML-encased 5-FU and OML-
encased magnetic nanoparticles, followed by treatment with an alternating magnetic field
was reported in a mice. These OMLs were injected into the peritoneal cavity, and then
gradually accumulated in the omentum and the other lymphoid tissues within 24 hours.
Treatment of macrophages at 39 °C for 30 min. led to the release of 5-FU from the
macrophages, suggesting that controlled release from macrophages could be achieved by
mild hyperthermia. The encased magnetic nanoparticles, which are known to convert
electromagnetic energy to heat in the OMLs allowed achieving in vivo hyperthermia.
Finally, MP were utilized for delivery of therapeutic DNA constructs into tumors 85.
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Bacterially-derived minicells with diameters of 400 nm were suggested for targeted delivery
of different chemotherapeutics and small interfering RNA (siRNA) duplexes that cause
stabilization and regression of tumor size in human cancer xenografts in mice 97, 98. The
cell-carriers were specifically targeted to tumor cell-surface proteins with biospecific
antibodies (BsAb). About 80% efficiency of packing minicells with siRNA was reported.
Thus, minicells carrying at least 12,000 siRNA molecules and 100 copies of short hairpin
RNA (shRNA)-encoding plasmid can specifically and sequentially deliver to tumor
xenografts these therapeutics and compromise drug resistance by knocking down a drug
resistance protein. This cell-mediated drug delivery system enables to use several thousand-
fold less drug than needed for conventional systemic administration of cancer therapies.
Evaluation of uptake and intracellular kinetics of minicell-delivered siRNA indicates that
after endocytosis, the minicells traverse the well-established early and late endosomal
pathways, terminating into acidified organelles, the lysosomes, where mini-cells are
degraded and release their cargo98. In addition, several methods of packaging in minicells of
a range of anticancer chemotherapeutic drugs, such as doxorubicin, paclitaxel, irinotecan, 5-
FLU, cisplatin, carboplatin monastrol, and vinblastine despite their disparate structure,
charge, hydrophobicity, and solubility were developed 99-101.

Antibody-producing hybridoma cells were used for delivery of anti-CD137 and anti-OX40
mAb 102. Microcapsules containing viable cells that secrete antibody were implanted by
injection into the subcutaneous tissue of Balb/C mice bearing CT26 colon carcinomas.
CD137 and OX40 are members of the TNF receptor family that provide costimulatory effect
on T lymphocytes. The treatment resulted in complete tumor eradication in an elevated
fraction of cases and strong tumor-specific cytotoxic T lymphocyte responses with either
anti-CD137 or anti-OX40 producing hybridomas.

Besides cytotoxic agents, delivery of imaging agents is of importance for cancer therapy.
MP-mediated delivery of quantum dots to brain tumors was explored for this purpose 103.
Thus, the surgical management of brain tumors requires the precise localization of tumor
tissues within normal brain parenchyma in order to achieve accurate diagnostic biopsy and
complete surgical resection. To this end, quantum dots are optical semiconductor
nanocrystals that exhibit stable, bright fluorescence. It was demonstrated that the
intravenous injection of quantum dots is accompanied by reticuloendothelial system and
macrophage sequestration. Macrophages infiltrate brain tumors and phagocytize
intravenously injected quantum dots, optically labeling the tumors.

Another class of imaging agents, N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer-
gadolinium (Gd) chelates, were used for enhanced magnetic resonance imaging (MRI) of
macrophage-mediated malignancies 104. To increase the nanoparticles uptake in
macrophages, copolymers were vectorized with mannosamine, which was shown to increase
mannose receptor mediated uptake in human MP. It was suggested that intravenously
administered GD-nanoparticles will be accumulated in macrophages and then transported to
the pathological sites (e.g., solid tumor). Overall, the tumor recruitment of inflammatory-
response cells may be exploited for cell-mediated delivery of antineoplastic and imaging
agents.

4. Lung Injury
Drug delivery to small airways, terminal bronchioles and alveoli is complicated due to the
methodological limitations in targeting the deep lung with high efficiency drug distribution
to the site of pathology. To overcome these limitations, chitosan nanoparticles with
entrapped curcumin (an anti-inflammatory compound) was loaded into Testis-derived
Sertoli cells and then injected intravenously into mice with bronchial or alveolar injuries105.
By 24-hours post-injection, most of the curcumin load (~90%) delivered in the injected
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Sertoli cells was present and distributed throughout the lungs including the perialveloar sac
area in the lower lungs. These results identify a novel and efficient method for targeted
delivery of drugs for treatment of bronchitis and alveolitis. In addition, lungs are suitable for
both local and systemic drug delivery, therefore this route may be used broadly for other
diseases.

5. Microbial Infections
The efficiency of antifungal agents has been diminished by their severe side effects and poor
pharmacokinetics. To this end, erythrocytes were suggested as delivery vehicles for
antifungal agent, amphotericin B (AmB). In order to avoid toxic effects and achieve efficient
drug loading, AmB was encapsulated in nanosuspension (AmB-NS) by high-pressure
homogenization 106. AmB-NS was loaded into RBC by using hypotonic hemolysis, leading
to intracellular AmB amounts of 3.81 +/- 0.47 pg RBC-1 and an entrapment efficacy of
15-18%. Hence, RBC served as primary carriers. Then, the uptake of RBC loaded with
AmB-NS by leucocytes was studied by flow cytometry. More than 98% of the phagocyte
population (granulocytes and peripheral monocytes accumulated AmB-NS after four hours
of incubation, and then showed a slow AmB release over ten days without any alteration in
cell viability. This results in an immediate, permanent inhibition of intra- and extracellular
fungal activity. AmBNS-RBC-leukocyte-mediated delivery of AmB was efficient in
amounts 1000 times lower than the toxic dose.

Another antifungal agent, chloroquine, loaded into phosphatidylserine-containing negatively
charged liposomes was used in MP-mediated delivery against C. neoformans infection in the
mouse brain 107. Administration of chloroquine-loaded liposomes accumulated inside
macrophage phagolysosomes resulted in a remarkable reduction in fungal load in the brain
even in low doses compared to free drug in high doses thus increasing antifungal activity of
macrophages. Therefore, this drug-delivery method is effective for the transport of water-
insoluble substances, such as AmB, and this warrants consideration for further testing.

6. Epilepsy
Relatively straightforward method of engineered adenosine-releasing cells was developed
for treatment of epilepsy 108. Lack of adenosine, a modulator of neuronal activity with
anticonvulsant and neuroprotective properties, was found to contribute to ictogenesis.
Therefore, focal reconstitution of adenosine within an epileptogenic brain region constitutes
a rational therapeutic approach, whereas systemic augmentation of adenosine is precluded
by side effects. To this end, human mesenchymal stem cells and human embryonic stem
cells were embedded in a cell-encapsulation device to release adenosine and reduce acute
injury and seizures, as well as chronic seizures 108. Human embryonic stem cells (hESCs)
have a high proliferative capacity and can be subjected to specific cellular differentiation
pathways. hESCs, differentiated in vitro into neuroepithelial cells and grafted into the mouse
brain, displayed intrahippocampal location and neuronal morphology. Overall, this
therapeutic approach demonstrated antiepileptic and neuroprotective properties when grafted
into the mouse hippocampus. The therapeutic potential of this approach suggests the
feasibility to engineer autologous adenosine-releasing stem cells derived from a patient 109.

7. Expert Opinion
The concept of using cells as drug delivery vehicles is under development. Challenges
include sufficient loading capacity and triggered drug release, preservation of therapeutic
agents against degradation inside the cells, protection of cell-carriers from drug cytotoxic
effects, and efficient homing of cells to the disease site. In addition, harvesting of cells
sufficient quantities or their expansion is also important issue.
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Two different approaches are utilized in cell-mediated drug delivery. First, cell-carriers
(predominantly MP) are genetically modified to produce therapeutically active molecules.
Second, host cells are loaded with a drug usually incorporated into protective container, and
then used as “Trojan horses” to deliver the drug to the disease side (Figure 8). Most of cell-
based delivery systems suggest the unloading the therapeutic agent at the disease site.
However, a few utilized another approach, when the targeted cells accumulate the carrier
along with the drug (mini-cells with anticancer agents and red blood cells with antifungal
agents).

Regarding the first approach, the ideal cell delivery vehicle would be stable in tissue culture
and capable of sustained, preferably regulated expression of therapeutic molecules. The cells
should have appropriate and predictable differentiation pattern and survive long time in vivo
after transplantation. Obviously, for both approaches, the cell carriers should demonstrate
responsiveness to the chemotactic signals produced by the type of pathology that they are
used to treat. Regarding the second approach, loading cell-carriers with drug in the blood
stream by injecting nanoparticlular drug targeted to these cells is the most attractive strategy.
To this end, it is important to note that these cells are moving targets. Nanosystems that bind
to these targets are potentially a powerful approach for imaging their movement and
delivering a therapeutic drug dose to the disease site. Clearly, a multifunctional molecular
scaffold that is aimed at delivery of drug specifically to the cell-carrier, but in addition could
be engineered for imaging purposes would offer substantial benefits over current
approaches.

Such strategy is opposite to the common approach when drug-loaded nanoparticles are
designed to minimize their entrapment in reticulo-endothelail system and avoid drug
decomposition and clearance. Consequently, design of nanocarriers for cell-mediated drug
delivery (size, shape, surface charge, etc.) may differ from those used for conventional drug
delivery systems. Nevertheless, engaging different defense mechanisms into drug delivery
may open a new perspective of active delivery of drugs for treatment of various devastating
diseases.
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Figure 1.
Types of nanocarriers for drug delivery. A: liposomes; B: polymer and lipid nanoparticles;
C: nanospheres and nanocapsules; D: nanosuspensions; E: polymer micelles; F: nanogels;
G: block ionomer complexes; H: nanofibers and nanotubes. Used with permission 110.
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Figure 2. Schematic representation of SA-PEGFITC/PAMAM construction
A. The construction of streptavidin-PEGFITC/PAMAM. B. Absorbance profiles of
streptavidin-PEGFITC/PAMAM and PEGFITC/PAMAM. C. Reverse-phase HPLC of
SAPEGFITC/PAMAM and PEGFITC/PAMAM. Used with permission 39.
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Figure 3. Optimization of nanocarriers structure for catalase delivery in macrophages
Nanozymes consisting of catalase and a negatively charged block copolymer demonstrate
low toxicity, high loading capacity and release from BMM, however provide limited
protection of the enzyme against protease degradation inside the cell-carriers. Nanozymes
based on positively charged block copolymers, especially the PLs, showed increased
cytotoxicity and low loading and release rates, but were highly protective of catalase.
Furthermore, nanozymes with PEG corona show good stability in water, limited cytoxicity
and efficient protection of catalase, but decreased loading capacity and cell release. The
optimal nanozyme formulation is one based on positively charged block copolymers (PEI-
PEG/catalase and PL-PEG/catalase). Used with permission 29.
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Figure 4. Using neural stem cells for drug delivery to CNS
Neural stem cells are attracted by at least three physiological processes that are common to
many brain pathologies: inflammation, reactive astrocytosis and angiogenesis. Pathology-
induced CNS inflammation is mediated by activated microglia that release cytokines and
chemokines, which, in turn, increases the inflammatory reaction. The brain lesion and
subsequent inflammation trigger reactive astrocytosis. The lesion-induced angiogenesis and
inflammation-activated endothelial cells enhance neural stem cell homing to brain pathology
by secreting chemoattractant factors, and also offer an atypical, perivascular niche for
support of immigrating neural stem cells. Used with permission 66.
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Figure 5. Neuroprotective effect of nanozyme-loaded BMM in an MPTP model of PD
MPTP-intoxicated C57Bl/6 mice (18 mg/kg) were intravenously injected with saline
(second bar), nanozyme alone (third bar), macrophages loaded with nanozyme (5×106 cells/
mouse/100μl) (fourth bar), or empty macrophages (fifth bar). Healthy non-intoxicated
animals were used as control group (first bar). Seven days after treatment the animals were
sacrificed; brain slices were stained for tyrosine hydroxylase-positive nigral dopaminergic
neurons (A). Results from N = 5 animals per group demonstrate a significant loss of
nigrostratial neurons in MPTP treated mice, which is prevented by adoptive transfer of
macrophages loaded with nanozyme (B). No significant neuroprotective effect was detected
after treatment with nanozyme alone, or empty macrophages. Values are means ± SEM, and
P < 0.05 compared with asaline; bMPTP; cMPTP+macrophage/nanozyme. Used with
permission 71.
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Figure 6. A pictorial scheme for cell-based nanoformulated drug delivery
Three possible ways of BMM-mediated therapeutic effects of catalase nanozyme in PD
mouse model: Pathway I: BMM loaded with nanozyme cross the BBB and release catalase
in the SNpc; Pathway II: nanozyme is released from BMM to the blood stream and
bypasses the BBB independently of cell-carriers; Pathway III: catalase nanozyme released
from BMM in the liver and spleen suppresses peripheral leukocyte activation that results in
significant protection of nigrostratial neurons against MPTP-induced neurodegeneration.
Used with permission 71.
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Figure 7. NanoART
(A) NanoART of antiretroviral agents were prepared by high-pressure homogenization using
an AvestinC-5 homogenizer; (B) scanning-electron microscopy demonstrated different
nanoparticle morphology; (C) uptake of drug-loaded nanoART (red) in monocyte-derived
macrophages (green); (D) cells treated with nanoART showed complete or near complete
suppression of HIV1 p24 antigen production; (E) biodistribution of nanoART in mice
following intravenious injections; (F) patient treatment with nanoART in clinical settings.
Used with permission 111.
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Figure 8.
Cell-based Drug Delivery Systems.
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Table 1

Examples of cell-mediated drug delivery systems

Type of cell-carrier Therapeutic agent Rote of administration1 References

Alziemer's disease

Neural stem cells (NSCs) ciliary neurotrophic factor (NTFs) i.c. 73

NSCs nerve growth factor (NGF) i.c. 65

NSCs brain-derived neurotropic factor (BDNF) i.c. 64, 75

NSCs choline acetyltransferase (ChAT) i.c. 72, 74

Parkinson's disease

Monocytes, macrophages catalase i.v. 29, 48, 71

Fetal dopamine neurons dopamine i.c. 76

NSCs glial cell-line derived neurotropic factor (GDNF) i.c. 77, 80

NSCs vascular endothelial growth factor (VGEF) i.c. 78, 79

HIV-1 infection and neuroAIDS

Monocytes, macrophages atazanavir, ritonavir, indinavir i.v. 14, 81-83

Cancer

T-cells doxorubicin In vitro 94

Mesenchymal stem cells (MSCs) tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL)

ipsilateral 93

MSCs interferon-β i.v. 86, 90, 95

MSCs oncolytic adenovirus i.v. 91, 92

MSCs antineoplastic agent In vitro, in 3D collagen gels 46

Erythrocytes 5-fluorouracil i.v. 96

Monocytes and macrophages Au-containing nanoparticles In vitro, in spheroids 85, 89

Introperitoneal macrophages 5-fluorouracil i.p. 50

Bacterially-derived mini-cells small interfering RNA (siRNA), cytotoxic drugs i.v., i.t. 97, 98

Bacterially-derived mini-cells doxorubicin i.v., i.t. 98

Macrophages imaging agents, quantum dots i.v. 103

Macrophages N-(2-hydroxypropyl)methacrylamide (HPMA)
copolymer-gadolinium (Gd) chelates

i.v. 104

Hybridoma cell lines 2A and OX86 anti-CD137 and anti-OX40 mAb s.c. 102

Inflammation

Macrophages betamethasone phosphate in situ 25

Erythrocytes glycoprotein A 25

Sertoli cells anti-inflammatory agent, curcumin i.v. 105

Microbial Infections

Erythrocytes antifungal agent, amphotericin B in viro 106

Macrophages chloroquine i.v. 107

Expert Opin Drug Deliv. Author manuscript; available in PMC 2012 April 1.
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Type of cell-carrier Therapeutic agent Rote of administration1 References

Epilepsy

Human MSCs and human embryonic
stem cells

adenosine i.c. in cell-encapsulation device 108, 109

1
i.c., intracranial; i.v., intravenous; i.p., intraperitoneal; i.t., intratumoral; s.c., subcutaneous injections.
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Abstract
The ability of monocytes and monocyte-derived macrophages (MDM) to travel towards che-

motactic gradient, traverse tissue barriers, and accumulate precisely at diseased sites

makes them attractive candidates as drug carriers and therapeutic gene delivery vehicles

targeting the brain, where treatments are often hampered by the blockade of the blood brain

barrier (BBB). This study was designed to fully establish an optimized cell-based delivery

system using monocytes and MDM, by evaluating their homing efficiency, engraftment

potential, as well as carriage and delivery ability to transport nano-scaled particles and exog-

enous genes into the brain, following the non-invasive intravenous (IV) cell adoptive transfer

in an acute neuroinflammation mouse model induced by intracranial injection of Escherichia
coli lipopolysaccharides. We demonstrated that freshly isolated monocytes had superior

inflamed-brain homing ability over MDM cultured in the presence of macrophage colony

stimulating factor. In addition, brain trafficking of IV infused monocytes was positively corre-

lated with the number of adoptive transferred cells, and could be further enhanced by tran-

sient disruption of the BBB with IV administration of Mannitol, Bradykinin or Serotonin right

before cell infusion. A small portion of transmigrated cells was detected to differentiate into

IBA-1 positive cells with microglia morphology in the brain. Finally, with the use of superpara-

magnetic iron oxide nanoparticles SHP30, the ability of nanoscale agent-carriage monocytes

to enter the inflamed brain region was validated. In addition, lentiviral vector DHIV-101 was

used to introduce green fluorescent protein (GFP) gene into monocytes, and the exogenous
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GFP gene was detected in the brain at 48 hours following IV infusion of the transduced

monocytes. All together, our study has set up the optimized conditions for the more-in-depth

tests and development of monocyte-mediated delivery, and our data supported the notion to

use monocytes as a non-invasive cell-based delivery system for the brain.

Introduction
Monocytes and monocyte-derived macrophages (MDM) possess broad homeostatic, immune
sensing and surveillance functions [1, 2]. Their ability to traffic through circulation and accu-
mulate precisely at the diseased sites makes them an attractive tool for drug carriage and gene
delivery [3–7]. The need for cell-based delivery systems is immediate in order to combat central
nervous system (CNS) diseases, because many therapeutic compounds and biologics are
known to have limited capability to penetrate the blood-brain barrier (BBB) or to reach sites
further from their administration points effectively [8].

Early studies using hematopoietic stem cell (HSC) transplanted into lethally irradiated ani-
mals demonstrated that blood circulating monocytes were recruited to the CNS and differenti-
ated into resident macrophages and microglia cells once reaching their destinations [9–11];
whereas recent studies have suggested the use of lethal irradiation induced additional damages
to the CNS, hence overestimated the true ability of monocyte to infiltrate and differentiate into
resident microglia cells [12, 13]. Nevertheless, recruitments of circulating monocytes to the dis-
eased sites within the CNS were evident in numerous neurological disorders [6, 14–17]. There-
fore, the use of monocytes and MDM for precise therapeutics delivery still holds great
promises for combating many CNS disorders, including Parkinson’s and Alzheimer’s Diseases,
Multiple Sclerosis, and HIV-associated neurocognitive disorders [3, 5–7].

Comparing to bone marrow transplants (BMT) using precursor cells, adoptive transfer of dif-
ferentiated cells avoids the involvement of lethal irradiation, and is a relatively risk free procedure
with minimum side effects [18–20]. Thus, by exploring the migration property of IV transferred
monocytes andMDM to regions of interests, it is possible to selectively transport disease combat-
ing genes or medicines to inflamed or damaged sites in the brain in a non-invasive fashion. Thus
far, a number of studies have been conducted to test monocytes- and MDM-mediated delivery of
nano-formulated medicines and therapeutic genes into the CNS [3, 5–7], but the optimum condi-
tions for such delivery system has not been fully established. In order to carry out effective treat-
ment functions, therapeutics-carriage cells need to be present at target sites in high numbers.
Therefore, identifying suitable cellular sources to be used as transporting vehicles, and developing
methods to increase cell vehicle target site concentration are essential for establishment of a cell-
based delivery system [21]. Both freshly isolated monocytes and culture-expandedMDM
(cMDM) were tested for their capability to reach the CNS following adoptive transfer [3, 5–7, 22],
but no quantitative comparison have been performed to evaluate the suitable cellular source for
transporting therapeutic agents to the brain. Hence, this study was aimed to establish the opti-
mized conditions for the non-invasive cell-based delivery system, including testing and determin-
ing the homing efficiency of freshly isolated monocytes and cMDM to the inflamed brain regions,
establishing conditions that could enhance the cell vehicle concentration at the target sites, assess-
ing the potential of these recruited cells to engraft and differentiate in the brain, and validating the
ability of the cell vehicles to carry”cargos” into the brain following systemic IV adoptive transfer.

Using a mouse model of acute brain subregional inflammation induced by intracranial (IC)
injection of Escherichia coli (E. coli) Lipopolysaccharide (LPS), we have demonstrated that
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freshly isolated monocytes have high inflamed-brain homing efficiency following IV adoptive
transfer, and have established the conditions for enhanced cell transmigration and increased cell
vehicle concentrations in brain target sites by increasing IV infusion cell amount and transiently
disrupting the BBB using chemical agents including Mannitol, Bradykinin, and Serotonin. In
addition, we have observed that a small portion of the recruited monocytes were able to differ-
entiate into IBA-1 positive cells with microglia morphology in the brain. Furthermore, with the
use of superparamagnetic iron oxide nanoparticle (SPION) SHP30, the ability of nanoscaled
agent-carriage monocytes to enter the inflamed brain region was validated. In addition, lenti-
viral vector (LV) DHIV-101 (D101) was utilized to mediate the transfer of green fluorescent
protein (GFP) gene into monocytes in this study, and the presence of GFP gene was detected in
the brain of affected animals 2 days after IV infusion of the LV-transduced monocytes.

All together, our study has set up the optimized conditions for the more-in-depth study of
moncoyte-mediated delivery system, and our new data supports the notion of using monocyte
migration as a means of therapeutics delivery into the brain—with the ultimate goal of affecting
neuronal disease outcomes.

Materials and Methods

Animals
Six- to 10-week old male and female C57BL/6 mice (Obtained from Animal and veterinarian
services, University of Hawaii at Manoa) and male green fluorescent protein (GFP) transgenic
male C57BL/6-Tg (UBC-GFP) 30Scha/J mice (The Jackson Laboratory, stock #004353) were
acquired for this study. C57BL/6 mice were used in all experiments except for immunohisto-
chemical (IHC) and immunofluorescent studies, which GFP transgenic mice were used as cell
donors and C57BL/6 mice as recipients. In all studies, male mice were used as cell donors, and
female mice as recipients. All mice were bred and maintained in the animal facility at Univer-
sity of Hawaii at Manoa campus by following the institutional guidelines for the humane care
and investigation of laboratory animals, and all animal studies were reviewed and approved by
the Institutional Animal Care and Use Committee (IACUC) of University of Hawaii at Manoa
(Protocol # 09–767). In all experiments, mice were monitored twice daily throughout the
experimental periods. A humane endpoints protocol was included in this study, and experi-
mental animals were to be euthanized if they displayed inability to reach food or water for
more than 24 hours, and if more than 20% decrease in body weight was detected. No early
death was observed in any animal prior to the experimental endpoints in this study.

Isolation and Cultivation of Mouse Monocytes and cMDM
Eight- to 10-week old male mice were used as cell donors. Mouse cMDM were prepared as
described previously [5]. In brief, bone marrow cells (BMC) were isolated from donor mice
femur and tibia of the hind limbs. Erythrocytes were removed by lysis with ACK lysis buffer
(Quality Biological, Inc.), and a single cell suspension was obtained by passing through 40-μm
cell strainers (BD Falcon, #352340), and was either resuspended in PBS and used for cell IV
infusion, or cultured in suspension with complete growth medium composed of RPMI1640
medium supplemented with 10% FBS and 1,000 U/ml M-CSF (obtained from 5/9 m alpha3-18
cell media, ATCC#CRL-10154. M-CSF in condition media was quantified using Human
M-CSF quantikine ELISA kit, R&D system cat#DMC00B), at 37°C with 5% CO2 for 2, 5, 7, 9,
12, 15, 21 and 28 days prior to flow cytometry analysis or adoptive transfer study.

In studies using freshly isolated monocytes (Enriched monocytes, EnMo), monocytes were
enriched from the freshly isolated BMC suspension using EasySep mouse monocyte enrich-
ment kit (Stem Cell Technologies, #19761) according to manufacturer’s instructions.
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Flow Cytometry
In vitromonocyte to macrophage differentiation was assessed in cMDM at 0, 2, 5, 7, 9, 12, 15
and 21 days post isolation by fluorescence-activated cell sorting (FACS) with a FACSAria III,
and cytometry data were analyzed using FACSDiva v. 6.1 (BD Biosciences). Cells were col-
lected from suspension culture flask, washed with PBS, and incubated with antibodies (details
below) for 30 minutes on ice. Unbound antibodies were removed by washing cells with PBS.
Recovered cell pellets were resuspended in 1% PFA in PBS and stored at 4°C until analysis. Cell
samples were stained with the following dye and antibodies for FACS analysis according to the
manufacturers recommendations: Zombie Green (1:500, BioLegend cat#423111) for viability
assessment, rat anti-CD11b (1:500, PE-Dazzle594 conjugated, BioLegend cat#101255), rat
anti-Ly6c (1:200, PerCP conjugated, BioLegend cat#128027), monoclonal rat anti-CCR2 (1:20,
APC conjugated, R&D Systems cat#FAB5538A), and rat anti-F4/80 (1:40, APC-Cy7 conju-
gated, BioLegend cat#123117).

Freshly isolated BMC were used in single stain controls to create spectral compensation, and
in florescence minus one (FMO) controls to establish appropriate gating strategies. Forward
and side scatter properties were applied in gating to exclude doublets and cell debris, and the
single cell population was assessed for their viability in the FITC channel (Zombie Green viabil-
ity assessment). CD11b+ cells (Zombie Greenneg) were then divided into three populations
based on combined assessment of their expression of F4/80 and Ly6c. The F4/80highLy6Cneg,
F4/80lowLy6Clow, and F4/80medLy6chigh populations in this plot were labeled as macrophages,
Ly6Clow monocytes, and Ly6Chigh monocytes, respectively. CCR2 expression was assessed for
each of these three populations separately, Ly6Chigh monocytes were positive, Ly6Clow mono-
cytes and macrophages were low to negative. The relative percentages of each cell population
within the samples were generated from statistical analysis of the F4/80 –Ly6c plots.

EnMO was further analyzed for their expression of CD115 (rat anti-CD115, APC conjugate,
1:100, BioLegend #135509), CD11b+, F4/80, and Ly6C to confirm the purity of the enriched
cells.

E. coli LPS-Induced Acute Brain Inflammation and Cell IV Adoptive
Transfer
Six- to 8-week old female mice were anesthetized with Avertin (2,2,2-Tribromoethanol, 250
mg/kg, IP) and positioned on a stereotaxic apparatus (Stoelting co.). E. coli LPS (Serotype
O111:B4, S-form. Enzo Life Sciences, ALX-581-M005) was administered into the right hemi-
sphere (AP 0.0 mm, ML +2.5 mm, DV -4.0 mm from bregma) to induce acute subregional neu-
roinflammation in the brain. Each animal received 5 μg of E. coli LPS in 5 μL solution or 5 μL
of PBS (Sham) over a period of 5 minutes. PBS-injected animals and the un-injected contralat-
eral hemisphere were used as controls. At 24 hrs following ICI delivery of LPS, 100–150 μL cell
suspension containing cells (5x106 if not otherwise indicated) or PBS (Sham) were injected
into the lateral tail vein of recipient mice. Mice were sacrificed at day 1, 2, 3, 5, 7 or 14 after cell
infusion for analysis.

LV-Mediated GFP Gene Transfer into Monocytes
The HIV-1-based defective LV system D101 was used for transduction of monocytes [23–26].
The vector was produced by transient transfection in HEK293T cells by calcium phosphate
precipitation method with a packaging construct pCMV-ΔR8.2, an envelop construct
pCMV-VSV-g, and a transfer construct pD101 which contained the reporter gene GFP, as
described previously [24]. Transduction of monocytes was done by spin-infection. 2 × 107
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transducing units (as titrated on HEK293T cells) D101 vectors were incubated with polybrene
(final concentration 8 μg/mL) at RT for 10 minutes before combined with 1 × 106 freshly iso-
lated, enriched monocytes (MOI = 20) in serum free medium. The cell/vector/polybrene mix is
then transferred to a 5mL round-bottom polystyrene tube, and transduction was carried out by
centrifuging the culture at 1,500 ×g for 90 minutes at 32°C. Cells were then washed three times
by centrifugation with PBS to remove excess vector and polybrene, and immediately injected
IV into recipient animals. A small portion of the transduced cells were maintained in vitro for
7 additional days following in complete culture medium, and the efficiency of monocyte trans-
duction was determined by counting the number of GFP-positive cells at random fluorescent
microscope fields.

Monocyte Uptake of SHP30
Commercially available SPIO nanoparticle (NP) SHP-30 (Ocean NanoTech) was used in this
study. SHP30 is 30 nm in core diameter (38–40 in hydrodynamic diameter), has oleic acid and
amphipilic polymer coating with carboxylic acid reactive group, and with a Zeta potential
range from -30mV to -50mV. Immediately following isolation and enrichment, monocytes
were transferred to 5mL round-bottom PS tubes, and cultured in suspension with complete
culture medium containing 50 μg/mL SHP30, for 12 to 14 hours. The cells were then washed 3
times with PBS by centrifugation to remove extracellular SHP30, and injected IV into recipient
animals. The SHP30 uptake efficiency was 100% as determined by Prussian blue staining.

Trypan Blue Exclusion Assay
Following LV transduction or SHP30 uptake, the cell viability of control and carrier monocytes
was measured with Trypan blue exclusion assay, by mixing equal volume of cells and 0.4% try-
pan blue solution (Sigma, Cat#T8154). Cells stained blue were considered dead, and unstained
cells were considered viable. The final cell viability was presented in percentage, as comparing
to the viability of control monocytes (no gene or SHP30 carriage) set as 100%.

Real-Time qPCR
Genomic DNA was isolated from brain regions ± 1.0 mm from the LPS injection site (average
tissues weight ranged from 50–60 mg) using QIAamp DNA mini kit (Qiagen) following the
manufacturer’s instructions. The amount of donor-derived cell DNA was quantitatively deter-
mined by real-time qPCR with primers and probe specific to male murine Y chromosome [27].
Real-time qPCR was performed on an iQ5 optical system (BioRad) using forward primer 5’-
TTTTGCCTCCCATAGTAGTATTTCCT-3’, reverse primer 3’-TGTACCGCTCTGCCAACCA-
3’ and the TaqMan probe 5’-/56-FAM/AGGGATGCC/ZEN/CACCTCGCCAGA-/
3IABkFQ/-3’ (Integrated DNA Technologies). Standard curves were generated by serially
diluting DNA from male mouse brain. DNA isolated from female mouse brain was included as
a negative control in every assay. The average DNA content in a diploid mouse cell range from
5 to 7 pg [28], therefore a parameter of 6 pg gDNA per cell was applied to convert DNA to cell
numbers presented in all results.

PCR
The presence of GFP gene delivered by D101 transduced monocytes to the brain were
detected with conventional PCR method using forward primer F-GFPreal: 5’-GGTGAGC
AAGGGCGAGGAG-3’, and reverse primer R-GFPreal: 5’-GCCGGTGGTGCAGATGAACT-
3’. PCR was performed with a MasterCycler Gradient (Eppendorf, Germany). Five
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microliter of inflamed brain tissue DNA was combined with 20 μL of a mixture containing
1X Taq (Mg2+ free) reaction buffer (New England Biolabs, NEB, MA), 1.5 mMMgCl2 solu-
tion (NEB, MA), 200 nM of each dNTPs (Sigma-Aldrich, MO), 400 nM of each primer (Inte-
grated DNA technologies, IA), and 2 units of Taq polymerase (provided by Dr. Huang,
University of Hawaii at Manoa). The Amplification started with an initial denaturation at
94°C for 5 min, followed by 30 cycles of denaturation at 94°C for 30 sec, annealing at 56°C
for 30 sec, extension at 72°C for 30 sec, and a final extension at 72°C for 5 min. PCR products
were subjected to 2% agarose gel electrophoresis, alongside a 50 bp DNA marker (NEB,
MA), stained with ethidium bromide (EtBr) and viewed with the Molecular Imager Gel Doc
XR+ system (BioRad Laboratories, Inc., CA).

Analysis of Cytokine Transcripts by Real-Time RT-PCR
Tissue RNA was isolated from the inflamed and control brain region by TRIZOL reagent (Life
technology) at 72 hrs post ICI of LPS or PBS (48 hrs post cell IVI). Reverse transcription (RT)
was performed with iScript Reverse Transcription Supermix for RT-qPCR (Bio-Rad laborato-
ries), followed by quantitative real-time PCR with specific primer sets (Table 1) using iQ SYBR
Green Supermix (Bio-Rad laboratories) through an iQ5 optical system (Bio-Rad). Results were
analyzed for relative gene expression using the 2-delta-delta CT method.

Transient Disruption of the BBB by Chemical Agents
Twenty-four hours after LPS injection (5 μg, IC), female recipient mice were anesthetized with
Avertin (125 mg/kg, IP), and different transient BBB disrupting (BBBD) agents were adminis-
tered prior to IVI of 5×106 monocytes (see below). Dosages and injection time points of the
BBB disrupting agents were selected from previously published methods, with some modifica-
tions [22, 29–32]. Detailed descriptions for each BBB disrupting agent usage are as follows: 1)
D-Mannitol (Sigma, cat#M9546): 200 μL of 25% (w/v), IV, with IV delivery of donor cells 8
minutes later; 2) L(+)Arabinose (Calbiochem, cat#78680): 200 μL of 1.8M, IV, with IV delivery
of donor cells immediately thereafter; 3) Bradykinin (Sigma #B3259): 200μl of 1g/L, IV, with
IV delivery of donor cells 20 minutes later; 4) 5-Hydroxytryptamine creatinine sulfate mono-
hydrate (Serotonin creatinine sulfate) (MP Biomedicals, 151315): 200 μL of 1g/L, IV, with IV
delivery of donor cells immediately thereafter. 5) Cyclosporin A (Enzo Life Sciences, 380–002):

Table 1. Real-time RT-PCR primer sequences for cytokine transcription profile.

Gene name GeneBank Accession # Oligonucleotide sequences Reference

GAPDH NM_008084 forward: 5’–CTCCACTCACGGCAAATTCAA–3’ reverse: 5’–GATGACAAGCTTCCCATTCTCG–3’ [7]

TNFα NM_013693 forward: 5’–CCGTCAGCCGATTTGCTATCT–3’ reverse: 5’–ACGGCAGAGAGGAGGTTGACTT–3’ [7]

IL-1β NM_008361 forward: 5’–ACAACAAAAAAGCCTCGTGCTG–3’ reverse: 5’–CCATTGAGGTGGAGAGCTTTCA–3’ [7]

IFNγ NM_008337 forward: 5’-ACAGGTCCAGCGCCAAGCAT-3’ reverse: 5’-ACCCCGAATCAGCAGCGACT -3’ This study

TGFβ1 NM_011577 forward: 5’–AGGACCTGGGTTGGAAGTGG–3’ reverse: 5’–AGTTGGCATGGTAGCCCTTG–3’ [7]

IL-10 NM_010548 forward: 5’–AGGCGCTGTCATCGATTTCTC–3’ reverse: 5’–TGCTCCACTGCCTTGCTCTTA–3’ [7]

NOS2 NM_010927 forward: 5’–GGCAAACCCAAGGTCTACGTTC–3’ reverse: 5’–TACCTCATTGGCCAGCTGCTT–3’ [7]

IL-2 NM_008366 forward: 5’-GCATGCAGCTCGCATCCTGT-3’ reverse: 5’-TGCTGCTGTGCTTCCGCTGT-3’ This study

IL-4 NM_021283 forward: 5’–CACGGATGCGACAAAAATCA–3’ reverse: 5’–CTCGTTCAAAATGCCGATGA–3’ [7]

IL-12p35 NM_008351 forward: 5’–AAATGAAGCTCTGCATCCTGC–3’ reverse: 5’–TCACCCTGTTGATGGTCACG–3’ [7]

IL-12p40 NM_008352 forward: 5’-ACCAGGCAGCTCGCAGCAAA-3’ reverse: 5’-ACACATCCCACTCCCACGCT-3’ This study

BDNF NM_007540 forward: 5’–AGGCACTGGAACTCGCAATG–3’ reverse: 5’–AAGGGCCCGAACATACGATT–3’ [7]

GDNF NM_010275 forward: 5’–GGGTGCGTTTTAACTGCCAT–3’ reverse: 5’–GCCCAAACCCAAGTCAGTGA–3’ [7]

doi:10.1371/journal.pone.0154022.t001
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50 mg/kg, Subcutaneous (SQ), injected right after LPS ICI, followed by IV delivery of donor 24
hrs later. For the BBB disrupting agents administered by IV injection, monocytes were infused
into the alternative tail vein at indicated time points as described above. Animals that received
cells only (with no BBB disrupting reagents) at 24 hrs post ICI delivery of LPS were used as
controls (value set at 100%), and the relative amount of recruited donor cells from the test
groups was quantified and comparatively analyzed with the control groups using unpaired stu-
dent t-test, and one-way ANOVA among all test groups.

IHC and immunofluorescent Analyses
Twenty-four hours post ICI of 5 μL LPS (1 μg/μL) or sham (PBS), female C57BL/6 recipient
mice received IVI of 5×106 GFP-positive enriched monocytes from male donor C57BL/6-tg
(UBC-GFP) 30Scha/J mice. At days 2, 5, 7 and 14 post cell infusion, recipient mice were sacri-
ficed by intracardiac perfusion with PBS followed by 4% paraformaldehyde (PFA) in PBS.
Brain tissues were collected and post-fixed in 4% PFA overnight at 4°C prior to dehydration in
gradient sucrose solutions. Brain tissues were then embedded in OCT compound and frozen in
2-methylbutane cooled on dry ice. Serial coronal brain sections of 25-μmwere prepared from
sample tissue ±1.0 mm of the injection point. Donor-derived GFP-positive cells were detected
with goat anti-GFP antibody (1:200, Rockland #600-101-215). Polyclonal antibody to ionized
calcium-binding adaptor molecule 1 (Iba-1, 1:400, Wako Pure Chemical Industries, Ltd. Japan.
Stock#01919741) was used to identify mice brain microglial cells. Astrocytes were detected
with Rabbit polyclonal Abs against glial fibrillary acidic protein (GFAP, 1:1,000, DaKo Cyto-
mation #Z0334). Secondary antibody conjugated with Rhodamine was used for fluorescent
imaging (Goat anti-Rabbit IgG with Rhodamine conjugate, 1:200, Jackson Immuno Research;
Donkey anti-Goat IgG with Rhodamine conjugate, 1:200, Rockland #605-700-002). For IHC
detection of GFP expressing cells, Donkey anti-Goat IgG with Biotin conjugate was used
(1:200, Rockland). In addition to IHC, the presence of SHP30 within the cytoplasm of recruited
donor cells in the brain was detected by Prussian blue staining, and counter stained with
Nuclear Fast Red solution (Sigma). All microscope images were viewed with a Nikon eclipse
TE2000-U epi-fluorescence microscope (with 4x, 10x, and 20x objective lenses, total magnifica-
tions of 40x, 100x, and 200x, respectively), which was equipped with a CoolSNAP ES2 CCD
camera (for fluorescent image acquisition), and with a QIClick™ CCD Camera (for bright-field
color image acquisition). All microscope image were captured at room temperature (25°C)
using NIS-elements BR2.30 software, images were further processed with Adobe Photoshop
CS3 (version 10.0.1) and Image J (1.48V).

Statistic Analysis
For all experiments, final data presented were obtained from 3 to 6 animal for each test group,
and were represented as mean values ± SD. Analysis of variance (ANOVA) was used to analyze
studies with three or more experimental groups. Unpaired t test was used to analyze studies
between two experimental groups. Pearson correlation coefficient was used to calculate correla-
tion (R) and coefficient (R2). Results with p-value< 0.05 were considered significant.

Results

Migration Efficiency of IV Adoptive Transferred Monocytes and cMDM to
Acutely Inflamed Brain Tissues
In all tests, male mice were used as cell donors, and female mice as recipients. This sex-mis-
matched system allowed tracking and quantifying of recruited donor cells in the brain by
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detecting the amount of y-chromosome DNA [27]. Our initial experiments demonstrated that
the amount of accumulated donor cells in the inflamed brain region was the highest when cells
were introduced to recipient animals at 24 hrs following LPS ICI, and when brain tissues were
collected at 48 hrs post cell IV infusion (S1 Fig). These test conditions were used in all experi-
ments of this study unless otherwise indicated.

Both freshly isolated monocytes and cMDM have been tested in adoptive transfer studies to
reach target tissues with various degree of success [3, 5–7, 22, 33, 34]. To determine the more
suitable cellular sources as delivery vehicles for the brain, MDM were cultivated in vitro in the
presence of M-CSF for 0 to 28 days prior to their IV infusion. As the results, freshly isolated
cells (BMC) showed the highest migratory efficiency, even though only ~10% of the total cell
population was monocytes in origin (Fig 1A and 1B) [35]. The cell transmigration efficiency
decreased with the cultivation time—the efficiency dropped almost by half when 2-day’s cul-
tures were used, and continued to drop until a plateau was reached with cells cultured for 9
days and thereafter (Fig 1A).

To explain the decreased brain homing efficiency in vivo, cMDM population was analyzed
for cell types at corresponding cultivation time points. The frequency of macrophages
(CD11b+ F4/80high Ly6Cneg CCR2neg) and monocytes (including Ly6Chi monocytes as CD11b+

F4/80med Ly6Chigh CCR2+, and Ly6Clo monocytes as CD11b+ F4/80low Ly6Clow CCR2low to neg)
was measured with flow cytometry (Fig 1B). Freshly isolated BMC was composed of 10%
monocytes and less than 0.4% macrophages (Fig 1C). During in vitro cultivation, macrophage
numbers increased quickly at day 5, and maintained at a consistent 80% of the total cell popu-
lation (including all cells present in culture flask), or at> 90% among the CD11b+ cell popula-
tion, from day 9 and thereafter. Conversely, total number of monocytes only showed a brief
increase that peaked at day 2, followed by rapid decrease and fell below 0.5% by day 12 and
thereafter.

Nevertheless, even with the presence of a much higher percentage of total monocytes, in
vivo transmigration of day 2- and day 5- cMDM into the brain was not as efficient as the freshly
isolated BMC (d0) (Fig 1A). Further analysis revealed that majority of the monocyte popula-
tion at these later time points was composed of Ly6Clo monocytes (Ly6Clow CCR2low to neg);
whereas the portion of Ly6Chi monocytes (Ly6Chigh CCR2+) decreased over time (Fig 1D). Pre-
vious studies have reported that Ly6Chigh, but not Ly6Clow monocyte, are actively recruited to
inflammatory sites [34, 36, 37], and Ly6Chi monocytes are known to appear in circulation in
large quantities during both acute and chronic inflammation [38]. Hence, this subtype of the
donor cells was likely to be the primary ones entering the acutely inflamed brain following IV
administration. Thus, the rapid decline of this cell population during in vitro cultivation would
explain why the efficiency of cell transmigration into the inflamed brain tissue declines with
prolonged culture time.

A previous study has demonstrated that infiltrating neutrophiles quickly appeared in the
inflamed brain regions but died within 18 hours following LPS IC inoculation, and monocytes
were the major infiltrating CD11b+ cells detected in the brain after 24 hours [39]. Nevertheless,
in this study, the recruited donor-derived cells in the brain might come from cell types other
than monocytes and macrophages, since freshly isolated BMC contains mixed cell populations,
and cMDM was only partially purified by in vitro cultivation with the use of M-CSF. To ensure
the cell purity in subsequent studies, monocytes were further enriched from the freshly isolated
BMC using a negative selection method. Results from flow analysis have confirmed that over
91% of EnMO (SSClow) were positive for CD11b, and over 90% were positive for the mono-
cyte-macrophage lineage marker, CD115 (Fig 1E). In addition, over 99% of CD11b+ cells were
found to be F4/80med-low, and over 93% of the CD11b+F4/80med-low population were CD115+

(Fig 1D). Furthermore, animals received five million of EnMo showed a significant increase in
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Fig 1. Migration efficiency of IV transferred monocytes and cMDM to acutely inflamed brain tissue is linked to monocyte-to-macrophage
differentiation. (A) MDM cultured from day 0 to day 28 were introduced IV (5×106 cells) into recipient mice bearing LPS-induced acute neuroinflammaiton,
and cMDM in vivo brain homing efficiency deceased as the in vitro cultivation time went up. Female gDNA = female mouse brain tissue genomic DNA
(negative control). No cell IV = LPS injected control animal that received no cell IV transplant. Final data presented here represents mean values ± SD. Data
was analyzed by one-way ANOVA, with resulting p-value <0.05. (B–D) Flow cytometry analysis on cMDM cell populations at different time points post in vitro
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numbers of transmigrated cells in the brain: a 9.4-fold, 15.6-fold and 43-fold increase was
observed as compared to animals that received the same amount of d2-, d5- and d12- cMDM
(Fig 1F). Confirmed with its superior inflamed-brain homing efficiency, freshly isolated mono-
cyte was deemed to be the better candidate as cellular vehicles for the brain, and was used in all
subsequent tests.

IV Adoptive Transferred Monocyte Ingression in the Inflamed Brain Did
Not Aggravate Neuroinflammation
Histological results revealed that distributions of recruited monocytes in the brain altered at
different time points following the induction of neuroinflammation. At 2 days post cell IV infu-
sion, a large amount of recruited GFP-positive cells were detected in the injected hemisphere,
in a broad and widely-distributed fashion (Fig 2A). There were also some GFP-positive cells
detected in the contralateral (un-injected) hemisphere, mostly within the motor cortex at

cultivation. (B) Example of phenotype identification of cMDM using D5 cMDM. The green cluster reflects macrophage phenotype (CD11b+ F4/80hi Ly6Clow to

neg), blue cluster reflects Ly6clow monocytes (CD11b+ F4/80low to med Ly6Clow to neg), and yellow cluster reflects Ly6Chi monocytes (CD11b+ F4/80low to med

Ly6Chigh). (C) The ratio of macrophages (CD11b+ F4/80high Ly6Cneg) and total monocytes (CD11b+ F4/80low to med Ly6Clow to high), and (C) the ratio of Ly6Chi

monocytes (CD11b+ F4/80med Ly6Chigh CCR2+) and Ly6Clo monocytes (CD11b+ F4/80low Ly6Clow CCR2low to neg) in culture were evaluated. (E) Phenotyping
of freshly isolated EnMO by flow cytometry analysis. Expression level of CD115, CD11b, F4/80, and Ly6c were measured to determine the purity of the
enriched cells. (F) Freshly isolated EnMO showed superior brain homing efficiency over cMDM. 5x106 of EnMO (D0 EnMO), or MDM cultured for 2-, 5-, or 12-
days (D2 cMDM, D5 cMDM, D12 cMDM, respectively) were infused IV to animals with acute neuroinlfammation, and the number of donor cells present in the
LPS-injected brain hemisphere was quantified at 48 hour following cell IVI. Final data presented here represents mean values ± SD. Data was analyzed by
one-way ANOVA, with resulting p-value all < 0.05.

doi:10.1371/journal.pone.0154022.g001

Fig 2. IV transferredmonocytes ingression in brain. (A-C) Representative sections show the distribution
of GFP positive donor-derived monocytes in the LPS injected brain at day 2(A), day 5(B), and day 7(C) post
monocytes IV transfer. The area between the two white dash lines indicated the physical needle insertion
site. For panel A-C, bar represent 200 μm, original magnification ×40. (D) Number of donor cells detected in
the LPS injected hemisphere (ipsi hemi = ipsilateral hemi) and in the other hemisphere (contral
hemi = contralateral) decreased over time post monocyte IV transfer.

doi:10.1371/journal.pone.0154022.g002
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regions close to the injected hemisphere (data not shown). This distribution pattern strongly
suggested that recruited monocytes were attracted to the CNS sites with inflammatory
responses in a controlled fashioned, and weren’t just passively leaked in from the physical
trauma on the BBB created by the microinjection needle, as the CNS responses would be con-
fined to only the needle injection tract in such case [40]. By day 5, most GFP-positive cells
appeared to be in close association to the needle insertion site (physical trauma site) (Fig 2B).
By day 7, majority of the transmigrated cells were found along the needle tract (at a lower
amount as compared to day 5), and within the corpus callosum of the LPS-injected hemisphere
(Fig 2C). Quantification results showed that recruited donor cells in brain decreased over time
as the animals recovered from LPS-induced acute neuroinflammation (Fig 2D).

The amount of monocytes recruited to the damaged CNS tissues is tightly correlated to the
degree of inflammation [14, 40]. Nevertheless, infiltrating monocytes has been related to sev-
eral CNS disease progressions, including multiple sclerosis and HIV-associated neurocognitive
disorders [14, 16]. Whether or not the presence of additional monocytes introduced by adop-
tive transfer to circulation would aggravate neuroinflammation was unclear. Therefore, quanti-
tative RT-PCR analysis was conducted at 72 hrs following ICI delivery of LPS (48 hrs post cell
IV infusion). As compared to control animals that received ICI delivery of PBS, significant
increase of gene transcription was detected in the brains of animals received LPS, including
tumor necrosis factor alpha (TNF-α), interleukin 1 beta (IL-1β), transforming growth factor
beta (TGFβ), interleukin 10 (IL-10), nitric oxide synthase 2 (NOS2), and interleukin 12 subunit
beta (IL-12p40) (Fig 3). However, no significant difference in cytokine gene transcription was
observed between animals that received no cells and those received exogenous monocytes IV
transfers at 24 hrs post ICI delivery of LPS (Fig 3), suggesting the transient presence of addi-
tional IV-transferred monocytes in circulation did not subsequently aggravate LPS-induced
neuroinflammation.

Enhancement of Monocyte Entry into Inflamed Brain Tissue
One limitation of conducting cell adoptive transfer without preconditioning by lethal irradia-
tion is that upon their entry into the circulation, these cells are diluted with endogenous cells;
and as stated above, the amount of immune cells recruited to the target sites is fixed by the
degree of inflammation. Therefore, we hypothesized that by rising exogenous to endogenous
monocyte ratio, more transferred monocytes might be able to reach the affected brain regions.
To test this, different numbers of monocytes ranged from 1×104 to 5×106 were infused into
recipient mice that had received a fixed dose of LPS ICI (5μg) 24 hrs earlier. As the result, the
number of donor-derived cells reaching the inflamed brain region was found to be positively
correlated with the initial number of cells injected IV (R = 0.9922, R2 = 0.9845; Pearson Corre-
lation Coefficient) (Fig 4A). Hence by increasing the number of initial IV transferred cells, it is
possible to bring up vehicle concentrations at the target site for more effective treatments.

The permeability of the BBB can be transiently increased through the use of chemical agents
to disrupt the barrier [22, 29–32]. Our previous study demonstrated enhanced entry of blood
circulating monocytes (infused via common carotid artery, CCA) into the brain in steady phys-
iological state, following transient disruption of the BBB using Mannitol and Bradykinin [22],
suggesting the possibility of increasing brain entry of the cell vehicles by transiently modulating
BBB permeability. To further optimize BBBD agent-facilitated enhancement of IV-infused cell
vehicles entry into the CNS under inflammatory conditions, Bradykinin, Mannitol, and several
other BBBD agents that could temporarily increase the permeability of the BBB via different
mechanisms were tested and compared. As shown in Fig 4B, Mannitol, Bradykinin and Seroto-
nin all showed statistically significant enhancement in the amount of recruited donor cells in
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the inflamed brain region at 48 hrs following cell IV infusion (p<0.05). Interestingly, the two
calcium-channel modulating agents, Bradykinin and Serotonin, showed the highest enhance-
ment in facilitating monocytes transmigration into the inflamed brains (176% ± 51% and
168% ± 59%), followed by the osmotic agent Mannitol (134% ± 29%) (Fig 4B).

Recruited Monocyte Differentiated into IBA-1 Positive Cells with
Microglia Morphology in the Brain
Histological analysis revealed that at 48 hours post cell infusion, GFP-positive cells recruited to
the inflamed brain had a relatively homogeneous morphology, with majority of them being
round (Fig 5A), and a few just slightly branched (Fig 5B). By day 5, most of donor-derived cells
around the needle tract had a large and round appearance (Fig 5C), whereas cells in the cortex
region started to show a more elongated and branched morphology (Fig 5D). By day 7, large
and round cells were still detected around the needle tract (Fig 5E), and a small number of
highly branched donor cells were also detected, mostly in the cortex regions (Fig 5F). Immuno-
fluorescent analysis further revealed that a small portion of the donor cells had become Iba-1
positive by day 5 and day 7 post cell injection (Fig 6A and 6B), with all of them showing

Fig 3. Expression analysis of selected cytokine genes in inflamed brain region. Transcription of TNFα, IL-1β, TGFβ, IL-10, IL-12p40 and NOS2 were
significantly different in group PBSic compared to group LPSic and group LPSic+Monocytes iv (p-value < 0.05), but no difference was observed between
group LPSic and group LPSic+Monocyte iv, indicating the presence of additional IV infused monocytes in circulation did not aggravate neuroinflammation.
PBSic = sham control in which animals received PBS ICI. LPSic = inflammation control in which animals received LPS ICI. LPSic + Monocyte iv = animals
received LPS ICI 24 hours prior to monocytes IV transfer. Cytokine gene transcription levels were measured at 72 hours post ICI. * = p-value < 0.05,
unpaired t test. Final data presented here represents mean values +/- SD.

doi:10.1371/journal.pone.0154022.g003
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Fig 4. Enhancedmonocytes entry into the inflamed brain. The amount of IV infused monocytes recruited to the inflamed brain regions could be
enhanced by (A) increasing IV transferred monocyte amounts, and (B) transiently disrupting BBB by chemical agents. (A) The number of recruited donor-
derived monocytes in the brain was positively correlated to the number of IV infused cells, as analyzed by Pearson correlation coefficient, with R = 0.9932,
and R2 = 0.9864. No Cell IVI control = Control animal that received LPS ICI but no monocyte IV. (B) Mannitol, Bradykinin, and Serotonin enhanced entry of IV
transferred monocytes into LPS-inflamed brain tissue by 134%± 29%, 176%± 51%, and 168± 59% compared to the group that received no BBBD reagents
(LPSctl, p value < 0.05, unpaired t test). Two additional control groups were included: LPS no cell i.v. = mice that received LPS ICI but no cells, and
PBSctl = mice that received PBS ICI, followed by monocyte IV transfer. Data was analyzed by unpaired t test (to LPS no cell i.v. control) and one-way
ANOVA (among all test groups), with resulting p-value <0.05 (*) deemed as significant. No difference was found in groups treated with Arabinose and
Cyclosporin A (p value > 0.05, unpaired t test). Final data presented here represents mean values ± SD.

doi:10.1371/journal.pone.0154022.g004

Fig 5. Recruited monocytesmatured into cells with two distinguish morphologies in the brain. Two
types of GFP positive donor-derived monocytes with very distinct morphologies were identified in the
inflamed brain at day 2 (A& B), day 5 (C& D), and day 7 (E& F) post monocytes IVI. Panels A, C, and E show
cells with big and round morphology that were often detected along the LPS injection tract, while panels B, D,
and F showmicroglia-like, highly branched cells that were usually found in the cortical regions, further away
from the needle tract. GFP positive cells were visualized by IHC staining with a GFP-specific primary
antibody and a biotin-conjugated secondary antibody; Bars represent 100 μm (A-F) and 25 μm (insets).
Original magnification ×100 for panel A-F.

doi:10.1371/journal.pone.0154022.g005
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branched morphology, and were detected mostly in the cortex region further away from the
microinjection site. Differentiation of recruited donor cells into GFAP positive astrocytes in
brain was not detected under the described conditions (S2 Fig). qPCR results indicated the
presence of a low amount of recruited donor cells in the LPS injected hemisphere at day 14 (Fig
2D), whereas no donor cell was detectable in the peripheral tissues including liver, lungs and
spleen (data not show), suggesting that a small population of recruited donor cells were able to
last in the brain after animals were recovered from acute neuroinflammation.

Monocyte-Mediated Delivery of Nanoparticle SHP30 and Exogenous
GFP Gene into the Inflamed Brain Tissues
Finally, we set out to determine the ability of “cargo” carriage monocytes to enter the brain.
Two types of “cargos” were tested in this part of the study: SHP30 and GFP gene. SHP30 is a
SPIO nanoparticle (SPION) that is 30nm in diameter. It was used to test the ability of mono-
cytes to carry and transport nano-scaled agents (e.g. nano-formulated medicines or drug carri-
ers) into the brain. On the other hand, GFP reporter gene was transferred into monocyte by an
HIV-1-based vector D101, which allows gene integration into cell chromosome for permanent
expression.

Fig 6. Recruited monocytes differentiated into IBA-1 positive cells with microglia morphology in the brain.GFP positive donor-derived cells (green)
with a highly branched, microglia-like morphology located throughout the cortical region were Iba-1 positive (red) by day 5 (A) and day 7 (B) following IV
adoptive transfer of monocytes. Bar represent 25 μm for all panel. Original magnification ×200 for panel A-F.

doi:10.1371/journal.pone.0154022.g006
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Overnight incubation of monocytes in SHP30 containing media resulted in 100% particle
uptake efficiency, as determined by the presence of the particle accumulates (brown granules)
(Fig 7A), and by Prussian blue positive pigments present in cell cytoplasm following Prussian
blue staining (Fig 7B). LV-mediated GFP gene transfer, on the other hand, resulted in 36% of
GFP-expressing monocytes (GFP-positive), as evaluated by fluorescent microscopy at 7 days
post transduction (Fig 7C). After overnight SHP30 uptake, up to 96% SHP30-monocytes
remained viable, as determined by Trypan blue exclusion assay (Fig 7D). Conversely, the 90
minutes LV transduction procedure resulted in nearly 30% cell death, with only 70% of trans-
duced monocytes remained viable (Fig 7D). Immediately following the described ex vivomodi-
fications, these male-donor derived monocytes were injected IV to female recipient animals
bearing acute neuroinflammation induced by LPS IC the day before cell transfer. 48 hours fol-
lowing cell IV transfer, around 400 donor cells/mg brain for SHP30-monocytes, and 200 cells/
mg brain for D101 LV transduced monocytes were detected in the inflamed brain tissues (Fig
7E), as determined by real-time qPCR measuring the amount of male-derived cells in the
brain. In addition, cytoplasmic SHP30 carriage remained detectable in donor-derived mono-
cytes following trafficking into the brain, as confirmed by IHC and Prussian blue staining (Fig
7F). Furthermore, the presence of the exogenous GFP gene in the inflamed brain region was
confirmed by PCR at days 2 and 5 following IV infusion of the transduced cells (Fig 7G).

Discussion
This study was designed to fully characterize the IV adoptive transferred monocytes for their
migration into the brain using an acute neuroinflammation mouse model, and thus to establish
the optimized conditions to facilitate the cell-based therapeutic delivery system for the CNS.
We investigated infused monocytes and MDM for their inflamed-brain homing efficiency, and
established conditions that could enhance monocyte brain entry, followed by evaluating the
transmigrated donor cell engraftment and differentiation in the brain, and finally, validated the
ability of nano-scaled agents- and exogenous genes-carriage monocytes to enter the brain by
testing with SHP30 and the GFP reporter gene.

To begin with, cells within the mononuclear phagocyte (MP) family vary largely in their
degree of maturation and cellular functions, thus it is important to first identify the cell types
that are more suitable as delivery vehicles, which should have the ability to accumulate in the
brain target sites with high efficiency following adoptive transfer. Bone marrow is a preferred
source of monocytes and MDM for many studies in mice, since it allows generating large quan-
tities of mouse MDM through in vitro cultivation [3, 5, 7, 35]. However, it is not clear how the
duration of in vitro cultivation affects MDMmigratory efficiency in vivo. MDM have been
reported to successfully deliver anti-viral drugs and therapeutic gene products into diseased
CNS tissue after 10–14 days of in vitro cultivation in the presence of granulocyte macrophage
colony stimulating factor (GM-CSF) or M-CSF [5, 7]. Freshly isolated bone marrow CD11b
+ cells have also been used to deliver therapeutic gene products for Alzheimer’s disease in a
mouse model [6]. A previous study of IV transferred monocytes in irradiated recipient animals
concluded that the relative mature ex vivomanipulated monocytes migrated and engrafted
with better efficiency in tissues [33]; whereas Xu et al reported that only freshly isolated CD11b
+ monocytic cells could circulate freely and traffic efficiently to the inflamed retina, but not
MDM cultured in vitro for 6 days [34]. Nevertheless, few studies have provided a clear, quanti-
tative comparison of the transmigratory efficiency of these transferred cells into the inflamed
brain. Therefore, this study was first conducted to determine the relationship between the
duration of in vitro cultivation and the in vivo trafficking efficiency of cMDM to inflamed CNS
tissue in recipient mice. Our results indicated that freshly isolated monocytes and cMDM with
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Fig 7. Monocyte-mediated delivery of SHP30 and GFP gene to the brain. (A&B) Overnight incubation of
SHP30 with monocytes resulted in 100% SHP30 uptake efficiency, as observed by (A) the presence of brown
SHP30 accumulates under the light microscopic fields, and by (B) the presence of Prussian blue pigments at
monocytes cytoplasm following Prussian blue staining. (C) D101 LV-mediated GFP gene transfer resulted in
around 36% transduction efficiency. (D) Viability of ex vivomodified monocytes following overnight incubation
with 25 μg/mL SHP30 (SHP30-monocyte), and 90-minute transduction with D101 LV (GFP-monocyte). (E)
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shorter cultivation times migrated into the inflamed brain with much higher efficiency com-
pared to cells that had undergone prolonged cultivation in the presence of M-CSF. These find-
ings suggested that the relatively immature MP population were more suitable to be used as
cell vehicles targeting the brain through the non-invasive IV administration.

Infiltrating monocytes have been reported to play critical roles in several CNS disease pro-
gression involving inflammation and tissue damages [14, 16]. Therefore, safety evaluation on
conducting monocyte-based therapy is essential. After adoptive transfer, IV infused cells
entered the circulation and mix with endogenous monocytes. Under normal physiological con-
dition, there is about one million monocytes in mice peripheral blood, and the number
increases during inflammation and pathological conditions [41]. When exogenous monocytes
were introduced, there were considerably more monocytes in circulation for a transient period.
Quantitative assessment of the mRNA expression level of several pro- and anti-inflammatory
cytokine in brain revealed that this transient increase of monocytes in circulation did not
aggravate the degree of neuroinflammation.

One important aspect when developing a successful cell-based delivery system is to establish
conditions that can increase the number of cell vehicles present at the target sites. Unlike BMT
procedure in which the endogenous immune cells and their precursors are largely destroyed by
lethal irradiation, monocytes introduced by IV adoptive transfer were diluted with the endoge-
nous cell pool upon entering circulation. As reported, the number for recruited cells into the
brain was tightly controlled by the degree of neuroinflammation [14, 40], therefore, we
increased the amount of IV transferred monocytes to bring up the exogenous to endogenous
cell ratio, and confirmed that by increasing the number of IV infused cells, more donor cells
were recruited to the inflamed brain region. In addition, we have further established the condi-
tions in this study to transiently disrupt the BBB using chemical agents Mannitol, Bradykinin,
and Serotonin to increase transmigration of donor cells into inflamed brain tissue (1.3–1.8 fold
increase on average, p< 0.05, unpaired student t-test). The underlying mechanisms of this
BBBD reagent-facilitated enhancement is presently not clear, and additional tests as well as fur-
ther condition optimizations are necessary in the future. Nevertheless, this data supported the
notion to increase IV-infused cell vehicle concentration at target brain tissues by increasing ini-
tial amount of transferred cells, as well as transiently disrupting the BBB using chemical agents.

Recent parabiosis-studies suggested that blood circulating monocytes were not able to dif-
ferentiate into brain resident microglia, as demonstrated in both the mouse facial axotomy and
experimental autoimmune encephalitis models [12, 14]. However, another study applying LPS
IC injection into the brain reported local microglia death within 6 hours around the injection
site, followed by replenish of regional IBA-1 positive cells derived from infiltrating monocytes
[39]. Based on our observation. IBA-1 positive donor-derived cells started to appear at day 2
following cell IV infusion, and more IBA-1 positive cells with microglia-like morphology were
detected at later time points, with majority of them located at the cortex region. To which
extent can these IBA-1 positive cells last beyond the test period (14 day) requires further inves-
tigations. Nevertheless, the ability of IV transferred monocytes to enter the brain and differen-
tiate into functional CNS tissue cells was indeed validated in this study.

SHP30-laden monocytes (SHP30-monocyte) or monocytes underwent D101 LV transduction (GFP-
monocyte) were detected in the inflamed brain regions at 48 hours following cell IV infusion. (F) The presence
of SHP30 (Dark blue, Prussian blue positive) was detected in the cytoplasm of the recruited donor-derived
cells (Brown, GFP positive) in the brain. The arrow showed the presence of SHP30. (G) The presence of the
exogenous GFP gene was detected in the inflamed brain by PCR at day 2 and day 5 following cell IV transfer.
For Panel A &B, bar represents 50 μm, at original maginications x200. For panel C, bar represents 200 μm, at
original magnification ×200. For panel F, bar represents 25 μm, at original magnification x400.

doi:10.1371/journal.pone.0154022.g007
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Finally, the ability of monocytes to carry “cargos” into the brain was tested. SHP30 and GFP
gene were selected as representative nano-scaled agent and exogenous gene, respectively. The
numbers of the cargo-laden monocytes detected in the brains were in fact lower than mono-
cytes without ex vivomodification. This decreased in homing efficiency was somewhat
expected. The “loading” system we applied required overnight incubation of monocyte culture
with the nanoparticles SHP30, and LV-mediated gene transfer involved a 90-minute transduc-
tion procedure using centrifugation. As observed in the study, elongated in vitro cultivation
time has an adverse effect on the homing efficiency of cMDM, hence the overnight incubation
with SHP30 was expected to decrease the brain migration level of the carrier monocytes. On
the other hand, LV-mediated gene transfer using the spin-infection method involving centrifu-
gation have caused certain degree of physical damages to the cells, which subsequently
decreased carrier cells’ in vivo brain-migration efficiency. It should be noticed that we have
confirmed the presence of SHP30-carriage monocytes in the brain by using histological
method. However, it has been very challenging when the same approach was applied to validate
the physical presence of GFP gene-carriage monocytes in the brain. As observed in vitro, the
GFP signal expressed by carrier monocytes at 48 hours post transduction were very weak.
Together with only 36% transduction efficiency and the fact of limited number of transduced-
cells to enter the brain, detection of GFP-monocytes by IHC method was difficult. Neverthe-
less, current finding from PCR analysis has clearly demonstrated the presence of the GFP gene
in the brain. These results together emphasized the importance of further method optimiza-
tions on the “loading” of therapeutic agents, especially therapeutic genes, into monocytes, and
warrant for more in-depth study to confirm the viability and biological functionality of these
recruited carrier cells in target tissues in the future.

In total, we have established an optimized monocyte-based delivery system, and validated
the ability of IV adoptively transferred SHP30-carriage monocytes to enter the brain. The find-
ings from this study support the notion of using monocyte-based delivery system as an alterna-
tive therapeutic approach towards neurological disorders, and argue for more in-depth tests
and developments of such systems in the future.

Supporting Information
S1 Fig. Condition optimization for exogenous MDM delivery into acutely inflamed brain
tissue. (A) The number of donor-derived MDM detected in the inflamed brain region at 24
hours following cell IV injection. Cells were introduced into the recipient animals at indicated
time points post LPS-induced acute neuroinflammation. (B) The persistence of the recruited
IV-infused donor cells in the inflamed brain of the recipient animals. Each experiment was
independently performed 3 times, with 1 animal/group/experiment. Final data presented mean
values ± SD. Results wer analyzed by one-way ANOVA, with resulting p-value<0.05.
(TIF)

S2 Fig. Distribution of IV infused monocytes and brain resident astrocytes in the inflamed
brain. Distribution of recruited IV-infused GFP positive donor monocytes (Green) and GFAP
positive brain resident astrocytes (Red). (A&B) Brain tissue was analyzed at day 5 (A) and day
7 (B) post monocyte IV transfer. Recruited donor-monocytes were found to be in close associa-
tion to the site in which astrocyte reactivity developed the most along the needle injection tract.
(C) No GFAP expression was observed on the recruited IV-infused monocytes, indicating that
recruited donor-monocytes do not differentiate into astrocytes after entering the inflamed
brain. For panel A and B, scale bar = 100 μm, original magnification x100. For panel C, scale
bar = 50μm, original magnification x200.
(TIF)
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S1 Text. Condition optimization for exogenous MDM delivery into acutely inflamed brain
tissues. Initial experiments were conducted with MDM cultured for 5 days with M-CSF; this is
reflective of prior works suggesting that the ratio of monocytes to mature macrophage reached
its’ highest at that time point [35]. Five million D5-cMDM from male donor C57BL6 mice
were injected IV at 6, 18, 24, 48 and 72h, as well as 5 and 7 days after IC injection of LPS into
female recipient C57BL6 mice. Brain tissues were first collected at 24 hours after cell injection.
Quantification analysis was performed with real-time qPCR to determine the amount of male
donor-derived cell genomic DNA (gDNA) in each test group. The amount of gDNA within the
brain peaked when cells were introduced at 24 hours following LPS treatment (S1A Fig). We
then examined the persistence of the donor-derived MDM after the cells entered the inflamed
brain. Brain tissues were collected at 1, 2, 3 and 7 days following MDM transfers into LPS ICI
treated mice. The number of recruited donor-derived cells peaked at 48h and decreased after-
wards (S1B Fig).
(DOCX)
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Abstract

Concerns regarding vaccine safety have emerged following reports of potential adverse

events in both humans and animals. In the present study, alum, alum-containing vaccine

and alum adjuvant tagged with fluorescent nanodiamonds were used to evaluate i) the

persistence time at the injection site, ii) the translocation of alum from the injection site to

lymphoid organs, and iii) the behavior of adult CD1 mice following intramuscular injection

of alum (400 µg Al/kg). Results showed for the first time a strikingly delayed systemic

translocation of adjuvant particles. Alum-induced granuloma remained for a very long time

in the injected muscle despite progressive shrinkage from day 45 to day 270. Concomitantly,

a markedly delayed translocation of alum to the draining lymph nodes, major at day 270

endpoint, was observed. Translocation to the spleen was similarly delayed (highest number

of particles at day 270). In contrast to C57BL/6J mice, no brain translocation of alum was

observed by day 270 in CD1 mice. Consistently neither increase of Al cerebral content, nor

behavioral changes were observed. On the basis of previous reports showing alum

neurotoxic effects in CD1 mice, an additional experiment was done, and showed early brain

translocation at day 45 of alum injected subcutaneously at 200 µg Al/kg. This study confirms

the striking biopersistence of alum. It points out an unexpectedly delayed diffusion of the

adjuvant in lymph nodes and spleen of CD1 mice, and suggests the importance of mouse

strain, route of administration, and doses, for future studies focusing on the potential toxic

effects of aluminum-based adjuvants.
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Aluminum (Al) is the third most abundant element in the Earth's crust and it is ubiquitously

present in our everyday life in a great variety of objects (cooking utensils, food packaging,

housing materials, pharmaceutical products, cosmetics, etc.). Al is found in all body fluids

(blood, cerebral spinal fluid, interstitial fluid of the brain, lymph, sweat, seminal fluids and

urine) [1]. Despite the widespread use of Al in our environment leading to this increase of

its bioavailability, Al has no known biological role [2].

Furthermore, it is widely accepted that Al and Al compounds are neurotoxic for animals and

humans [3], [4]. For instance, Al exposure has been implicated in the pathology of several

neurodegenerative diseases associated with cognitive impairments, as Alzheimer's disease

[5], [6], [7]. The molecular mechanisms by which it causes neuronal damage are not fully

understood [8], but it is generally accepted that the nervous system is particularly sensitive

to oxidant-mediated damage [9], and that the neurotoxicity of Al is caused by its ability to

increase oxidative damage in the brain [10].

Finally, the bioavailability of Al, its ability to cross the blood–brain barrier, and the relatively

slow rate of elimination from the brain contribute to progressive accumulation of Al into the

brain [11], [12], [13], and enhance neurotoxicological risk [14].

Many severe infectious diseases can be prevented by vaccine and some of them have been

eradicated. Furthermore novel vaccine strategies are now being developed as promising

therapies to overcome diseases such as cancer. However, though vaccines are commonly and

safely used, and are generally well tolerated by most people, they occasionally cause adverse

effects, such as ill-defined conditions usually manifesting as symptoms such as myalgia,

arthralgia, chronic fatigue and development of autoantibodies [15]. No consensus exists so

far on a cause-to-effect relationship, but vaccine adjuvants have been suspected to be

associated with several inflammatory/neurodegenerative or autoimmune conditions

impacting the central nervous system such as multiple sclerosis [16], amyotrophic lateral

sclerosis [17] and autism [6]. A new syndrome has thus been identified by Shoenfeld in 2011,

the autoimmune/auto-inflammatory syndrome induced by adjuvants (ASIA) [18].

Several papers from the literature suggest that vaccines containing aluminum adjuvants

may be insidiously unsafe over the long-term. This is in line with the role of environmental

aluminum that is continuously suspected to represent a possible co-factor of several chronic

diseases [19], [20], [21], [1].

Among unusual reactions to aluminum hydroxide (alum) containing vaccines, macrophagic

myofasciitis (MMF) is an inflammatory lesion described in 1998 [22], and recognized as a
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“distinctive histopathological entity that may be caused by intramuscular injection of Al-

containing vaccines” [23].

MMF affects mainly women (> 70% of total known cases), and is characterized by highly

specific myopathological alterations observed in patients suffering from a combination of

diffuse myalgias, arthralgia, chronic fatigue and cognitive impairment such as alterations

affecting working memory and attention [22], [24], [25], [26], [27].

Alum-adjuvanted vaccines are usually administered in France through intramuscular

injection into the deltoid muscle in adults [28]. In MMF patients deltoid muscle biopsies

showed crystalline cytoplasmic inclusions in macrophages corresponding to alum

agglomerates of vaccine origin [29]. The constant detection of these agglomerates in MMF

assesses the unusually long persistence time of alum in affected individuals [30].

Both Al oxyhydroxide and Al hydroxyphosphate are used as vaccine adjuvants [31], [32].

Indeed, Al has been added to vaccines since the early part of the twentieth century to

enhance the primary immunization [33]. The role of Al adjuvants was believed to prolong

the retention of adsorbed antigens at the injection site, thus reducing the amount of antigen

needed per dose and the number of required doses [34], [35]. However, the “depot” theory

has been challenged by early ablation of the injected site [36] and mechanisms of alum

immunopotentiation only begin to be progressively understood [31].

Al containing vaccines are commonly used, such as vaccines against tetanus, hepatitis A,

hepatitis B, human papillomavirus, haemophilus influenzae B, pneumococcal and

meningococcal infections, and anthrax [37]. FDA regulations limit the Al content of an

individual vaccinal dose to 0.85 mg of elemental Al [38].

Previous results have shown that Al particles, as other poorly degradable particles, do not

stay localized in the injected muscle tissue, but can rather disseminate within phagocyte

cells to lymph nodes and distant sites including the spleen and brain [39]. A previous study

of our group looked at aluminum translocation after intramuscular injection of alum-

containing vaccine in C57BL/6J mice. Aluminum was detected in the injected muscle, but

also in distant organs such as the spleen, a few days after injection, and then in the brain

where it was still detected one year later. Using surrogate labeled particles containing

precipitated alum, a rapid phagocytosis of injected particles by muscle monocyte lineage

cells and their translocation via lymph and blood vessels were confirmed. Particles reached

the brain as soon as 3 weeks post-injection and were shown to accumulate albeit very

slowly and in small numbers [39]. Recently, we developed a new tool allowing tracing of

Al(OH)  particles in the tissues at very low levels and over the long-term [40]. This method3
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consists of tagging Al adjuvant itself (Alhydrogel®) with fluorescent nanodiamonds (fNDs)

functionalized with hyperbranched polyglycerol (HPG). The complex alum-nanodiamonds

(AluDia) had physico-chemical properties similar to HBV vaccine [40]. When injected in the

tibialis anterior (TA) muscle of C57BL/6J mice, it allowed the monitoring of lymphatic and

systemic biodistribution of AluDia particles and their presence in the brain tissue, 3 weeks

after the intramuscular injection.

The potential impact of aluminum adjuvant on the nervous system has been studied in

mouse models. Aluminum adjuvant, dosed at 100 µg Al/kg and subcutaneously injected in

CD1 mice, induced motor deficits and anxiety increases associated with motor neuron death

and astrogliosis [17]. Although no motoneuron death was observed when the dose was

increased 3-fold, Shaw and Petrik [41] observed a microglial and astrocytic reactivity in the

spinal cord of CD1 mice that present with an increase in anxiety, significant impairments in

a number of motor functions and diminished spatial memory capacity. A

neuroinflammatory syndrome has been described in sheep after the repetitive

administration of Al-containing vaccines [42]. Recently, impairment of neurocognitive

functions and brain gliosis was reported in a murine model of systemic lupus

erythematosus-like disease following intramuscular injection of Al hydroxide or vaccine

against the hepatitis B virus (HBV) (200 µg/mouse) [43].

Although progressive shrinkage of the local granuloma [44], [45] and rapid translocation of

alum from the injected site to draining lymph nodes (dLNs) and spleen have been

repeatedly demonstrated [39], [40], long-term biodisposition of alum particles trapped in

the local granuloma remains unexplored. To examine this point we designed a longitudinal

study in which alum, alum-containing vaccine and alum tagged with fluorescent

nanodiamonds were used in adult CD1 mice to evaluate i) the persistence time at the

injection site, ii) the long-term translocation of alum from the injection site to the lymphoid

organs, and iii) the behavior and motricity of animals following intramuscular injection of

alum.
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Dose of exposure

The dose of 400 µg Al/kg was chosen to model a plurivaccination with the HBV ENGERIX®

vaccine. Medical histories of MMF patients revealed that 100% (50/50 patients) of them

received 1–9 (median 4) doses of an Al-containing vaccine within 10 years prior to their

diagnosis [29]. A 60-kg woman injected with 1 dose of HBV ENGERIX® vaccine receives

500 µg of Al, i.e. 8.3 µg Al/kg of body weight. The allometric conversion from human to

mouse (FDA guidance 5541) gives a final amount of approximately 100 µg  …

Muscle granuloma size at the injection site

Serial sections of the injected muscle 45, 135, 180 and 270 days after Alhydrogel®

(400 µg Al/kg) or HBV vaccine (400 µg Al/kg) injection showed progressive shrinkage of

muscle granuloma (Table 1). At D45 all animals had granuloma with a majority of sections

showing a granuloma (93% for Alhydrogel®, 67% for HBV vaccine). At D270, in contrast to

previous time points, one animal was free of granuloma and a majority of overall muscle

sections showed no granuloma (65% for Alhydrogel®, 69% for HBV …

Discussion

This longitudinal study showed that alum (Alhydrogel® or HBV vaccine) injected into the

muscle constantly induces a granuloma similar to MMF that shrinks with time with marked

clearance of granulomatous lesions observed from D180 to D270. This is similar to what was

previously observed with the AluDia complex [40]. Granuloma shrinkage in the muscle was

associated with concurrent replenishment of inguinal dLNs (100 fold increase of AluDia

particles from D45 to D270). Similar translocation of …

Conclusion

We observed a strikingly delayed, previously unknown, systemic translocation of alum

particles injected into the muscle, with conspicuous alum accumulations in the lymphatic

system and spleen 9 months after injection. In addition to the crucial “t” factor, our results

strongly suggest the influence of the mouse strain, the dose and the route of administration

on alum biodisposition. All these parameters should be taken into account in the design of

future alum toxicological studies. …
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AluDia

complex alum-nanodiamonds …

ASIA

autoimmune/auto-inflammatory syndrome induced by adjuvants …

dLNs

draining lymph nodes …

FDA

Food and Drug Administration …

HBV

hepatitis B virus …

HPG

hyperbranched polyglycerol …

HPHT

High Pressure High Temperature …

im

intramuscular …

fNDs

fluorescent nanodiamonds …

MMF

macrophagic myofasciitis …

MCP-1/CCL2

monocyte chemoattractant protein 1/chemokine ligand 2 …

PBS

phosphate buffer saline …

TA

tibialis anterior …

THGA

spectrometer with a transversely heated graphite atomizer …
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Abstract

Aluminium (Al) oxyhydroxide (Alhydrogel ), the main adjuvant licensed for human and

animal vaccines, consists of primary nanoparticles that spontaneously agglomerate.

Concerns about its safety emerged following recognition of its unexpectedly long-lasting

biopersistence within immune cells in some individuals, and reports of chronic fatigue

syndrome, cognitive dysfunction, myalgia, dysautonomia and autoimmune/inflammatory

features temporally linked to multiple Al-containing vaccine administrations. Mouse

experiments have documented its capture and slow transportation by monocyte-lineage

cells from the injected muscle to lymphoid organs and eventually the brain. The present

study aimed at evaluating mouse brain function and Al concentration 180 days after

injection of various doses of Alhydrogel  (200, 400 and 800 µg Al/kg of body weight) in the

tibialis anterior muscle in adult female CD1 mice. Cognitive and motor performances were
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assessed by 8 validated tests, microglial activation by Iba-1 immunohistochemistry, and Al

level by graphite furnace atomic absorption spectroscopy.

An unusual neuro-toxicological pattern limited to a low dose of Alhydrogel  was observed.

Neurobehavioural changes, including decreased activity levels and altered anxiety-like

behaviour, were observed compared to controls in animals exposed to 200 µg Al/kg but not

at 400 and 800 µg Al/kg. Consistently, microglial number appeared increased in the ventral

forebrain of the 200 µg Al/kg group. Cerebral Al levels were selectively increased in animals

exposed to the lowest dose, while muscle granulomas had almost completely disappeared at

6 months in these animals.

We conclude that Alhydrogel  injected at low dose in mouse muscle may selectively induce

long-term Al cerebral accumulation and neurotoxic effects. To explain this unexpected

result, an avenue that could be explored in the future relates to the adjuvant size since the

injected suspensions corresponding to the lowest dose, but not to the highest doses,

exclusively contained small agglomerates in the bacteria-size range known to favour capture

and, presumably, transportation by monocyte-lineage cells. In any event, the view that

Alhydrogel  neurotoxicity obeys “the dose makes the poison” rule of classical chemical

toxicity appears overly simplistic.

Introduction

Many severe infectious diseases can be prevented and some of them have been eradicated

by vaccines. Commonly used vaccines are generally well tolerated and considered safe by

regulatory agencies. However, as other effective medical compounds, vaccines may

occasionally cause adverse effects. In particular, a condition manifesting by the combination

of myalgia, arthralgia, chronic fatigue, cognitive dysfunction, dysautonomia and

autoimmunity has been temporally linked to aluminium adjuvant-containing vaccine

administration, called Macrophagic Myofasciitis (MMF) (Gherardi and Authier, 2003,

Authier et al., 2003, Exley et al., 2009, Rosenblum et al., 2011, Santiago et al., 2014, Brinth et

al., 2015, Palmieri et al., 2016).

Although no consensus has been reached so far on a cause-to-effect relationship,

environmental aluminium has long been suspected to act as a co-factor of several chronic

neurological diseases (Van Rensburg et al., 2001, De Sole et al., 2013, Exley, 2013, Exley,

2014) and the idea has emerged that aluminium adjuvants may be insidiously unsafe over

the long-term in some predisposed individuals (reviewed in Tomljenovic and Shaw, 2011,

Gherardi et al., 2015). Among aluminium salts used in vaccines, crystalline Al hydroxide or
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oxyhydroxide (Alhydrogel ) is the more widely used and is found in vaccines against

tetanus, hepatitis A, hepatitis B, Haemophilus influenzae B, pneumococcal and

meningococcal infections, and anthrax (Gherardi et al., 2015). This adjuvant consists of

primary particles in the nano-sized range spontaneously forming micron-sized

agglomerates (Eidi et al., 2015).

Although aluminium salts have been added to vaccines since 1926 (Glenny et al., 1926),

exact mechanisms underlying their immuno-potentiating effects remain incompletely

understood (Exley et al., 2010). Previous studies from our laboratory have shown that alum

particles, as other poorly degradable particles, may not stay entirely localized in the injected

tissue in mice, but can disseminate within phagocytic cells to regional lymph nodes and

then to more distant sites and to the brain (Khan et al., 2013, Crépeaux et al., 2015, Eidi et al.,

2015). In contrast to a previous belief, alum is characterized by striking biopersistence

within immune cells in both the injected muscle, and the draining lymph nodes (dLNs) and

spleen, where it may be found in conspicuous quantities 9 months after injection (Crépeaux

et al., 2015). In humans, long term biopersistence of aluminium hydroxide within innate

immune cells causes a specific lesion at site of previous immunization, called MMF, that

may be detected up to >12 years after the last vaccine injection (Gherardi et al., 2001) in

patients with a clinical condition now designated as ASIA ‘Autoimmune/inflammatory

syndrome induced by adjuvants’ (Shoenfeld and Agmon-Levin, 2011).

The potential impact of aluminium adjuvant on the nervous system has been studied in

mouse models. Alhydrogel  adjuvant, dosed at 100 µg Al/kg and subcutaneously injected in

CD1 mice induced motor deficits and cognitive alterations associated with motor neuron

death and a significant increase (350%) of reactive astrocytes indicative of an inflammatory

process (Petrik et al., 2007). Although no motor neuron death was observed at the dose of

300 µg Al/kg, both microglial and astroglial reactions were observed in the spinal cord and

were associated with altered motor and cognitive functions in CD1 mice (Shaw and Petrik,

2009).

In the same way, a neuro-inflammatory/degenerative syndrome has been described in

sheep after repeated administrations of alum-containing vaccines (Luján et al., 2013), and

impairment of neurocognitive functions and brain gliosis were reported in a murine model

of systemic lupus erythematosus-like disease following intramuscular injection of Al

hydroxide or vaccine against the hepatitis B virus (Agmon-Levin et al., 2014).

Previous in vivo aluminium adjuvant neurotoxicological studies did not include dose-

response analyses. However, several reports studying neurotoxicity of soluble aluminium

compounds administered by the oral route (Al chloride, Al nitrate, Al ammonium sulfate) to
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rodents showed a non-linear biphasic response on acetyl-cholinesterase activity (Kumar,

1998), dopamine turnover (Tsunoda and Sharma, 1999), nitric oxide synthase expression

(Kim, 2003), and behavioural performances (Roig et al., 2006). Poorly understood biphasic

Al effects were also observed in vitro: cell cultures showing increased cell growth at low

concentrations and diminished cell growth at high concentrations (Exley and Birchall,

1992). Similar unusual observations were made in studies of hippocampal long-term

potentiation (Platt et al., 1995), and neuronal cell death in NSC-34 neuron-like cells (Eidi et

al., 2015).

The present dose-response study was designed to evaluate long-term aluminium hydroxide

neurotoxicity by assessing mouse behaviour, aluminium cerebral concentrations and

microglial changes in CD1 mice 180 days after intramuscular injections of Alhydrogel .

Strikingly, the lower dose selectively induced neurobehavioural changes, cerebral

aluminium level increases and microglial activation.

Section snippets

Alhydrogel  doses

Animals were injected with Alhydrogel  adjuvant (InvivoGen), the characteristics of which

have been previously determined in terms of size and positive zeta potential (Eidi et al.,

2015). Doses were calculated by reference to medical histories of MMF patients who

received a median of 4 doses of an Al-containing vaccine within the 10 years prior to their

diagnosis (Gherardi et al., 2001). A 60-kg woman (MMF affects mainly women) injected

with 1 dose of HBV ENGERIX  vaccine (GSK laboratories, …

Body weight

The initial body weight was 30 g. Animals were weighed once a week during the whole

procedure. No effects of treatment were observed on body weight (data not shown). …
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Open-field

In the open-field (Table 1), a one-way ANOVA showed a significant difference of the total

distance walked (p = 0.012), the distance in peripheral area (p = 0.002), and time spent in both

central (p = 0.013) and peripheral (p = 0.003) areas (Fig. 1a–d). Bonferroni’s post hoc analysis

showed that mice from the group Alhydrogel  200 µg Al/kg …

Discussion

In the present study, 8 widely used behavioural tests performed 180 days after im injections

of 200, 400, or 800 µg Al/kg in form of Alhydrogel , in adult female CD1 mice, showed

significant effects restricted to animals exposed to the lowest dose. Animals injected with

200 µg Al/kg showed decreased locomotor activity levels assessed by lower total distance

crossed in the open-field, as reported previously after subcutaneous injection of 100 and

300 µg Al/kg of Alhydrogel  (Petrik et al., 2007, …
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Slow CCL2-dependent translocation of
biopersistent particles from muscle to brain
Zakir Khan1,2, Christophe Combadière3,4,5, François-Jérôme Authier1,2,6, Valérie Itier1,2,11, François Lux7,8,
Christopher Exley9, Meriem Mahrouf-Yorgov1,2,11, Xavier Decrouy1,2, Philippe Moretto10, Olivier Tillement7,8,
Romain K Gherardi1,2,6,12*† and Josette Cadusseau1,2,11,12*†
Abstract

Background: Long-term biodistribution of nanomaterials used in medicine is largely unknown. This is the case for
alum, the most widely used vaccine adjuvant, which is a nanocrystalline compound spontaneously forming micron/
submicron-sized agglomerates. Although generally well tolerated, alum is occasionally detected within monocyte-
lineage cells long after immunization in presumably susceptible individuals with systemic/neurologic manifestations
or autoimmune (inflammatory) syndrome induced by adjuvants (ASIA).

Methods: On the grounds of preliminary investigations in 252 patients with alum-associated ASIA showing both a
selective increase of circulating CCL2, the major monocyte chemoattractant, and a variation in the CCL2 gene, we
designed mouse experiments to assess biodistribution of vaccine-derived aluminum and of alum-particle fluorescent
surrogates injected in muscle. Aluminum was detected in tissues by Morin stain and particle induced X-ray emission)
(PIXE) Both 500 nm fluorescent latex beads and vaccine alum agglomerates-sized nanohybrids (Al-Rho) were used.

Results: Intramuscular injection of alum-containing vaccine was associated with the appearance of aluminum deposits
in distant organs, such as spleen and brain where they were still detected one year after injection. Both fluorescent
materials injected into muscle translocated to draining lymph nodes (DLNs) and thereafter were detected associated
with phagocytes in blood and spleen. Particles linearly accumulated in the brain up to the six-month endpoint; they
were first found in perivascular CD11b+ cells and then in microglia and other neural cells. DLN ablation dramatically
reduced the biodistribution. Cerebral translocation was not observed after direct intravenous injection, but significantly
increased in mice with chronically altered blood-brain-barrier. Loss/gain-of-function experiments consistently
implicated CCL2 in systemic diffusion of Al-Rho particles captured by monocyte-lineage cells and in their subsequent
neurodelivery. Stereotactic particle injection pointed out brain retention as a factor of progressive particle
accumulation.

Conclusion: Nanomaterials can be transported by monocyte-lineage cells to DLNs, blood and spleen, and, similarly to
HIV, may use CCL2-dependent mechanisms to penetrate the brain. This occurs at a very low rate in normal conditions
explaining good overall tolerance of alum despite its strong neurotoxic potential. However, continuously escalating
doses of this poorly biodegradable adjuvant in the population may become insidiously unsafe, especially in the case of
overimmunization or immature/altered blood brain barrier or high constitutive CCL-2 production.

Keywords: Alum, Vaccine adverse effect, Vaccine adjuvant, Nanomaterial biodistribution, Nanomaterial neurodelivery,
Macrophages, Macrophagic myofasciitis, CCL-2, Single nucleotide polymorphisms (SNPs)
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Background
Nanomaterials have various innovative medical applica-
tions including drug and gene delivery, imaging contrast
fluids, topical antimicrobials, surgery tools and vaccines
[1]. Due to the growing number of novel compounds
and formulations, data on their specific biodistribution,
persistence and toxicity are generally lacking [1], and
clarification regarding how the body handles small parti-
cles, especially those which interact with immune cells
[2], is urgently needed. Once defined, these basic mecha-
nisms which govern host-particle interactions should be
integrated with specific properties of nanomaterials (size,
shape, surface, and solubility) to enable predictions of
their beneficial or adverse effects.
The use of nanomaterials in humans is not as contem-

porary as is recently portrayed. For decades, alum, a nano-
crystalline compound formed of aluminum oxyhydroxide,
has been the most commonly used adjuvant in vaccines.
The mechanism by which it stimulates the immune re-
sponse is incompletely understood [3]. While alum is
generally well tolerated, it is occasionally reported as the
cause of disabling health problems in individuals with ill-
defined susceptibility factors [4-6]. Clinical manifestations
attributed to alum are paradigmatic of the so-called auto-
immune/inflammatory syndrome induced by adjuvants
(ASIA), a syndrome also observed in patients exposed to
silicone gel [7]. They include delayed onset of diffuse
myalgia [4], chronic fatigue [8] and stereotyped cognitive
dysfunction [9]. The persistence of alum-loaded macro-
phages is typically detected at sites of previous injections
(up to >12 years later), resulting in a specific granuloma
called macrophagic myofasciitis or MMF [4]. Although
the biopersistence of adjuvants is a priori undesirable, the
exact significance of this remains the subject of some debate
since the biodistribution of slowly biodegradable particles
following injection into muscle is currently unknown.
There appears to be a fine balance between the efficacy

of alum adjuvant and its potential toxicity, and there is
good evidence that these may be one and the same effect
[3]. Both the efficacy and the potential toxicity of alum will
be influenced by whether the bioactive nanomaterial re-
mains localized at injection points or rather scatters and
accumulates in distant organs and tissues. A reference
study based on isotopic 26Al showed poor (6%) 26Al clea-
rance in the urine at the day 28 (d28) endpoint after i.m.
injection of isotopic alum to rabbits, and detected 26Al, in
an unknown form, in lymph nodes, spleen, liver, and brain
[10]. Aluminum oxyhydroxide is composed of micron/
submicron-sized aggregates of nano-sized (about 13 nm)
particles and these aggregates were initially believed to re-
main extracellular until their complete solubilization in
interstitial fluids [10]. We now know that quite the reverse
is the case and that antigen presenting cells (APCs) avidly
take up alum particles [11], and, in so doing, become
long-lived cells [12] and impede alum solubilization
[4,13,14]. Inflammatory monocytes (MOs) are attracted
into muscle by danger signals through a monocyte chemo-
attractant protein-1 (MCP-1)/chemokine (C-C motif) lig-
and 2 (CCL2) driven-mechanism, becoming macrophages
(MPs) and MO-derived dendritic cells (DCs), before mi-
grating to the draining lymph nodes (DLNs) [15]. One
function of migratory DCs is to transfer antigenic material
to a large network of distant resident APCs [16]. More-
over, injections of alum alone induce significant changes
linked to activation of the innate immune system in dis-
tant organs [17,18]. Therefore, we examined whether
nanomaterials injected into muscle could translocate to
distant organs as part of a general mechanism linked to
phagocytosis and CCL2/MCP-1 signaling.
Methods
Mice models
All animal experiments were conducted in accordance
with the European guidelines for animal care. To facili-
tate mechanistic investigation of particle biodistribution,
mice of the B57/B6 genetic background, that are used to
generate genetically-manipulated models, were preferred
to more toxic-sensitive mouse strains. Male eight- to
ten-week-old C57BL/6, mdx (with leaky blood brain
barrier (BBB)), CX3CR1GFP/+ (with GFP reporter gene
insertion allowing visualization of microglia), and CCL2−/−

mice were used (Jackson, West Grove, PA, USA). Mice
were protected from Al-containing materials, fed with
manufactured animal food and water ad libitum, and
exposed to 12:12 light/dark cycles. Experiments using
fluorescent particles were extremely labor intensive and
expensive to perform. All of them were done in triplicate.
Homogeneity of results made it unnecessary to use more
than three mice per point.
Alum administration
The dose of alum-containing vaccine administered to
mice was calibrated to mimic the mean number of doses
received by MMF patients. One dose of commercially
available anti-hepatitis B vaccine contains 0.5 mg Al
according to the product data sheet. Based on an average
of human body weight of 60 kg (most patients being
women), the amount received for each immunization is
8.33 μg/kg. The allometric conversion from human to
mouse (FDA Guidance 5541) gives a final amount of ap-
proximately 100 μg/kg. A dose of 36 μL vaccine, which
corresponds to 18 μg Al, was injected to mimic the cu-
mulative effect induced by 5.2 human doses to 35 g mice
(the mean weight at the d180 midtime of brain analysis).
This dose represents an equivalent 6.8 human doses in
the youngest animal (27 g body weight, 11 weeks of age
at sacrifice) and 4.3 in the oldest one (42 g at 62 weeks).
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Furnace atomic absorption spectrometry
Al concentrations were determined in whole tibialis an-
terior (TA) muscles and brains dried at 37°C and
digested with concentrated HNO3 (14 mol/L). Digests
were allowed to cool before dilution to 10% HNO3 with
ultra-pure water. The total aluminum in each digest was
measured by transversely heated graphite atomizer
graphite furnace atomic absorption spectrometry (TH
GFAAS) and results were expressed as Al mg/g tissue
dry weight.

PIXE
As in normal conditions Al may be detected with marked
interindividual variations in tissues, de novo incorporation
of aluminum in too low doses does not cause easily de-
tectable changes when global conventional approaches are
used [10]. Here we used particle induced X-ray emission
(PIXE), a procedure analyzing radiation emitted from the
interaction of a proton beam with the matter [19], to de-
tect areas enclosing small Al spots. Sections (20 μm-thick)
carefully protected from environmental Al were mounted
on fresh formvar films, kept in the cryostat for 6 hours
and stored under Al-free silica gel. Mineral and metal ions
were detected using the nuclear microprobe of the Centre
d’Etudes Nucléaires de Bordeaux-Gradignan. A 1 MeV
proton beam focused down to a 2 μm spot was randomly
scanned over multiple 500 × 500 μm fields of tissue sec-
tions. In the case of an Al signal, a re-test of 100 × 100
μm areas of interest was performed. PIXE and Rutherford
backscattering spectrometry analyses were employed si-
multaneously and quantitative results were computed, as
previously described [19]. Al spots were considered eli-
gible on three criteria: a size of more than 3 pixels (that is,
above the background noise), a depot not colocalized with
Si, and a depot surrounded by a rounded halo of de-
creased intensity (both characteristics limiting confusion
with contamination by external dust overcoming the pro-
tection procedures).

Synthesis of Al-Rho particles
Gadolinium oxide nanohybrids with Al(OH)3 coating were
obtained in three steps: (i) gadolinium oxide nanoparticles
were first synthesized; (ii) polysiloxane shell growth was
then induced by hydrolysis-condensation of convenient
silane precursors in the presence of the nanoparticles;
and (iii) the nanohybrids were coated by the addition of
aluminum nitrate and soda in stoichiometric conditions.

Chemicals
Gadolinium chloride hexahydrate ((GdCl3, 6H2O]) 99.99%),
sodium hydroxide (NaOH, 99.99%), tetraethyl orthosilicate
(Si(OC2H5)4, TEOS, 98%), (3-aminopropyl) triethoxysilane
(H2N(CH2)3-Si(OC2H5)3, APTES, 99%), triethylamine
(TEA, 99.5%), rhodamine B isothiocyanate (RBITC),
aluminium nitrate nonahydrate (Al(NO3)3.9H2O, ACS re-
agent ≥ 98%) and dimethyl sulfoxide (DMSO, 99.5%) were
purchased from Sigma-Aldrich (St Louis, MO, USA). Di-
ethylene glycol (DEG, 99%) was purchased from SDS
Carlo Erba, Val de Reuil (France).

Preparation of gadolinium oxide core
A first solution was prepared by dissolving GdCl3,
6H2O (0.56 g) in 50 mL DEG at room temperature. A
second solution was prepared by adding a NaOH solu-
tion (0.49 mL, 10 M) in 50 mL DEG. The second solu-
tion was progressively added to the first one, at room
temperature, for 15 hours. A transparent colloid of
gadolinium oxide nanoparticles in DEG was obtained.

Encapsulation of Gd2O3 cores by polysiloxane shell
A total of 105 μL of APTES and 67 μL of TEOS was
added to 100 mL of the gadolinium oxide nanoparticle so-
lution under stirring at 40°C. A total of 5 μL of APTES
was previously coupled to 1 mg RBITC in DMSO (1 mL)
used as solvent and then added to the colloidal solution.
After 1 hour, 1,913 μL of a DEG solution (0.1 M of TEA,
10 M of water) was added. The whole coating procedure
was repeated three more times (with no more addition of
RBITC), every 24 hours. The final mixture was stirred for
48 hours at 40°C. The obtained solution could be stored at
room temperature for weeks without alteration.

Coating of fluorescent nanohybrids with a Al(OH)3 shell
A total of 2.5 mL of the colloidal solution was diluted by
2 to obtain a 5 mL solution in DEG. A total of 75 mg
of aluminum nitrate nonahydrate was dissolved in 10 mL
of water before addition to the colloidal solution. The
resulting mixture was stirred for 5 minutes and 4 mL of a
soda solution (0.2 M) was added before stirring for 1 hour.

Purification
Purification of Al-Rho was performed by tangential filtra-
tion through Vivaspin filtration membranes (MWCO = 10
kDa) purchased from Sartorius Stedim Biotech (Aubagne,
France). The colloidal solution was introduced into 20 mL
Vivaspin tubes and centrifuged at 4,100 rpm. This step
was repeated several times, by filling the tubes with water
and centrifuging again, until the desired purification rate
was reached (≥100). The purified colloidal solution was
freeze dried for storage in five pillboxes, using a Christ
Alpha 1–2 lyophilisator. The compound contained 4 μg
Al per μL of Al-Rho suspension. Control transmission
electron microscopy showed non-fibrous particles about
10 nm in size, typical of aluminum hydroxyde (traditional
precipated alum). Similarly to vaccine alum, they formed
agglomerates of submicronic/micronic size. The immuno-
logical properties of such traditional alum-protein precipi-
tates are quite similar to those of the reference adjuvant
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approved by the FDA (Al oxyhydroxyde: AlhydrogelW,
Invivogen, Toulouse France) and differ from other formu-
lations not licensed for human use (18).
Peripheral injections of fluorescent nanomaterials
Two types of fluorescent nanomaterials were used: ex-
ploratory polychromatic fluorescent latex beads (FLBs)
(500 nm fluorospheres, Polysciences, Warrington, PA,
USA) and confirmatory Al-Rho nanohybrids cons-
tructed with a rhodamine containing core and an Al
(OH)3 shell. FLBs were used first because they offer sev-
eral characteristics that facilitate their detection in tis-
sues, including strong fluorescence, spheric appearance
and homogeneous size. This allowed us to get a clear
picture of what was happening in terms of biodis-
tribution of these avidly phagocytosed particles. Al Rho
particles were less fluorescent and more heterogeneous
in shape and size than FLBs but better represented alum
adjuvant surrogates. Almost all biodistribution experi-
ments performed with FLBs in wild type mice were also
done with Al-Rho. In contrast, FLBs and Al Rho
were differentially used in mutated/genetically-modified
mice: FLBs were preferred to study particle biodis-
tribution in mdx mice with BBB alterations and when
the GFP marker was used (that is, CX3CR1GFP/+ mice
with fluorescent microglia, GFP + BMT studies); Al-Rho
particles were preferred in gain/loss of CCL2/MCP-1
function studies designed on the basis of preliminary re-
sults on the CCL2 status of alum-intolerant humans.
FLB suspension diluted at 1:1 in PBS contained 1.8 ×

1011 particles per mL. A total volume of 40 μL (20 μL
in each TA muscle) was injected, corresponding to a
total amount of 7.2 × 109 particles. The same volume of
Al-Rho suspension was injected in TA muscles. PBS-
injected mice were used as controls. Tissues, including
popliteal and inguinal DLNs, spleen, brain and blood,
were collected at various time points post injection.
Three mice were included per group at each time point
for both injected materials and their controls. Other ad-
ministration routes were compared to the standard i.m.
injection, including s.c. injection of 20 μL FLBs in each
hindlimb, and i.v. injection of 40 μL FLBs in the tail
vein.
Stereotactic cerebral injections
Mice were anaesthetized with ketamine and xylazine. Al-
Rho suspension (0.5 μL) was stereotactically injected in the
striatum using a 1 μL Hamilton syringe. Biodistribution of
i.c. injected Al-Rho to cervical DLNs, assessed by serial
sectioning of the whole cervical region, and spleen, was
compared to biodistribution to the popliteal DLN and
spleen of the same amount of Al-Rho injected in the TA
muscle.
Pharmacological and physical migration blockade
The prostaglandin analog BW245C, an agonist of the
PGD2 receptor, was used to inhibit APC migration as pre-
viously reported [20]. Since BW245C is active for two days
after injection, BW245C (100 nM, Cat.no.12050, Cayman
Chemical, Ann Arbor, MI, USA) was injected twice in the
TA muscle: it was first co-injected with FLBs at d0 and a
second time alone at d2, and DLNs were removed for
examination at d4. Untreated FLB-injected mice were
used as controls. In another set of experiments DLNs were
surgically ablated and mice immediately injected with
FLBs in the TA muscle.

Loss and gain of CCL2 function experiments
Exploratory analyses performed in MMF patients with
ASIA [see Additional file 1: supplementary information
section] yielded a CCL2 signal in the form of: (1) a se-
lective increase of CCL2 in the serum of MMF patients
compared to healthy controls; and (2) a given haplotype
in the CCL2 gene tending to be more frequent in MMF
patients than in the general population. These results
led us to use mouse models to explore the role of CCL2
in the biodisposition of particulate materials. Loss of
CCL2 function studies were done using CCL2−/− mice
injected i.m. with 40 μL Al-Rho. Gain of CCL2 function
experiments consisted first of i.m. co-injection of 10 μL
murine rCCL2 (100 μg/ml; R&D, Minneapolis, MN,
USA) with 40 μL Al-Rho. DLNs were removed at d4,
spleen, brain and blood at d21. In other experiments
murine rCCL2 was infused into the brain through a
catheter stereotactically inserted into the striatum at d7
post-Al-Rho, fed by a subcutaneously implanted osmotic
micropump fixed into the neck (0.25 μL/hour Alzet
brain infusion kit, Charles River, L’Arbresle, France).
rCCL2 was infused for 14 days (diffusion rate 180 pg/day),
with or without rCCL2 i.m. injection concurrent with
Al-Rho injection. At d21 post Al-Rho injection, ani-
mals were sacrificed, and blood and tissues were col-
lected. For controls, osmotic pumps filled with PBS
were used.

Tissue preparation and particle counting
Mice under terminal anesthesia were transcardially per-
fused with PBS followed by ice-cold 4% paraformalde-
hyde (PFA) in 0.1 M phosphate buffer. Tissues and
organs were removed, post-fixed in PFA for 4 hours at
4°C, immersed overnight at 4°C in a 30% sucrose solu-
tion, and quickly frozen. Whole brains were serially cut
into coronal cryosections of 40 μm, spleen and muscle
into 20 μm, and DLNs into 10 μm, and stored at −20°C
until particle counting or treatment. Brain sections were
successively deposited on 10 different SuperfrostW slides
in order to obtain 10 identical series, thus allowing de-
termination of total particle content by multiplying by
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10 the number of particles found in one series. A similar
approach was used for DLNs and spleen. Blood was col-
lected by heart puncture and 100 μL were smeared for
particle counting.

Immunohistochemistry and Morin staining
Immunostaining was done using commercial primary
antibodies routinely used in the lab, raised against CD11b
(1/200, AbD Serotec, Oxford, UK), F4/80 (1/50, AbCam,
Cambridge, UK), GFAP (1/200, DakoCytomation, Trappes,
France), vimentin (1/500 DakoCytomation), collagen
IV (1/100 Millipore, Temecula, CA, USA), NG2 (1/200,
Millipore, Molsheim, France), MAP2 (1/100, Sigma-
Aldrich, Lyon, France), and IL1β (1/100, AbCam,
Paris, France) or nonspecific mouse IgG (Jackson
Figure 1 Aluminum deposits in tissues following injection of alum-co
cells is formed in the injected muscle envelope; b) PIXE mapping shows m
spectrum (d21); c) Section of spleen tissue (left panel) displays the large 50
corresponding to the PIXE maps (middle and right panel, respectively) enc
displays the restricted 100 × 100 μm protonized field corresponding to the
of fields containing one or more Al spots was increased at all tested time p
day; PIXE, particle induced X-ray emission, TA tibialis anterior.
ImmunoResearch, Suffolk, UK). Then, biotinylated
anti-rat and anti-rabbit antibodies (1/200, Vector Labora-
tories, Paris, France) were used accordingly and were re-
vealed using Alexa fluor 488-conjugated streptavidin
(1/200 Invitrogen, Cergy-Pontoise, France). Neuron la-
beling was done using NeuroTraceW blue fluorescent
Nissl Stain according to the manufacturer” instructions
(Invitrogen). Al was stained with Morin (M4008-2 G,
Sigma-Aldrich) used as 0.2 g dissolved in a solution
consisting of 0.5% acetic acid in 85% ethanol [21]. Forma-
tion of a fluorescent complex with Al was detected
under a 420 nm excitation wavelength as an intense
green fluorescence with a characteristic 520 nm emis-
sion. Notably, nanohybrids (Gd2O3) core encapsulated
by polysiloxane shell were not positively stained by
ntaining vaccine in the TA muscle. a) Granuloma composed of PAS+

uscle Al deposits in pseudocolors, with confirmatory Al emission
0 × 500 μm and restricted 100 × 100 μm protonized fields
losing eligible Al spots (d21); d) Section of brain tissue (left left panel)
PIXE map (middle panel) enclosing eligible Al spot (d21); the number
oints compared to unvaccinated (right panel) mice. (bars: 100 μm). d,



Figure 2 FLB translocation in DLN following injection in TA muscle. a) Marked translocation of FLBs in parafollicular areas of popliteal DLNs
(d4); b) Flow cytometry showing that most FLB-loaded cells extracted from DLN express CD11c at either an intermediate or strong level (d4);
c) Immunocytochemistry on CD11b+ cells extracted from DLNs were usually Gr1+/Ly6C+, especially when they had ingested a few particles (left),
whereas heavily loaded ones were often Gr1-/Ly6C- (right); d) The number of FLB-loaded cells peaked at d4 post-injection in both popliteal and
inguinal DLNs; e) The migration inhibitor BW245C co-injected with FLBs in muscle markedly decreased the number of FLB-loaded cells detected
in DLNs at d4 post-injection. The effect was more pronounced in the downstream inguinal DLN; f) The migration inhibitor BW245C co-injected
with FLBs in muscle markedly decreased the number of FLB-loaded cells detected in DLNs at d4 post-injection. The effect was more pronounced
in the downstream inguinal DLN; (histograms: n = 3 per group, mean + SD, * P <0.05, ** P <0.01, *** P <0.005; bars: 100 μm [a]; 5 μm [c]). d, day;
DLNs, draining lymph nodes; FLBs, fluorescent latex beads; TA, tibialis anterior.
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Figure 3 FLB biodistribution in spleen and blood following injection in TA muscle. a) The number of FLB-loaded cells peaked at d21 in
spleen; b) In spleen, FLBs were detected in CD11b+ cells as assessed by immunohistochemistry (left) or after cell sorting (right); c) On blood
smears, most FLBs were cell-associated from d4 and peaked at d21 post injection; circulating FLB-loaded cells were still detected at d90 endpoint;
d) Circulating FLB-loaded cells were CD11b+ (d21); e,f) GR1/Ly6C immunophenotyping of CD11b+ cells that have ingested FLBs. Most are Gr1+

/Ly6C+ both in DLNs at d4 (a) and in spleen at d21 (b). (histograms n = 3 per group, mean ± SD, * P <0.05, ** P <0.01, *** P <0.005; bars: 5 μm).
d, day; FLB, fluorescent latex beads; n, number; TA, tibialis anterior.
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Morin. In contrast, when coated with Al(OH)3, these par-
ticles were strongly positive for Morin. Fluorescence mi-
croscopy and spectral analyses were done using Carl Zeiss
light and confocal microscopes.
Cell isolation from blood and tissues and flow cytometry
For blood cell immunophenotyping, 100 μL blood was
treated with ethylenediaminetetraacetic acid (EDTA) and
stained with fluorescein isothiocyanate (FITC)-conjugated
antibodies. Erythrocytes were lysed using hypotonic lysis
solution, and then cells were washed with (D)MEM and
sorted using a MoFlo cell sorter (Beckman Coulter,
Villepinte, France). Cells were extracted from tissues of
exsanguinated mice perfused with PBS. Tissues were re-
moved and freshly dissociated in (D)MEM. DLNs and
spleen were dissociated in (D)MEM containing 0.2%
collagenase-B (Roche Diagnostics, Meylan, France)
and 0.2% trypsine-EDTA at 37°C for 45 minutes twice.
Brain tissue was dissociated in 1% Trypsin-HBSS
(Thermo Scientific HyClone, South Logan, UK) containing
100 U/mL DNase (Roche Diagnostics). Cell suspensions
were filtered and counted. CD45+ or CD11b+ cells were
isolated using magnetic cell sorting (MACS, Miltenyi
Biotec, Paris, France) and stained with one of the fol-
lowing antibodies and their isotypes: FITC-conjugated
anti-CD11b, FITC–conjugated anti–Ly-6C (GR1), FITC–
conjugated anti-CD11c (BD-Pharmingen Bioscience, San
Diego, CA, USA). Cells were sorted using a cell sorter. Pop-
ulations presenting >90% purity were used. Sorted cells
were cytospinned and stained with Hoechst-33342 for nu-
cleus. Particle loaded cells were counted under a fluores-
cence microscope.
Bone marrow transplantation experiments
GFP+ bone marrow (BM) cells were obtained by flushing
the femurs of adult CAG-GFP mice and were injected



Figure 4 Brain translocation of FLBs following injection in TA. a) Cerebral translocation of FLBs was delayed but relentless until the d90
endpoint in C57 mice and the d180 endpoint in the CX3CR1GFP/+ mouse; b) Unstained section of the brainstem in a C57 mouse at d21 post-
injection showing FLBs mostly distributed in the subpial region; c) FLBs distribution in the brain: areas enriched in FLBs were reported on semi-
serial rostro-caudal sections of mouse brain stained by Cresyl violet (A to G), using dots of different colors according to the considered time point
(d21 to d365) after i.m. injection. Report was done regardless of the number of enclosed particles in each selected area. Note that FLBs were
always predominantly found in the grey matter without prominent accumulations at any specific neuroanatomical site. (histograms: n = 3 per
group, mean + SD, * P <0.05, ** P <0.01, *** P <0.005; bar in b: 50 μm). d, day; FLBs, fluorescent latex beads; n, number; TA, tibialis anterior.
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retroorbitally (1 × 107 cells per mouse) to four-week-old
C57BL/6 mice, as previously described [15]. Recipient
mice were irradiated at 9.0 Gy on d1 before transplant-
ation, and were treated with 10 mg/kg/day ciprofloxacin
for 10 days. Blood chimerism of >90% was controlled at
three to four weeks post-transplantation.

Statistical analyses
All experimental values are presented as means and stan-
dard deviation except when indicated. Statistical analyses
used unpaired Student’s t-test (genotypes); P <0.05 was con-
sidered significant.
Results
Intramuscular alum-containing vaccine injection in mouse
induces Al deposition in distant tissues
Alum-containing vaccine (36 μL corresponding to 18 μg
Al) was first injected in the TA muscles of C57Bl6 mice.
It induced an acute inflammatory reaction which stabi-
lized after d4 in the form of collections of typical alum-
loaded MPs with large hematoxylin+ and Periodic Acid
Schiff+ cytoplasm in muscle envelopes (Figure 1a). In
parallel, the local Al tissue concentration determined by
atomic absorption spectrometry decreased by 50% from
injection to d4 and then remained stable until d21



Figure 5 FLBs in various neural cells. a) Unstained section of the brain parenchyma of a CX3CR1GFP/+ mouse at d90 post-injection showing
individual FLBs in a significant proportion of GFP+ ramified microglial cells; b-e) In brain of C57 mice at d21post-injection, FLBs were detected in
F4/80+ perivascular macrophages (b), GFAP+ astrocytes (c), neurotraceW+ neurons (d), and vimentin+ pial cells (e); (bars: 10 μm). d, day; FLB,
fluorescent latex beads.
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(2,342, 1,122, and 1,180 μg/g of dry muscle tissue, re-
spectively). Al was additionally located in muscle and
distant tissues by PIXE [19]. Random scanning of 20 μm
thick sections, sampled and processed with careful protec-
tion against environmental Al, disclosed significant Al sig-
nals in muscle, spleen and brain (Figure 1b-c). In brain, Al
spots accounted for 38, 21, and 37% of 500 × 500 μm
tested fields at d21, and months 6 and 12 (mo6 and mo12)
post-injection, respectively (mean = 31.5%; n = 73 fields,
Figure 1d). The dip at month 6, was either due to inter-
individual variations in aluminum handling or to sampling
problems related to variable proportions of grey and white
matter in the randomly scanned areas (see below). The
spot size ranged from about 1 to 14 μm. By comparison,
five unvaccinated mice showed only seven positive out of
94 tested fields (mean = 7.4%). These results confirmed
that Al derived from alum can be translocated to, pene-
trate and persist in brain tissue [21-23]. Al depots detected
in spleen and brain could have resulted from either phy-
sical translocation of alum particles, or in situ aggregation
of soluble Al, or both.

Fluorospheres injected into mouse muscle undergo
lymphatic and systemic biodistribution
To examine if particles translocate to distant sites, we next
injected polychromatic FLBs. A size of 500 nm was chosen
as an approximation of the average size of alum agglome-
rates observed in vivo, allowing FLB visualization as indi-
vidual spheres by confocal and fluorescence microscopes
(resolution >200 nm). After i.m. injection of 20 μL



Table 1 Distribution of particles (percent of total)
according to post-injection time

Time post-injection D21 D90 D180 D365

Localization

Choroid plexus 0% 5% 5% 3%

Leptopmeninges 9% 5% 0% 3%

Parenchyma 91% 90% 95% 94%
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suspensions, FLBs transiently peaked in free form in blood
(1,200 + 400 FLBs per 100 μL) at hour 1. As early as 1
hour post-injection, some FLBs had also reached DLNs. I.
m. injection of GFP+CD45+ cells, either pre-loaded with
FLBs or coinjected with FLBs, showed no GFP+ cells
Figure 6 Mechanisms of FLBs translocation. a) Compared to the i.m. ro
with almost no brain translocation at both d21 and d90 post-injection; b) P
decrease of FLB-loaded cells in blood, spleen and brain at d21 post-injectio
the perivascular CD11b+ cell population, and significant angiogenesis asses
C57 mice; d-e) Mdx mice showed increased incorporation of FLBs in brain;
both d21 and d90, as assessed by both histology (d) or after CD11b+ cell s
basement membranes immunostained for collagenIV (upper panel), closely
(histograms: n = 3 per group, mean + SD, * P <0.05, ** P <0.01, *** P <0.00
latex beads; n, number.
translocation to DLNs at hour 1 (data not shown), indicat-
ing early cell-independent particle translocation to DLNs
by lymphatic drainage of the muscle interstitial fluid [24].
In DLNs, however, most FLBs were cell-associated
suggesting rapid capture by DLN resident cells. Within 24
hours, FLBs were phagocytosed by muscle CD11b+ MO/
MPs. Phagocytes progressively cleared the particles away
from the interstitium to form collections (Figure 2a),
mainly located in muscle envelopes at d4.
At d4, FLBs had dramatically increased in DLNs,

forming intracellular agglomerates in the interfollicular
area (Figure 2b-e). Particle-loaded cells extracted from
DLNs at d4 were CD45+, CD11b+, and more often
GR1+/Ly6C+ (69% to 81%), and CD11c+, with either
ute, direct injection of FLBs in the tail vein of C57 mice was associated
opliteal and inguinal DLN ablation was associated with a marked
n; c) The mdx mouse with altered BBB showed a marked increase of
sed by an increase of CD31+ endothelial cells, compared to normal
compared to C57 mice, mdx mice had increased FLB neurodelivery at
orting (e); f) At d21, FLBs were mainly detected outside capillary
associated with CD11b+ perivascular macrophages (lower panel);
5; bar in d: 10 μm). d, day; DLN, draining lymph nodes; FLB, fluorescent



Figure 7 GFP+ BM chimeric mice. a-c) Chimeric mice injected intramuscularly with FLBs showed GFP+ BM-derived cells enclosing FLBs among
inflammatory cells extracted from the injected muscle (a) at d4 after FLB injection, in spleen (b) and brain (c) at d33 after FLB injection.
d-e) Chimeric mice showed incorporation of GFP+ cells in the brain, mainly in the form of perivascular cells in the cortex (d) and, occasionally, in
more deeply located ramified CD11b+ cells (e, arrow) at d180 post-BM transplantation. (bars: 10 μm). BM, bone marrow; d, day; FLB, fluorescent
latex beads.

Khan et al. BMC Medicine 2013, 11:99 Page 11 of 18
http://www.biomedcentral.com/1741-7015/11/99
intermediate (46%) or high (22%) intensity (Figure 2a,c,d),
thus corresponding to MO-derived inflammatory DCs
and MPs [25]. Co-injection of FLBs with the synthetic
prostaglandin analog BW245C, a compound known to in-
hibit DC migration [20], inhibited FLB translocation to
DLNs at d4 by 32% in the popliteal and 69% in the in-
guinal DLNs, respectively (Figure 2f). This indicated
prominent particle transport within phagocytic cells, at
least downstream to popliteal DLN. At later time points,
both the number of particle-loaded cells and the indivi-
dual cell load markedly decreased in DLNs (Figure 2e).
While decreasing in DLNs, FLBs dramatically increased
in spleen from d4 to d21 (Figure 3a,b). As spleen is un-
plugged to lymphatic vessels, the particle transfer from
DLNs to spleen implicated exit from the lymphatic system
through the thoracic duct and circulation in the blood
stream. Consistently, smears showed a similar d21 peak of
FLB-loaded CD11b+cells in the circulation (Figure 3c,d).
From d4, circulating FLBs were cell-associated (Figure 3d).
Most FLB-loaded cells in blood, DLNs and spleen exhibited
a few particles and were GR1+/Ly6C+ (Figure 3e,f). How-
ever, 22% to 33% were GR1-/Ly6C- in spleen and had
frequently incorporated >5FLBs, suggesting phagocytosis-
associated maturation of inflammatory MO-derived cells
[20,25,26]. FLB-loaded cells had markedly decreased in
spleen at d90. Although declining after d21, FLB-loaded
cells were still detected in blood at d45 and d90.

Fluorosphere incorporation into brain is delayed and
depends on prior cell loading in peripheral and lymphoid
tissues
Particles were detected in brain mainly from d21 post-
injection. After d21 post-i.m. injection, FLBs gradually
increased in brain until the d90 endpoint in the C57Bl6
mouse (Figure 4a,b) and until the d180 endpoint in the
CX3CR1GFP/+ mouse conventionally used to study resi-
dent microglia (Figures 4a and 5a). FLBs were predomin-
antly found in the grey matter (82% to 95%), regardless
of the amount of injected FLBs (4, 10, 20 μL), vaccine
co-injection (36 μL), or post-injection time from d21 to
d365. Some FLBs were detected in leptomeninges (9%)
and in the white matter (9%) at d21, but these locations
became rare at later time points. FLBs were <5% in chor-
oid plexus (Table 1). Comparative FLB distribution at
month 3, month 6 and month 12 showed no prominent
accumulations of particles at any neuroanatomical location
(Figure 4c). FLBs were usually detected in brain as single
particles located within or at the surface of cells; 37%
to 62% of particles could be reliably assigned to a given cell
subset by immunohistochemical screening. At d21,



Figure 8 Biodistribution of Al particles. a) Morin stain for aluminum shows rounded alum cytoplasmic agglomerates within muscle
macrophages after i.m. vaccine administration in C57 mouse; b) Morin stain confirms that phagocytosed Al-Rho nanohybrids are associated with
Al and form particles similar in size to alum agglomerates; c-e) Al-Rho nanohybrids show a time-dependent distribution in DLNs, spleen, and
brain strikingly similar to that of FLBs; f) Al-Rho injected by the s.c. route translocate to DLNs and spleen, as observed with the i.m. route;
g,h) Ly6C immunophenotyping of CD11b+ cells that have ingested Al-Rho: most are Gr1+/Ly6C+ both in DLNs at d4 (g) and spleen at d21
(h). (histograms: n = 3 per group, mean ± SD, * P <0.05, ** P <0.01, *** P <0.005; bar in a: 10 μm). d, day; DLN, draining lymph nodes; FLBs,
fluorescent latex beads; n, number.
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particles were mainly associated with perivascular CD11b+

MPs, but at d90 they were also found in deep ramified
CX3CR1+microglia (Figure 5a). Particles were also detected
in GFAP+ astrocytes, MAP2+ or Neurotrace-stained neu-
rons, and vimentin+ leptomeningeal cells (Figure 5b-e),
and in NG2+ oligodendroglial progenitors/pericytes (not
shown). FLB incorporation into GFP+ resident ramified
microglia of CX3CR1GFP/+ mice increased by up to 26-fold
the d21 value at d180.
Importantly, compared to i.m. injection, the same FLB
amount injected in the tail vein resulted in virtually no
cerebral entry at d21 and d90 in C57Bl6 mice (Figure 6a).
Moreover, ablation of popliteal and inguinal DLNs before
FLB injection in TA muscle resulted in 60% to 80% reduc-
tion of FLB incorporation into blood, spleen and brain
compartments at d21 (Figure 6b). Thus, cell uptake in
muscle and DLNs, and subsequent cell traffic to blood
crucially contributed to delayed particle translocation to



Table 2 Time of peak observation and peak value of particle loaded cells in studied organs (total number ± SD)

Particle Popliteal DLN Inguinal DLN Spleen Blood Brain

Peak Number of
loaded cells

Peak Number of
loaded cells

Peak Number of
loaded cells

Peak Number of
loaded cells

Endpoint Number of
loaded cells

FLB D4 21,117 ±1,235 D4 23,746±2,880 D21 76,503±11,850 D21 9,878±792 D90 577±96

Al-Rho D4 4,462 ± 257 D4 6,253±745 D21 27,570±6,670 D21 7,546±1,034 D90 613±137
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spleen and brain (Figure 6a-f). Consistently, by injecting
FLBs into the muscle of GFP+BM chimeric mice obtained
by transplanting GFP+BM-derived cells to irradiated syn-
genic C56Bl6 mice [15], we detected FLB-loaded GFP+cells
in these organs (Figure 7a,b,c) and observed delayed in-
corporation of donor-derived cells in brain (Figure 7d,e).
This BM transplantation model is known to be associ-

ated with irradiation-induced BBB alteration. Dystrophin-
deficient mdx mice also have chronically altered BBB [27].
As a corollary, compared to age-matched controls, they
show significantly more CD31+ brain capillaries, and a
dramatic increase of perivascular CD11b+ macrophages
(Figure 6c) at the expense of deep ramified microglia. FLB
injection in mdx mouse muscle resulted in increased brain
incorporation of particles at both d21 and d90, as assessed
by both histology and cytospins of CD45+/CD11b+cells
extracted from brain (Figure 6d,e,f). Thus, BBB alteration
and/or the associated inflammatory/angiogenic response
likely favors brain incorporation of circulating particle-
loaded cells.

Fluorescent nanohybrids coated with Al(OH)3 undergo
CCL2-dependent systemic scattering and brain
penetration
For confirmatory experiments we constructed fluorescent
particles mimicking alum. Rhodamine nanohybrids [28]
were covalently coated with a Al(OH)3 shell. As assessed
by the Morin stain for alumimum, these Al-Rho particles
were avidly phagocytosed after i.m. injection and formed
intracellular agglomerates similar in size to the vaccine
adjuvant (Figure 8a,b). Biodistribution of the alum fluores-
cent surrogate injected into TA muscle was strikingly
similar to that of FLB (Table 2), including d4 peak in
DLNs, d21 peak in spleen, delayed entry in brain, and
main association with GR1+/Ly6C+ MOs in tissues
(Figure 8c-h). Compared to i.m. injection, s.c. injec-
tion of Al-Rho particles was associated with an even
higher rate of diffusion to DLNs (Figure 8f ), a find-
ing consistent with the presence of abundant migra-
tory DCs in skin.
On the grounds of a human SNP study, we performed

CCL2 gain and loss of function experiments to investigate
the role of CCL2-responsive cells in particle scattering
and neurodelivery. Injection of Al-Rho particles into the
TA muscle of CCL2-deficient mice decreased particle
incorporation by 35% into popliteal DLN and by 76%
in inguinal DLN at d4, and by 71%, 85% and 82% in
spleen, blood, and brain, respectively, at d21 (Figure 9a).
Conversely, Al-Rho particle biodistribution increased in dif-
ferent gain of CCL2 function experiments (Figure 9b-d).
I.m. co-injection of Al-Rho with murine recombinant
CCL2 (rCCL2: 1 μg) increased particle incorporation
by 47% into popliteal and 163% into inguinal DLN (d4),
and by 180% in spleen, 274% in blood, and 341% in
brain (d21).
Morever, slow intracerebral (i.c.) infusion of CCL2 by an

osmotic pump (180 pg/day during 15 days starting at d7
after Al-Rho i.m. injection) increased particle incorpor-
ation into brain by 74% at d21 compared to PBS control.
The combination of i.m. injection and i.c. infusion of
rCCL2 increased particle incorporation into the brain by
539%. Despite important interindividual variations, a con-
sistent trend of CCL2-dependent increase of Al brain
levels was detected 21 days after i.m. injection of 40 μL of
alum-containing vaccine (Figure 9e). Taken together these
results indicate that after i.m. injection, particles associ-
ated with inflammatory MOs can enter the brain using a
CCL2-dependent mechanism, possibly through a Trojan
horse mechanism. Importantly, Al-Rho particles gaining
access to the brain after i.m. injection remained intact
since they were still coated with Al(OH)3 as assessed by
both Morin stain (Figure 10a), and PIXE (Figure 10b).
Their incorporation in neural cells was consistently associ-
ated with the expression of IL-1β (Figure 10c), a reliable
marker of particle-induced NALP3 inflammasome activa-
tion [29].

Fluorescent nanohybrids coated with Al(OH)3 are retained
in brain
An apparently irreversible accumulation of nanomaterials
after i.m. injection was unique to brain tissue which lacks
conventional lymphatic pathways and may retain immune
cells [30]. We stereotactically injected 0.5 μL Al-Rho in
the striatum of C57Bl6 mice, and counted particles in cer-
vical LNs, blood, and spleen at d4 and d21. Compared to
the same amount of Al-Rho injected in the TA muscle, i.c.
injection was associated with almost no particle transloca-
tion to regional DLNs (Figure 10d), and the appearance of
eight-fold fewer particles in spleen (Figure 10e). Since 25
free Al-Rho particles per 100 μL were detected in blood at
hour 1, it is likely that the rare particles subsequently
detected in spleen reflected direct particle passage into



Figure 9 CCL2-dependent systemic translocation of Al-particles. a) CCL2 deficient mice show a dramatic decrease of Al-Rho translocation
from the injected muscle to inguinal DLN, blood, spleen and brain, as compared to their respective controls (100%). Note that the difference is
significant but less pronounced for popliteal DLN; b) rCCL-2 co-injection with Al-Rho is associated with a marked increase of Al-Rho translocation
from the injected muscle to inguinal DLN, blood, spleen and brain, compared to their respective controls (100%). Note that the difference is
significant but less pronounced for popliteal DLN; c) rCCL-2 infused by an osmotic micropump into the striatum for 15 days is associated with a
significant increase of Al-Rho translocation from the injected muscle to brain; d) Combined i.m. and i.c. injection of rCCL2 is associated with a
dramatic increase of FLB translocation from muscle to both blood and brain; e) Alum-containing vaccine injected into muscle of CCL-2-deficient,
normal, and rCCL-2 mice was associated with a trend of CCL-2-dependent increase of Al concentration levels in brain; (histograms: n = 3 per
group, mean ± SD, * P <0.05, ** P <0.01, *** P <0.005, except [e]: n = 10 per group, mean ± SEM). Al-Rho, Al(OH)3 rhodamine nanohybrid; DLN,
draining lymph nodes; FLB, fluorescent latex beads; n, number; SEM, standard error of the mean.
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blood during i.c. injection. It seems, therefore, that lack of
recirculation likely contributed to progressive cerebral
particle accumulation.

Discussion
Particles injected by the i.m. or s.c. route gained access to
distant tissues. Latex and Al-Rho particles showed closely
similar biodistribution, suggesting a shared basic scatter-
ing mechanism. Initial cell uptake in peripheral and DLN
tissues and subsequent transport within inflammatory
MO-derived cells was critically involved, as indicated by
immunophenotyping, cell migration blockade and DLN
ablation. Cells were heavily loaded with particles soon
after i.m. injection but usually contained only one to two
particles after d4 and downstream the popliteal DLN,
pointing to either dilution by cell division [31] or particle
dispatching to other cells [32] within DLNs. Previous
studies have reported particle cell transport from skin
to DLNs [25] but downstream particle fate remained
largely unexplored [33]. There is strong evidence that,



Figure 10 Al-Rho particles remain in brain and may induce inflammation. a) Al-Rho nanomaterial detected in brain by rhodamine
fluorescence (upper row and emission spectrum at 560 nm) remains associated with Al as assessed by Morin stain (middle row and emission
spectrum at 520 nm); b) Al-Rho nanomaterial detected in the brain by PIXE. Al coating colocalizing with Gd core assesses the integrity of Al-Rho
nanohybrid after translocation; c) In mice with i.m. co-injection of Al-Rho and rCCL-2, particle incorporation into neural cells was associated with
immunohistochemical expression of IL1beta; d) Stereotactic injection of Al-Rho into the striatum was associated with no translocation to cervical
LNs (CLN) at d4, contrasting with conspicuous translocation to popliteal LNs (PLN) observed when the same particle amount was injected in TA
muscle; e) Stereotactic injection of Al-Rho into the striatum, compared to similar injection into muscle, was associated with very little
translocation to spleen at both d4 and d21. (histograms: n = 3 per group, mean ± SD, * P <0.05, ** P <0.01, *** P <0.005; bar in c: 10 μm). Al(OH)3
rhodamine nanohybrid; d, day; LN, lymph nodes; n, number; PIXE, particle induced X-ray emission;TA, tibialis anterior.
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in inflammatory conditions, all DCs reaching DLNs
do not die locally but may rather gain access to the
blood through efferent lymphatics and the thoracic
duct, and present antigens in spleen and bone marrow
[33]. Ingested adjuvant particles boost this phenomenon
which in turn likely favors their translocation from
the injection point to distant sites as: (i) alum induces
rapid differentiation of monocyte-lineage cells into
APCs [34] and stimulates their migration to DLNs [35],
(ii) beryllium hydroxide, a closely similar particulate
adjuvant, strongly stimulates DC egress through effer-
ent lymphatics [36]; and, as shown herein, (iii) Al de-
posits may be detected by PIXE in spleen and brain
after i.m. injection of alum.
Delayed and slowly progressive particle accumulation

occurred in intact brains. Experiments using the parabi-
osis model [37] or avoiding brain irradiation prior to BM
transplantation [38] have shown that endogenous micro-
glia are not replenished by the periphery under normal
central nervous system (CNS) conditions. Although low
chimerism inherent in these experimental approaches
may lead to some underestimation of slow microglia turn-
over from the periphery [39], a more likely explanation of
our findings is that particles exert stimulatory effects on
myeloid cell trafficking [36]. Both latex particles and
aluminum hydroxide agglomerates promote inflammation
[40,41] and non-specific immune stimulation can increase
monocyte transendothelial migration by up to 20-fold in
in vitro models of the BBB [42]. Consistently, i.m. injec-
tion of rCCL2 strongly increased particle incorporation
into intact brain while CCL2-deficient mice had decreased
neurodelivery. rCCL2 likely induced the exit of inflamma-
tory MOs and hematopoietic stem and progenitor cells
from BM [43], followed by their transmigration to the
injected muscle and to DLNs [44], prior to particle loading
and dissemination. Cerebral infusion of low doses of
rCCL2, mimicking pathological states attracting inflam-
matory monocytes, also increased particle neurodelivery.
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Intracerebral particles translocated with time from peri-
vascular macrophages to the sentinel network of paren-
chymal microglia and to other resident neural cells and
likely failed to recirculate, thus explaining their progres-
sive cerebral accumulation.
Conclusions
Taken together, our results indicate that, similarly to intra-
cellular bacteria [45], nanomaterials can be transported by
MO-lineage cells to DLNs, blood and spleen, and, simi-
larly to HIV [46] and other pathogens [47], may use
CCL2-dependent MO transmigration across the BBB to
enter the brain. This occurs at an extremely low rate in
normal mice, the percentage of injected particles found
in tissues being estimated at 1:105 in d21 spleen and 1:107

in d90 brain, consistent with the excellent tolerance of al-
most all individuals to limited doses of alum and other
injected particles. Neurodelivery of nanomaterials signifi-
cantly increased in mice with either a weak BBB or high
tissue levels of CCL2, as previously suspected for patho-
gens in humans [48]. On the one hand, such a cerebral in-
corporation of nanomaterials injected into tissues should
be regarded as an interesting characteristic in the setting
of therapeutic strategies targeting the CNS. On the other
hand, alum has high neurotoxic potential [49], and plan-
ning administration of continuously escalating doses of
this poorly biodegradable adjuvant in the population
should be carefully evaluated by regulatory agencies since
the compound may be insidiously unsafe. It is likely that
good tolerance to alum may be challenged by a variety of
factors including overimmunization, BBB immaturity, in-
dividual susceptibility factors, and aging that may be asso-
ciated with both subtle BBB alterations and a progressive
increase of CCL2 production [50].
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Aluminum hydroxide injections lead to motor deficits and motor
neuron degeneration
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Abstract
Gulf War Syndrome is a multi-system disorder afflicting many veterans of Western armies in the
1990–1991 Gulf War. A number of those afflicted may show neurological deficits including various
cognitive dysfunctions and motor neuron disease, the latter expression virtually indistinguishable
from classical amyotrophic lateral sclerosis (ALS) except for the age of onset. This ALS “cluster”
represents the second such ALS cluster described in the literature to date. Possible causes of GWS
include several of the adjuvants in the anthrax vaccine and others. The most likely culprit appears to
be aluminum hydroxide. In an initial series of experiments, we examined the potential toxicity of
aluminum hydroxide in male, outbred CD-1 mice injected subcutaneously in two equivalent-to-
human doses. After sacrifice, spinal cord and motor cortex samples were examined by
immunohistochemistry. Aluminum-treated mice showed significantly increased apoptosis of motor
neurons and increases in reactive astrocytes and microglial proliferation within the spinal cord and
cortex. Morin stain detected the presence of aluminum in the cytoplasm of motor neurons with some
neurons also testing positive for the presence of hyper-phosphorylated tau protein, a pathological
hallmark of various neurological diseases, including Alzheimer's disease and frontotemporal
dementia. A second series of experiments was conducted on mice injected with six doses of aluminum
hydroxide. Behavioural analyses in these mice revealed significant impairments in a number of motor
functions as well as diminished spatial memory capacity. The demonstrated neurotoxicity of
aluminum hydroxide and its relative ubiquity as an adjuvant suggest that greater scrutiny by the
scientific community is warranted.
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1. Introduction
Various studies have established a correlation between Gulf War service (1990–1991) and a
multi-system disorder commonly termed Gulf War Syndrome. Included in GWS are various
neurological disorders, including an apparent cluster of cases of amyotrophic lateral sclerosis
[1–4]. Haley [3] described classical ALS symptoms such as muscle weakness and wasting,
impaired speech and swallowing, difficulty in breathing, and fasciculation in Gulf War veterans
years after they first developed other symptoms of GWS. Seventeen of the 20 servicemen
diagnosed with Gulf War illness and definite ALS were less than 45 years of age with the
youngest of these 20 years old. All 20 of these patients presented with signs of upper (motor
cortex or bulbar region) and lower (spinal cord) motor neuron degeneration. None of these
patients had a family history of ALS or of other neurodegenerative disorders. Horner et al.
[2] conducted a nationwide case study performed to identify incidence levels of ALS for the
decade after August 1990 amongst active duty members of the military. One hundred and seven
confirmed cases of ALS were identified from approximately 2.5 million eligible military
personnel. When standardized to the average 1990 US general population, the average annual
incidence of ALS among non-deployed military population was 1.4 per 100 000 persons per
year compared to the generally accepted overall population incidence of 1.5 cases of ALS per
100 000. The incidence rate of ALS among the deployed military population was 3.6 per 100
000 persons/year. Weisskopf et al. [4] noted a general increase in ALS in US military
populations going back a number of decades regardless of the conflict.

ALS–GWS is one of only two ALS disease clusters currently accepted as satisfying the
definition of a cluster. The other is the Guamanian variant of ALS first described after World
War 2 termed amyotropic lateral sclerosis parkinsonism dementia complex (ALS–PDC). This
spectrum of disorders, once present with an incidence levels hundreds of times higher than in
the continental United States [5] (see Kurland, 1988, for review), expressed in one of two ways.
The first was as a nearly classical form of ALS; the second was a form of parkinsonism
associated with an Alzheimer's disease-like dementia (PDC). About 10% of the victims
developed both disorders, with the ALS phenotype typically appearing first. Studies into
potential etiologies focused on environmental factors with most attention eventually directed
at the consumption of toxin-containing seeds of the local variety of cycad palm [6] and the
presence of high aluminum in the soil on southern Guam [7].

In regard to the GWS-ALS AVA vaccine, attention has recently been directed at the anthrax
vaccine adsorbed (AVA) and various vaccine ingredients, in particular the known and
suspected adjuvants, aluminum hydroxide and squalene [8]. An adjuvant is a substance added
during vaccine production designed to non-specifically increase the immune response to an
antigen [9]. Aluminum compounds were first identified as adjuvants over 90 years ago.
Currently aluminum, in various forms (aluminum hydroxide, aluminum phosphate and
aluminum sulfate), is the most commonly licensed adjuvant whose use is generally regarded
by both the pharmaceutical industry and the various governmental regulatory agencies as safe
[10]. Various studies have found no adverse or long-term health effects due to aluminum
adjuvants [11–13] and the Food and Drug Administration (FDA) has continued its longstanding
approval for the use of aluminum in this fashion.

In spite of the long history of widespread use, the physicochemical interactions between
aluminum compounds and antigens are relatively poorly understood and their underlying
mechanisms remain relatively unstudied [14]. It also seems that there have been no rigorous
animal studies of potential aluminum adjuvant toxicity. The absence of such studies is peculiar
given the well known observation that aluminum in general can be neurotoxic under a number
of conditions [15,16] and adjuvants in particular have previously been implicated in
neurological disease [17–19]. Table 1 shows the results from previous studies that treated
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animals with aluminum hydroxide, listing the resulting impacts on the nervous system. In
context to the use of aluminum in vaccines, LD50 values for aluminum hydroxide have not
been published to date to the best of our knowledge (J.T. Baker Material Safety Data Sheets).

The potential for aluminum injections to induce macrophagic myofasciitis has also been noted
in the literature [20–22].

A previous publication looked at the potential neurotoxicity of several known or suspected
vaccine adjuvants [8]. In the current study, we will focus exclusively on the impact of aluminum
hydroxide injections on motor and cognitive behaviours and on the expression of different
forms of neuropathology in an in vivo mouse model.

2. Experimental procedures
2.1. Experimental animals

In our initial study [8], young adult (3 month old) CD-1 male mice were used (approx. 35 g at
experiment onset). Younger animals were deliberately chosen to mimic the typical age of
service during the Gulf War [3]. Four subcutaneous injection groups (two injections spaced 2
weeks apart) were used: control saline/phosphate buffered solution (PBS) (n = 10); aluminum
hydroxide (n = 11); squalene (n = 10); and aluminum hydroxide and squalene (n = 10). The
current study will report only on the aluminum treated and control groups from this
experimental series. A second series of experiments was conducted on 9 month old CD-1 males
that received six aluminum hydroxide injections over a 2 weeks period. These mice, along with
controls and other treatment groups (to be reported elsewhere), were subjected to a more
rigorous behavioural testing regime to be described below. Histological analyses of the spinal
cords and brains of these mice are in progress.

All animals in both experiments were singly caged at the Jack Bell Research Centre animal
care facility in Vancouver, B.C., Canada. An ambient temperature of 22 °C and a 12/12 h light
cycle were maintained throughout the experiment. All mice were fed Purina® mouse chow
and given access to both food and water ad libitum.

Mice from both studies were sacrificed with an overdose of halothane and transcardially
perfused with 4% paraformaldehyde (PFA). CNS tissues were collected for histological
examination. Fixed brains and spinal cords from all mice were transferred to a 30% sucrose/
PBS solution overnight and then frozen and stored at −80 °C until sectioning. All brain/cord
tissue blocks were mounted in Tissue-Tek optimum cutting temperature (O.C.T) compound
(Sakura, Zoeterwoude, Netherlands), and then sectioned by cryostat into 30 μm coronal slices.
Spinal cords were sectioned at 25 μm in the transverse plane. The sections were cryoprotected
in 30% ethylene glycol–20% glycerol–dibasic and monobasic sodium phosphate solution and
kept frozen at −20 °C until use.

2.2. Adjuvants
Alhydrogel®, an aluminum hydroxide (Al(OH)3) gel suspension, was used as a source of
aluminum hydroxide. Alhydrogel is manufactured by Superfos Biosector a/s (Denmark) and
was purchased from SIGMA Canada.

2.2.1. Doses—To calculate approximate human dosages of aluminum hydroxide for our
experiments, we used the following information: The AVA vaccine for human use is made by
Bioport Corporation, of Lansing, Michigan. According to product data sheets from the
Michigan Biologic Products Institute (MBPI, Lansing, Michigan, USA; Bioport's predecessor),
a single dose of AVA vaccine contains 2.4 mg of aluminum hydroxide (equivalent to 0.83 mg
aluminum). Based on an assumed average human body weight of 70–80 kg, the amount per
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kg body weight would be approximately 30–34 μg/kg. Soldiers or civilians receiving the
vaccine would have received between 30–34 μg/kg (1 injection) and up to approx. 200 μg/kg
if six injections were received.

The adjuvant injections in the treated mice were calibrated based on average animal weight
for both experiments. At 3-month-old male CD-1 mice weigh approx. 35 g; at 9 months, the
weight is approx. 50 g. In Experiment 1, we performed two injections of a suspension of
aluminum hydroxide of (50 μg/kg) in a total volume of 200 μL sterile PBS (0.9%) spaced 2
weeks apart. The mice in this experiment would therefore have received 100 μg/kg versus a
probable 68 μg/kg in humans. In Experiment 2, mice received six injections for a total of 300
μg/kg aluminum hydroxide over 2 weeks. Controls in both studies were injected with 200 μL
PBS.

The injection site for human administration is typically subcutaneous over the deltoid muscle.
For injections in mice we used a subcutaneous injection into the loose skin behind the neck
(the “scruff”) to minimize discomfort and for ease of injection.

2.3. Behavioural tests
In the first study, mice were subjected at regular intervals to specific behavioral tests of motor
and cognitive function, including wire mesh hang (2×/week), open field (1×/week), and water
maze (1×/week) over a 6 months post injection period (see [22]). The order in which the animals
were tested was randomized for each trial. In the second study, we conducted a more detailed
behavioural examination based on the automated EthoVision system (Noldus Information
Technology, Seattle, WA) employing a video camera and tracking software (Noldus
EthoVision® 3.1). Individual movements of the mice were tracked for 5 min in an open field
at weekly intervals. The software allowed for quantitative measurements of a variety of motor
functions, including distance moved, percentage of time moving, velocity, and a variety of
others. These latter experiments continued for 28 weeks following the last injections.

2.4. Histological measurements (Experiment 1)
2.4.1. NeuN and active caspase-3—As cited in Petrik et al. [8], five mice were used from
each treatment group. In each, multiple brain (n = 3) and spinal cord (n = 8) sections at different
levels were examined. Fluorescent intensity levels of NeuN and activated caspase-3 were used
to identify neurons and cells dying by apoptosis, respectively. Regions of interest were defined
using landmarks from mouse brain and spinal cord stereotaxic atlases [23,24]. All sections
were counted in an unbiased manner under a 40× objective.

2.4.2. Choline acetyltransferase (ChAT) and Glial fibrillary acidic protein (GFAP)
—As cited in Petrik et al. [8], the ChAT antibody was used to identify cholinergic motor
neurons in the brain and spinal cord [25,26]. GFAP was used to label reactive astrocytes [27,
28].

2.4.3. Iba-1—A rabbit polyclonal antibody against the ionized calcium binding adapter
molecule (Iba-1) (Wako, Richmond, VA, USA) was used to stain for activated microglia
[29]. For Iba-1 fluorescent immunolableling, staining followed the same protocol used for
GFAP labeling except for the following modification: Sections were incubated with primary
rabbit-anit-Iba-1 (in PBST with 1%NGS + 1%BSA; 1:1000 dilution) overnight at 4 °C.
Sections were then incubated in anti-rabbit AlexaFluor 546™ secondary antibody for 2 h at
room temperature (Molecular Probes; Eugene, OR, 1:200).

2.4.4. Morin (3,5,7,2′,4′-pentahydroxyflavone, BDH)—Morin (M4008-2G, Sigma) is a
fluorochrome which forms a fluorescent complex with aluminum fluorescing green (with an
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excitation wavelength of 420 nm) [15,30] when it does so. The aluminum-Morin fluorescence
assay was used for the visualization and detection of aluminum in lumbar spinal cord and other
CNS tissues in the present experiments. The Morin stain was used as a 0.2% solution in 85%
ethyl alcohol containing 0.5% acetic acid. All mounted sections were first washed with PBS
twice for 5 min. Sections were then pretreated for 10 min in a 1% aqueous solution of
hydrochloric acid, rinsed in double distilled water (ddH2O) twice for 5 min, and immersed in
0.2% Morin stain for 10 min. The sections were then washed in ddH2O twice for 5 min,
dehydrated in 70%, 90%, and 100% ethyl alcohol (EtOH), and cleared with 100% xylene. All
sections were then mounted using Vectashield mounting medium (Vector Laboratories), sealed
with clear nail polish, and allowed to air dry.

2.4.5. Staining for hyper-phosphorylated tau protein—Hyper-phosphorylated tau
(Anti-Human PHF-Tau, Pierce Biotechnology, Inc., Rockford, IL) labeling was determined
using the non-fluorescent diaminobenzidine (DAB) method. Slides containing mounted
sections of lumbar spinal cord were first rinsed twice PBS (2× 5 min) before performing antigen
unmasking. Endogenous peroxidase activity was quenched using 0.3% hydrogen peroxide in
methanol for 20 min. The sections were rinsed twice in PBS (2× 5 min) before blocking at
room temperature for 1 h in M.O.M. blocking reagent (M.O.M. Kit – peroxidase, cat # PK
2200, Vector Laboratoraties, Inc., Burlingame CA) followed by a quick rinse in PBS and a 5
min incubation in M.O.M. diluent solution. The primary PHF-Tau antibody was diluted 100×
in M.O.M. diluent solution and incubation was conducted at room temperature for 1 h. After
the primary antibody incubation step, the slides were rinsed twice in PBS, and then incubated
in the M.O.M. biotinylated anti-mouse IgG reagent for 10 min. The sections were rinsed in
PBS before incubating with the secondary antibody (Vectastain ABC Elite Kit, cat # PK-6101)
for 1 h at room temperature followed by incubation in the Vectorstain ABC Elite Reagents for
another 30 min. The slides were rinsed again in 1× PBS. Color development was achieved
using the Vector ImmPACT™ DAB solution (cat # SK-4105). When the desired color was
achieved, the slides were rinsed in ddH2O for 5 min and counter-stained in 0.1% methyl green
for 5 min. After counter-staining, the slides were rinsed briefly in ddH2O, two changes of 95%
ethanol and two changes of 100% ethanol. The slides were allowed to dry before they were
mounted in Permount® (Fisher Scientific, Fair Lawn, NJ).

2.5. Microscopy
Brain and spinal cord sections processed with fluorescent antibodies or DAB were viewed with
a Zeiss Axiovert 200 M (Carl Zeiss Canada Limited, Toronto, ON, Canada) microscope at 40×
and 100× (under oil) magnification. DAPI (blue fluorescence) was viewed with a 359/461 nm
absorption/emission filter. Alexa Fluor 546™ (red), and rabbit IgG DuoLuX™ (red) were
viewed with 556 557/572 573 nm filter. FITC was viewed with a 490 494/520 525 nm filter.
Brain and lumbar spinal cord sections for histology were chosen randomly for each group.
When counting using 40× magnification two images were captured per spinal cord section:
ventral left, ventral right. 40× images were 350 × 275 μm and 100× images were 50 × 115
μm. Images were captured using AxioVision 4.3 software.

2.6. Criteria for determination and quantification of labeled cells
For quantification, only cells that were in focus and completely within the field of view were
counted. To eliminate the likelihood that the same cell would be counted twice, slices for each
histological experiment were drawn from only one well of the collection dish to ensure that
sections were at least 250 μm apart. Regions of interest for cell counts were defined using
landmarks and reference points from mouse spinal cord and brain stereotaxic atlases [39,40].
In the spinal cord, only cells which were anterior to the central canal and deep apex where the
grey and white matters meet were considered as part of the ventral horns; conversely, only
cells which were posterior to the central canal and the posterior deep apex were considered as
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part of the dorsal horns. These criteria applied regardless of the spinal segments examined. In
the brain, only cells found within the corresponding brain structures were counted. All sections
were counted in an unbiased manner (a code key was assigned to the animals for tracking
purposes, but did not reveal the identity of treatment the animal was prescribed).

2.7. Statistics
Values for each mouse on the individual tasks and in the cell counts were used to calculate
mean ± S.E.M. for each group and condition. Behavioral scores and cell counts were
normalized to the mean value of controls. The means were compared using one- or two-way
ANOVA (Statistica, Statsoft Inc., Tulsa, OK; GraphPad Prism, San Diego, CA).

3. Results
Unlike the Petrik et al. [8] study which showed a loss of ChAT positive motor neurons in the
lumbar cord of aluminum hydroxide treated mice, there was no significant difference in ChAT
labeling or motor neuron counts in either the cervical or thoracic spinal cord segments (Fig.
1A and B). However, the aluminum injected group showed a highly significant increase in the
expression of GFAP positive astrocytes (70%) are the control group (listed as 100% for all
graphs; Fig. 1C) in the cervical segment of spinal cord. These GFAP results mirrored the
outcomes previously reported in lumbar cord.

Iba-1 labeling demonstrated significantly increased levels of actived microglia in the lumbar
spinal cord of animals injected with aluminum (111%) compared to controls (Fig. 1E). Other
levels of cord were not tested for microglia in the present study.

Only mice injected with aluminum hydroxide showed significantly increased Morin labeling
of cells in lumbar spinal cord compared to the other groups (Fig. 2A–E). Similarly, only
aluminum-injected mice showed the presence of abnormal tau protein in motor neurons in
lumbar cord (Fig. 3). Other regions of the cord were not tested in the current studies for either
Morin or tau protein.

The multiple aluminum hydroxide injections of experiment 2 showed profound effects on
motor and other behaviours as shown in Figs. 4 and 5. Multiple aluminum injections produced
significant behavioural outcomes including changes in locomotive behaviour, (Fig. 4) and
induced memory deficits on water maze tasks (Fig. 5). Other behavioural measures including
muscle strength and endurance as measured by the wire hang and motor coordination and
balance as measured by rotarod were not significantly affected.

4. Discussion
The current results extend the preliminary results reported by Petrik et al. [8] by showing that
microglial activation is part of the underlying pathology in the lumbar cord. These data add to
those previously reported, i.e., the loss of motor and other neurons and the activation of reactive
astrocytes. Taken together with the current data, the overall activation of a glial inflammatory
response in lumbar cord suggests that this process is a key early stage of the pathological events
leading to motor neuron death. This interpretation is supported by an absence of motor neuron
loss and astrocyte activation in the other levels of the spinal cord observed in the present study.
In ALS and in animal models of the disease, glial activation followed by motor neuron death
often appears to proceed in sequential manner along the ventral neuraxis with the first signs of
pathology appearing first in lumbar cord [31]. Given this, it seems possible that an examination
of later time points would show pathological responses in the thoracic and cervical cord as
well. Alternatively, the aluminum shown to be present in lumbar cord motor neurons may not
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have reached these other spinal cord segments. Studies now in progress will determine if motor
neurons in these other segments stain positively for aluminum.

The positive Morin staining in lumbar cord clearly demonstrates that post injection aluminum
finds entry into this part of the nervous system. One possibility is that it does so by retrograde
transport from muscles to motor neurons in particular segments. This seems unlikely given
that our paradigm of injecting subcutaneous should not have targeted any particular spinal cord
segment. Another possibility is that aluminum can enter the CNS in a systemic manner if it
enters the circulatory system. Experiments in progress are designed to distinguish between
these possibilities.

The presence of hyper-phosphorylated tau protein, one of the hallmarks of both Alzheimer's
disease and ALS–PDC of Guam, in motor neurons in lumbar spinal cord clearly suggests that
additional pathological processes associated with aluminum are occurring.

The behavioural outcomes in the second experiment reported here reinforce the pathological
outcomes seen in the first studies. While the histological measurements from these studies are
still pending, the extent of the behavioural deficits strongly suggests that we will observe
widespread neuronal pathologies. The greater extent of the behavioural outcomes in this
experiment may be related to the experimental paradigm that tripled the number of aluminum
hydroxide injections.

Overall, the results reported here mirror previous work that has clearly demonstrated that
aluminum, in both oral and injected forms, can be neurotoxic [15,16,32,33]. Potential toxic
mechanisms of action for aluminum may include enhancement of inflammation (i.e.,
microgliosis) and the interference with cholinergic projections [34], reduced glucose utilization
[33], defective phosphorylation-dephosphorylation reactions [35], altered rate of
transmembrane diffusion and selective changes in saturable transport systems in the blood
brain barrier (BBB [36], and oxidative damage on cellular processes by the inhibition of the
glutathione redox cycle [37].

Given the above, it is not surprising that aluminum has been widely proposed as a factor in
neurodegenerative diseases and has been found in association with degenerating neurons in
specific CNS regions [38–41]. In animal studies, aluminum has been linked to the accumulation
of tau protein and amyloid-beta protein and observed to induce neuronal apoptosis in vivo as
well as in vitro30. Aluminum injected animals show severe anterograde degeneration of
cholinergic terminals in cortex and hippocampus [42].

Aluminum in its adjuvant form can gain access to the CNS [42–44], however, oral
administration of aluminum hydroxide gel does not appear to be neurotoxic in humans [45],
although aluminum chloride is, in rats [46]. The route of exposure, and perhaps the form of
aluminum, may be important factors that determine the potential for toxicity.

We speculate that the observed neurotoxic effects of aluminum hydroxide in the present study
arise by both ‘direct’ and ‘indirect’ pathways, some of which are cited above. Direct toxicity
refers to the physical presence (or close proximity) of aluminum and its potential for initiating
cell death pathways. Accumulation of aluminum into the cytoplasm via cellular uptake
mechanisms or diffusion could cause alterations in glutaminase and glutamine synthetase and
easily alter the availability of the neurotransmitter glutamate [47]. Aluminum acting to induce
abnormal tau protein accumulation could also increase neurofibrillary tangles and impair
cellular transport mechanisms [48]. Outside the cell, aluminum could affect neurons by altering
synapses. For example, aluminum has been shown to decrease the thickness of post-synaptic
density, increase the width of the synaptic cleft, and increase the number of flat synapses
[49]. Aluminum could also block voltage-activated calcium channels [50], augment the activity
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of acetylcholinesterase [51], or interfere with synaptic transmission by merely accumulating
in the synaptic cleft [52]. Aluminum can also induce apoptosis in astrocytes [53]. Since
astrocytes are essential for maintaining neuronal health, any loss of astrocyte function could
prove toxic to neurons. Indirect toxicity of aluminum could occur in various ways, including
by activating various cytokines [54], releasing glutamate in an excitotoxic cascade, or by
modifying various enzymatic pathways [55].

In addition to the above actions specifically on neural cells, aluminum might act indirectly by
stimulating abnormal, generalized immune responses. This is, in fact, what adjuvants are placed
in vaccines to do in the first place. Adjuvant neurotoxicity could thus be the result of an
imbalanced immune response. Rook and Zumla [56] hypothesized that multiple vaccinations,
stress, and the method of vaccination could lead to a shift in immune response [56,57].
Aluminum hydroxide has previously been shown to stimulate a Th2-cytokine response [9,
58].

While the current results and our previous study have demonstrated significant behavioural
and neuropathological outcomes with aluminum hydroxide and some additionally significant
outcomes due to a combination of adjuvants, it is important to recognize that these were
achieved under minimal conditions. Table 1 summarizes aspects of human ALS and GWS
symptoms compared with outcomes observed in aluminum-injected mice. The likelihood exists
that a synergistic effect between adjuvants and other variables such as stress, multiple
vaccinations, and exposure to other toxins likely occurs. A recent study examining some of
these factors in combination showed that stress, vaccination, and pyridostigmine bromide (a
carbamate anticholinesterase (AchE) inhibitor), may synergistically act on multiples stress-
activated kinases in the brain to induce neurological impairments in GWS [59]. In addition, a
genetic background in context to aluminum exposure may play a crucial role and may be an
important area for future research.

The demonstration of neuropathological outcomes and behavioural deficits in aluminum
hydroxide injected mice may provide some insight into the causes of not only GWS–ALS, but
may open avenues of investigation into other neurological diseases.
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Abbreviations

chE Anticholinesterase

ALS–PDC Amyotrophic lateral sclerosis- parkinsonism dementia complex

AVA Anthrax vaccine adsorbed

BSA Bovine serum albumin

GFAP Glial fibrillary acidic protein

ChAT Choline acetyltransferase

GWS Gulf War Syndrome

NGS normal goat serum

OCT Optimum cutting temperature

PBST Phosphate buffer saline – Tween 20

PFA Paraformaldehyde
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Fig. 1.
Impact of aluminum hydroxide on different levels of spinal cord (SC). (A and B) ChAT labeling
in cervical and thoracic cords, respectively. (C and D) Normalized cell counts for GFAP
labeling of reactive astrocytes in cervical and thoracic spinal cord, respectively. In cervical
cord, the aluminum hydroxide treated groups showed higher levels of GFAP labeling with the
aluminum alone group achieving statistical significance. (E) Iba-1 fluorescent labeling in the
ventral horn of mouse lumbar cord showed that aluminum-injected mice had significantly
increased numbers of activated microglia. Data are means ± S.E.M. ***p < 0.001, one-way
ANOVA.

Shaw and Petrik Page 11

J Inorg Biochem. Author manuscript; available in PMC 2010 February 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Morin fluorescent labeling in ventral horn of mouse lumbar spinal cord. Sections from control
(A) mice showed no Morin fluorescent labeling. Scale bar = 20 μm. (B) Morin-positive motor
neurons in aluminum hydroxide treated mice. (C and D) Higher power of motor neurons in
aluminum-injected mice showing show high levels of cytoplasmic Morin labeling. Scale bar
= 20 μm. (E) Cell counts for Morin positive cells in the different treatment groups (n = 4 mice/
group, four sections each). Data are mean ± S.E.M. One-way ANOVA analysis revealed a
significance level of *p < 0.05.
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Fig. 3.
Hyper-phosphorylated tau immunostaining in the ventral horn of mouse lumbar spinal cord
compared to Alzheimer's disease. (A) A section of human entorhinal cortex from a control
patient. (B) Human entorhinal cortex section from a patient with Alzheimer's disease (sections
kindly provided courtesy of Dr. P. McGeer). (C) Lumbar spinal cord sample from a saline
injected mouse. (D) Equivalent section from a aluminum hydroxide injected mouse. All
pictures are 100× magnification.
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Fig. 4.
Open field movement analysis as an assessment of spontaneous activity and anxiety in control
mice vs. mice injected six times with aluminum hydroxide. Aluminum hydroxide injected mice
showed the following behavioural changes: (A) Shorter distances moved (***p < 0.0001). (B)
Slower movement (***p < 0.0001). (C) Greater mean turn angle (***p < 0.0001). (D) More
rapid turning (***p < 0.0001). (E) Greater meander (***p < 0.0001). (F) Smaller percentage
of time in overall movement (**p = 0.0030). (G) Fewer entries into the centre of the open field
(***p < 0.001). Late entry into centre (***p < 0.0001). (All measures, two-way ANOVA).
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Fig. 5.
Water maze test as an evaluation of learning and memory. Mice injected 6× with aluminum
hydroxide on average took significantly longer to complete the maze compared to saline
injected mice (two-way ANOVA. *p = 0.0389).
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Abstract

Our previous ecological studies of autism spectrum disorder (ASD) has demonstrated a

correlation between increasing ASD rates and aluminium (Al) adjuvants in common use in

paediatric vaccines in several Western countries. The correlation between ASD rate and Al

adjuvant amounts appears to be dose-dependent and satisfies 8 of 9 Hill criteria for

causality. We have now sought to provide an animal model to explore potential behavioural

phenotypes and central nervous system (CNS) alterations using s.c. injections of Al

hydroxide in early postnatal CD-1 mice of both sexes. Injections of a “high” and “low” Al

adjuvant levels were designed to correlate to either the U.S. or Scandinavian paediatric

vaccine schedules vs. control saline-injected mice. Both male and female mice in the “high

Al” group showed significant weight gains following treatment up to sacrifice at 6 months of

age. Male mice in the “high Al” group showed significant changes in light–dark box tests and

in various measures of behaviour in an open field. Female mice showed significant changes

in the light–dark box at both doses, but no significant changes in open field behaviours.

These current data implicate Al injected in early postnatal life in some CNS alterations that

may be relevant for a better understanding of the aetiology of ASD.

Graphical abstract

Repetitive administration of aluminium to neonatal mice in amounts comparable to those to

children receive via routine vaccinations significantly increases anxiety and reduces

exploratory behaviour and locomotor activities. The neurodisruptive effects of aluminium

are long-lasting and persist for 6 months following injection.

Download: Download full-size image
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Aluminium (Al) is the most abundant metal and third most common element in the Earth's

crust [1]. Normally chemically bound to other elements, Al is not typically bioavailable and

indeed seems to play no role in any known biochemistry of plants, animals or humans. In

the last 150 years, however, Al through human activities has become much more prevalent

in the human environment. Notably, Al is widely used in industrial and material

applications, is widely found in processed foods, is contained in various medicinal

compounds, and can be used as a flocculant in water treatment. Because of such ubiquity, it

is increasingly found in our bodies [2], [3], [4], [5]. Overall, we now live in what has been

termed “The Aluminium Age” [6].

For all of its positive properties as a material, Al is also demonstrably toxic to biological

systems [1], an observation that has been in the scientific literature for at least a century [7].

Although Al may deleteriously impact various organ systems, some of its worst impacts may

be on the nervous system (for a review, see [2]). Some of the toxic actions of Al on the

nervous system include: disruption of synaptic activity, misfolding of crucial proteins,

promotion of oxidant stress, and increased permeability of the blood–brain barrier [2], [8],

to mention only a few of the more egregious impacts. In particular, Al has been implicated

in Alzheimer's disease [2], [4], [9], [10] and animal models of the disease clearly

demonstrate Al-induced cognitive deficits and pathologies [11], [12], [13]. Al vaccine

adjuvants, in use since the mid 1920s [14], have been shown to produce Lou Gehrig's-like

motor phenotypes in mice and motor neuron degeneration [15], [16]. The neurotoxic effects

of Al adjuvants have been discussed in previous publications by our group [17], [18], [19]

and by others [20], [21], [22], [23]. Additionally, Al in vaccines has been linked to the

induction of autoimmune diseases [24], [25], [26], [27].

Recently, we compared the amount of Al in various national paediatric vaccine schedules

with increasing rates of autism spectrum disorder (ASD) and found a significant correlation

that appeared to be dose-dependent [28]. These ecological data satisfied 8 or 9 so-called Hill

criteria for causality [29]. Similar conclusions about a potential role of Al adjuvants in ASD

have been discussed by other investigators [30], [31].

The above results led us to attempt to create an animal model of ASD based on early life

administration of Al adjuvants by injection. The current manuscript describes the

behavioural outcomes of this study. A future publication will address central nervous

system (CNS) alterations.
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Section snippets

Aluminium adjuvant

Alhydrogel®, an aluminium hydroxide (Al(OH) ) gel suspension, was used as a source of

aluminium hydroxide. Alhydrogel is manufactured by Superfos Biosector a/s (Denmark) and

was purchased from SIGMA Canada. This formulation of the gel is presumed to be similar to

that used in proprietary commercial vaccines, which may, however, differ in some chemical

properties. …

Dosage and administration

An example of the U.S. vaccination schedule is shown in Table 1 for reference. Previously, we

estimated the amounts of Al per kg of …

Overall mouse development

No significant mortality and no overt morbidity were observed in the groups of pups

injected with either Al or saline control. There were however two cases of mortality

recorded during the experimental period. One was a case of bilateral pyelonephritis with

subsequent septicaemia in the group of male mice who received the “high Al” injection

schedule. According to the necropsy report by the Animal Care Facility, the pyelonephritis

may have been caused by bacterial infections (i.e., E. coli …

Discussion

The present results demonstrate, to our knowledge for the first time, long-term alteration of

behavioural responses in mice as a result of Al treatment by injection early in postnatal life.

The administration of Al was meant to mimic the exposure of human infants to the standard

paediatric schedules of various Western countries which we have previously linked to

changing rates of ASD in these same countries [28].

In our experiment, mice of both sexes injected under the “high Al” schedule showed …
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Conclusions

Al salts are the most widely used adjuvants today and have been since the 1920s [14]. The

fact that they can trigger pathological immunological responses and a cascade of unwanted

health effects has been relatively under-appreciated to date [16], [17], [18], [19], [20], [21],

[22], [23], [24], [25], [26], [27], [30], [45], [72], [73], [80], [84], [89]. Nevertheless, it is clear

that the problem with vaccine-derived Al is three-fold: it can persist in the body, it can

trigger pathological …
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Abstract

Autism is a neurodevelopmental disorder characterized by impaired communication and social

interaction and may be accompanied by mental retardation and epilepsy. Its cause remains

unknown, despite evidence that genetic, environmental, and immunological factors may play a role

in its pathogenesis. To investigate whether immune-mediated mechanisms are involved in the

pathogenesis of autism, we used immunocytochemistry, cytokine protein arrays, and enzyme-

linked immunosorbent assays to study brain tissues and cerebrospinal fluid (CSF) from autistic

patients and determined the magnitude of neuroglial and inflammatory reactions and their cytokine

expression profiles. Brain tissues from cerebellum, midfrontal, and cingulate gyrus obtained at

autopsy from 11 patients with autism were used for morphological studies. Fresh-frozen tissues

available from seven patients and CSF from six living autistic patients were used for cytokine

protein profiling. We demonstrate an active neuroinflammatory process in the cerebral cortex, white

matter, and notably in cerebellum of autistic patients. Immunocytochemical studies showed marked

activation of microglia and astroglia, and cytokine profiling indicated that macrophage

chemoattractant protein (MCP)-1 and tumor growth factor-beta1, derived from neuroglia, were the

most prevalent cytokines in brain tissues. CSF showed a unique proinflammatory profile of

cytokines, including a marked increase in MCP-1. Our findings indicate that innate neuroimmune

reactions play a pathogenic role in an undefined proportion of autistic patients, suggesting that

future therapies might involve modifying neuroglial responses in the brain.
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Previous studies have shown that immunological factors are involved in the pathogen-
esis of autism spectrum disorders (ASDs). However, this research has been conducted 
almost exclusively in Western contexts, and only a handful of studies on immune 
measures have been conducted in Asian populations, such as Chinese populations. 
The present study examined whether immunological abnormalities are associated with 
cognitive deficits and problem behaviors in Chinese children with ASD and whether 
these children show different immunological profiles. Thirteen typically developing (TD) 
children and 22 children with ASD, aged 6–17 years, participated voluntarily in the study. 
Executive functions and short-term memory were measured using neuropsychological 
tests, and behavioral measures were assessed using parent ratings. The children were 
also assessed on immunological measures, specifically, the levels of cytokines and 
chemokines in the blood serum. Children with ASD showed greater deficits in cognitive 
functions, as well as altered levels of immunological measures, including CCL2, CCL5, 
and CXCL9 levels, compared to TD children, and the cognitive functions and associ-
ated behavioral deficits of children with ASD were significantly associated with different 
immunological measures. The children were further sub-classified into ASD with only 
autistic features (ASD-only) or ASD comorbid with attention deficit hyperactivity disorder 
(ASD + ADHD). The comorbidity results showed that there were no differences between 
the two groups of ASD children in any of the cognitive or behavioral measures. However, 
the results pertaining to immunological measures showed that the children with ASD-
only and ASD  +  ADHD exhibited distinct cytokine and chemokine profiles and that 
abnormal immunologic function was associated with cognitive functions and inattention/
hyperactivity symptoms. These results support the notion that altered immune functions 
may play a role in the selective cognitive and behavioral symptoms of ASD.

Keywords: immunologic function, autism, cognitive function, hyperactivity, comorbidity

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.00011&domain=pdf&date_stamp=2017-01-23
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.00011
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:aschan@psy.cuhk.edu.hk
https://doi.org/10.3389/fimmu.2017.00011
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00011/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00011/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00011/abstract
http://loop.frontiersin.org/people/403808
http://loop.frontiersin.org/people/394744
http://loop.frontiersin.org/people/83821
http://loop.frontiersin.org/people/129169
http://loop.frontiersin.org/people/317304
http://loop.frontiersin.org/people/129177


2

Han et al. Cytokine and Chemokine Profiles in ASD

Frontiers in Immunology | www.frontiersin.org January 2017 | Volume 8 | Article 11

inTrODUcTiOn

One essential finding in autism spectrum disorder (ASD) research 
has been the consistent immunological abnormality detected 
among autistic individuals. Although it is largely unknown how 
the immunologic factor specifically affects the neural networks 
in the brains of individuals with ASD, dysfunctional immune 
profiles involving inflammatory changes in the CNS have been 
documented in ASD. For example, increased levels of inflamma-
tory cytokine transforming growth factor beta 1 [TGFβ1; (1)], 
chemokine macrophage chemoattractant CCL2 (1), and CXCL8 
(2) were found in the brains of individuals with ASD. In addition 
to the elevated neuroinflammatory response in the autistic brain, 
altered levels of circulating cytokines and chemokine have also 
been reported. For example, higher levels of macrophage migra-
tion inhibitory factor (MIF) and CXCL8 were observed in plasma 
and cerebrospinal fluid (CSF) specimens from individuals with 
ASD compared with those from typically developing (TD) con-
trols and subjects with other developmental disabilities (1, 3–5). 
In addition, elevated plasma CCL5 and CCL2 were observed 
in ASD, whereas increased CCL2 found newborn bloodspot 
specimens have been shown to be related to the risk of ASD (1, 
6, 7). Similarly, altered levels of TGFβ1 have also been found in 
plasma and serum specimens of ASD compared with TD controls 
(8–10). These findings suggest that the increased inflammatory 
chemokine and cytokine production detected in the brain and 
peripheral blood of autistic individuals may produce a profoundly 
negative effect on proper neuronal development, migration, dif-
ferentiation, and synapse formation and subsequently affect the 
behavior of individuals with ASD (1, 11, 12). Consistent with these 
findings, cytokine and chemokine levels have been shown to cor-
relate with the severity of behavioral abnormalities in individuals 
with ASD. Increased plasma levels of MIF have been correlated 
with more severe social impairment and decreased imaginative 
play (4), whereas lower TGFβ1 levels have been associated with 
more stereotypy, irritability, hyperactivity, and other behavioral 
symptoms and fewer adaptive behaviors (8). Significant associa-
tions between increased plasma levels of CCL5 and CXCL8 and 
more frequent aberrant behaviors and fewer adaptive behaviors 
have also been found (3, 6).

Although the aforementioned studies have indicated plausible 
links between the severity of certain core behavioral symptoms 
and shifts in cytokine and chemokine levels in ASD, it is important 
to note that the exploration of neuroinflammatory mechanisms 
in ASD has been based predominantly on research conducted 
in Western populations, of which the expression of autistic traits 
does not necessarily extend to all populations. For example, ASD 
children from Western populations (United Kingdom and United 
States) showed significantly greater deficits in the domains of non-
verbal communication/socialization and insistence on sameness/
restricted interests than ASD children from Eastern populations 
(Israel and South Korea), as was demonstrated in a study con-
ducted by Matson et al. (13). Therefore, it may be worth consider-
ing whether the immunological profiles in ASD differ according to 
ethnicity. Moreover, it will be interesting to determine whether the 
observed ethnic differences in the symptoms of ASD are reflected 
in their immunological profiles such that ethnic differences are 

also observed in the levels of cytokine and chemokine production 
among autistic individuals from different ethnic backgrounds. 
Hence, our present study attempted to add new knowledge 
regarding the ethnic aspects of immunological dysfunctions in 
the peripheral blood of Chinese individuals with ASD.

Furthermore, although the relationship between the levels of 
cytokine and chemokine production and the severity of cogni-
tive outcomes have been detected in ASD (3, 4, 6, 8), reports of 
peripheral chemokine levels have been inconsistent. For example, 
while higher levels of CCL2, CCL5, and CXCL10 were found in 
individuals with ASD than in TD controls in either plasma or CSF 
specimens (1, 6, 7), lower plasma levels of these three chemokines 
were detected in ASD subjects with fragile X syndrome (FXS, a 
single-gene disorder characterized by autistic symptoms) com-
pared to TD controls (14). Similarly, several studies have reported 
decreased levels of TGFβ1 measured in plasma and serum (8–10), 
whereas the opposite trend has been observed in the brain tissue 
of individuals with ASD (1). Considering the discrepancies in the 
levels of cytokine and chemokine production reported in previous 
studies, it is questionable whether this relationship arises simply 
because chemokine and cytokine levels vary between different 
samples or because of the complexity of the clinical diagnosis of 
ASD, in which autism may be comorbid with symptoms associ-
ated with other neurological disorders, leading to the expression 
of different immunological profiles. Indeed, differing levels of 
chemokines were found between individuals with ASD + FXS and 
individuals with ASD-only, as well as between autistic individuals 
with regression and those with early onset of ASD (3, 14). Because 
there is a significant proportion of individuals with ASD comor-
bid with AD/HD symptoms (ASD + ADHD) who demonstrate 
a more severe profile of cognitive and behavioral impairment 
compared to individuals with only autistic features, this study also 
aimed to explore whether individuals with ASD and individuals 
with ASD + ADHD demonstrate different immunological profiles 
in terms of cytokine and chemokine production levels (15–19).

The purpose of the present study was therefore to (a) explore 
whether the patterns of the serum cytokine levels and chemokine 
production observed in individuals with ASD from Western 
populations would be replicated in ASD children from Eastern 
populations and (b) investigate whether the immunological 
measures of ASD would be associated with the severity of their 
behavioral and cognitive symptoms. To further highlight the 
relationship between altered immune functions and the diversity 
of autistic phenotypes, this study also aimed to (c) determine 
whether individuals diagnosed with ASD and co-diagnosed 
with ASD and ADHD would demonstrate different cytokine and 
chemokine profiles compared to their age- and IQ-matched TD 
counterparts. Drawing together the pieces of evidence linking 
ASD with altered immunologic function, we hypothesized that 
relative to TD children, Chinese children with ASD would show 
altered levels of inflammatory chemokine and cytokine in the 
blood serum. In addition, given that altered pro-inflammatory 
profile might be associated with neuronal damage which leads 
to the behavioral abnormalities in individuals with ASD, it 
was hypothesized that the specific panels of pro-inflammatory 
cytokines and chemokines would be associated with the sever-
ity of the cognitive dysfunction and behavioral problems in the 
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TaBle 1 | Demographic and clinical characteristics of children with asD 
(n = 22) and TD controls (n = 13).

TD asD t or χ2 p
(n = 13) (n = 22)

Age, years 10.92 (3.95) 9.50 (2.54) 1.17 0.26

Gender—male (%)a 69.23 90.91 2.62 0.11

IQ 106.69 (13.23) 99.36 (8.29) 1.80 0.09

ADI-R social interaction 3.85 (2.91) 18.55 (6.77) 8.89 <0.001**

ADI-R communication 1.31 (1.38) 13.64 (5.27) 10.39 <0.001**

ADI-R stereotyped behavior 0.23 (0.60) 5.18 (2.24) 9.80 <0.001**

SRS-2 total score 28.77 (10.29) 78.55 (25.94) 8.00 <0.001**

Data are presented as means (SD).
ADI-R, Autism Diagnostic Interview-Revised; IQ, intelligence quotient as assessed by 
the Chinese version of Wechsler Intelligence Scale for Children Forth Edition; SRS-2, 
Social Responsiveness Scale Second Edition; ASD, children with diagnosis of autism 
spectrum disorder; ASD-only, children with diagnosis of autism spectrum disorder 
only; ASD + ADHD, children with comorbid diagnosis of autism spectrum disorder and 
attention deficit hyperactivity disorder; TD, typically developing children.
aLikelihood ratio Chi-square test were performed for distribution violating the sample 
size assumption of Chi-square test.
**p < 0.01.

TaBle 2 | Demographic and clinical characteristics of children with asD only (n = 13), children with comorbid diagnosis of asDs and attention deficit 
hyperactivity disorder (n = 9), and TD controls (n = 13).

TD asD F or χ2 p Post hoc results

(n = 13)
asD-only (n = 13) asD + aDhD (n = 9)

Age, years 10.92 (3.95) 9.38 (2.84) 9.67 (2.18) 0.84 0.44

Gender—male (%)a 69.23 100.00 77.78 6.49 0.04*

IQ 106.69 (13.23) 100.08 (9.30) 98.33 (6.98) 2.06 0.14

ADI-R social interactionb 3.85 (2.91) 19.31 (7.18) 17.44 (6.37) 37.20 <0.001** TD < ASD-only, ASD + ADHD

ADI-R communicationb 1.31 (1.38) 13.77 (4.90) 13.44 (6.06) 51.42 <0.001** TD < ASD-only, ASD + ADHD

ADI-R stereotyped behaviorb 0.23 (0.60) 5.85 (2.19) 4.22 (2.05) 50.51 <0.001** TD < ASD-only, ASD + ADHD

SRS-2 total scoreb 28.77 (10.29) 81.08 (28.68) 74.89 (22.51) 30.56 <0.001** TD < ASD-only, ASD + ADHD

Data are presented as means (SD).
ADI-R, Autism Diagnostic Interview-Revised; IQ, intelligence quotient as assessed by the Chinese version of Wechsler Intelligence Scale for children Forth Edition; SRS-2, Social 
Responsiveness Scale Second Edition; ASD, children with diagnosis of autism spectrum disorder; ASD-only, children with diagnosis of autism spectrum disorder only; ASD + ADHD, 
children with comorbid diagnosis of autism spectrum disorder and attention deficit hyperactivity disorder; TD, typically developing children.
aLikelihood ratio Chi-square test were performed for distribution violating the sample size assumption of Chi-square test.
bWelch’s test and Games–Howell post hoc test were performed for variables violating the homogeneity of variances assumption of ANOVA test.
*p < 0.05, **p < 0.01.
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children with the disorder. Finally, considering the discrepancies 
in the levels of cytokine and chemokine production reported in 
previous studies, it was further hypothesized that the children 
with ASD would have a different cytokine and chemokine profile 
from those comorbid with ADHD.

MaTerials anD MeThODs

Participants
Participants in the study were recruited by posting advertisement 
on our websites and sending emails to parents in our existing 
database at the Neuropsychology Laboratory of the Chinese 
University of Hong Kong. Seventeen TD children and 23 children 
with ASD, aged 6–17 years, participated voluntarily in the study 
with their parents’ written consent. All children with ASD were 
diagnosed by a clinical psychologist based on the diagnostic 
criteria of DSM-V (20), and the information collected from the 
Autism Diagnostic Interview-Revised [ADI-R; (21)]. Of the 23 
children with ASD, 10 children also demonstrated prominent 
symptoms of attention deficit hyperactivity disorder (ADHD) 
that warranted a comorbid diagnosis of ASD and ADHD 
(ASD + ADHD) and 13 met the diagnostic criteria of ASD with 
no or only mild ADHD-like features that did not meet the diag-
nostic criteria of ADHD (ASD-only). The TD children had no 
history of delay in developmental milestones or any neurological 
or psychiatric disorders as reported by their parents; the children 
were screened for autism traits using the ADI-R and the Social 
Responsiveness Scale [SRS-2; (22)]. One ASD  +  ADHD child 
who was prescribed immunosuppressive drugs was excluded 
from the study, and four children from the TD group were also 
excluded because their scores were either above the cutoff scores 
of 10, 9, and 3 in the three subscales (reciprocal social interaction, 
communication, repetitive/restricted and stereotyped patterns of 
behaviors, respectively) of the ADI-R (n = 3), or of the total raw 
score of 70 in the SRS-2 (n = 1).

Tables 1 and 2 shows the demographic and clinical charac-
teristics of the children. The ASD and TD groups were matched 

on age, t = 1.17, p = 0.26, and intellectual functioning, t = 1.80, 
p = 0.09, as measured by the short form of the Chinese version 
of the Wechsler Intelligence Scale for Children-Fourth Edition 
(Hong Kong) [WISC-IV (HK)] (23). The ASD-only group 
contained significantly more males than the other two groups, 
likelihood ratio = 6.49, p = 0.04. The TD group demonstrated 
significantly fewer ASD or ADHD related symptoms than 
either ASD group (F ranges from 30.56 to 51.42, p  <  0.001). 
Although the level of behavioral problems between the two 
ASD groups did not reach statistical significance, the ASD-only 
group demonstrated slightly more ASD-related features than the 
ASD + ADHD group.

Procedure
This study was conducted in accordance with the Helsinki 
Declaration of the World Medical Association Assembly. 
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The research protocol was approved by the Joint Chinese 
University of Hong Kong—New Territories East Cluster 
Clinical Research Ethics Committee (Ref. No. 2013.520). Prior 
to the assessment, all of the children and their parents were 
briefed on the procedure of the study, and informed consent 
was obtained from the parents. Peripheral blood samples and 
data on neuropsychological and behavioral measures were 
collected on separate days.

A registered nurse drew 3 ml of EDTA blood and 3 ml of clot-
ted blood from each child using venipuncture at a medical clinic. 
Each blood sample was centrifuged at 3,000 rpm for 15 min, and 
the harvested serum was then stored at −80°C in a clinical labora-
tory until cytokine and chemokine levels were measured. Serum 
cytokine and chemokine concentrations were measured follow-
ing the manufacturer’s instructions. Blood sample processing and 
assay were performed by an experienced laboratory technician 
who was blind to the clinical characteristics and group assign-
ments of the participants.

Neuropsychological assessments of the children and clinical 
interviews of the parents were administered on another day 
by well-trained research assistants. The neuropsychological 
assessment involved standardized tests on two cognitive 
domains (executive functioning and short-term memory) that 
are frequently found to be problematic in individuals with ASD 
(24, 25). In the clinical interview, information about the chil-
dren’s developmental and medical history, as well as past and 
present socio-emotional and behavioral characteristics, was 
collected from the parents through a structured interview and 
standardized questionnaires. The diagnosis of each child was 
confirmed by a clinical psychologist based on the DSM-V cri-
teria and the ADI-R. The research assistants who conducted the 
assessment, the nurse who drew the blood, and the technician 
who performed the blood assays were blinded to the rationale 
of the study and the group assignment.

Measures
Immunological Measures
The concentrations of the cytokines TGFβ1 and MIF were 
measured using an enzyme-linked immunosorbent assay 
(R&D Systems, Inc., MN, USA) method, whereas those of the 
chemokines CCL2, CCL5, CXCL8, CXCL9, and CXCL10 were 
assessed using BD™ human chemokine cytometric bead array 
(CBA) reagent (Becton Dickinson Biosciences Pharmingen, 
CA, USA). Samples were analyzed on a multi-fluorescence BD 
FACSCalibur™ flow cytometer using BD CellQuest™ and BD™ 
CBA software.

Cognitive Measures
Executive Functioning
Four well-defined measures of executive functioning in planning 
and organization, cognitive flexibility, and generativity were 
used in the present study: (1) the Tower of London Test-Drexel 
Version (TOLDX) (26), (2) completion time of the second trial 
of the Children’s Color Trail Test [CCTT; (27)], (3) the total 
number of unique designs of the Five Point Test [FPT; (28)], and 
(4) the Copy trial of the Rey–Osterrieth Complex Figure Test 

[Rey-O; (29)]. The TOLDX requires movement of three colored 
beads on three vertical pegs to match a target arrangement while 
adhering to the test rules. The second trial of the CCTT requires 
connecting scattered numbers in ascending order and concur-
rently alternating between pink and yellow. The FPT requires 
the production of novel designs by connecting five points with 
straight lines within 5 min. The Rey-O Copy task involves copy-
ing a complex geometric figure and requires sufficient attention 
and concentration and the ability to organize the figure into a 
perceptual whole.

Short-term Memory
Short-term memory comprises two measures tapping the ability 
to temporarily store new information in memory: (1) total scores 
on Digit Span—Forward and Backward (DS) of the WISC-IV 
(HK) (23) and (2) the immediate recall trial of Rey-O. The Rey-O 
task requires drawing a complex figure from memory after copy-
ing the figure, and the DS requires the repetition of sequences of 
random numerals read aloud by the examiner.

Behavioral Measures
Social Communication/Interaction
This measure consists of three measures derived from two stand-
ardized questionnaires tapping core deficits in social functioning 
of ASD: (1) reciprocal social interaction, (2) communication 
subscale scores of the ADI-R, and (3) social communication/
interaction total scores on the Social Responsiveness Scale, 
Second Edition [SRS-2; (22)].

Repetitive/Restricted Behavior
This measure consists of two behavioral measures tapping another 
set of core ASD symptoms in the repetitive, restricted behavior 
repertoire, interests or activities: (1) restricted, repetitive, and ste-
reotyped patterns of behaviors subscale scores on the ADI-R and 
(2) repetitive/restricted behaviors subscale scores on the SRS-2.

Inattention/Hyperactivity
This measure involves three measures derived from standardized 
questionnaires tapping core AD/HD symptoms of inattention and 
hyperactivity/impulsivity: (1) cognitive problems/inattention, (2) 
hyperactivity, and (3) ADHD index subscale scores on the short 
version of Conners’ Rating Scales-Revised [CRS-R; (30)].

Data analyses
Cognitive functions and behavioral measures were compared 
and examined for differences between the ASD and TD groups. 
To reduce the number of statistical comparisons, two composite 
scores of the cognitive domain (executive functioning, short-term 
memory) and three composite scores of the behavioral domain 
(social communication/interaction, repetitive/restricted behavior, 
inattention/hyperactivity) were computed by summing and 
averaging the Z scores from the corresponding cognitive and 
behavioral measures of the different cognitive and behavioral 
domains. Low scores indicated poor performance in cognitive 
functioning and impaired behavior. To examine differences 
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TaBle 3 | comparison of mean composite scores in cognitive and 
behavioral domains in children with asD (n = 22) and TD controls 
(n = 13).

TD asD t p

(n = 13) (n = 22)

Executive functioning −0.30 (0.50) −0.71 (0.60) 2.09 0.04*
Short-term memory −0.08 (0.70) −0.74 (0.62) 2.90 0.007**
Social communication/
interaction

3.10 (0.37) −0.19 (1.20) 11.93 <0.001**

Repetitive/restricted 
behavior

1.53 (0.21) −0.88 (1.07) 10.23 <0.001**

Inattention/hyperactivity 0.22 (0.51) −1.48 (1.14) 6.01 <0.001**

Data are presented as means (SD).
ASD, children with diagnosis of autism spectrum disorder; ASD-only, children with 
diagnosis of autism spectrum disorder only; ASD + ADHD, children with comorbid 
diagnosis of autism spectrum disorder and attention deficit hyperactivity disorder; TD, 
typically developing children.
*p < 0.05, **p < 0.01.

TaBle 4 | comparison of mean concentrations of cytokines and 
chemokines in children with asD (n = 22) and TD controls (n = 13).

TD asD t p

(n = 13) (n = 22)

cytokines
Migration inhibitory 
factor (ng/mL)

17.25 (5.35) 20.89 (11.30) −1.09 0.29

Transforming growth 
factor beta 1 (pg/mL)

31530.81 
(5746.58)

32228.70 
(8917.55)

−0.25 0.80

chemokines
CCL2 (pg/mL) 141.78 (38.89) 182.21 (66.61) −2.27 0.03*

CCL5 (pg/mL) 32396.60 
(8061.28)

45273.38 
(16620.41)

−3.07 0.004**

CXCL8 (pg/mL) 79.87 (18.20) 78.83 (33.00) 0.12 0.91

CXCL9 (pg/mL) 522.64 (212.87) 270.19 (100.92) 4.02 0.001**

CXCL10 (pg/mL) 1155.78 (493.21) 999.70 (415.49) 1.00 0.32

Data are presented as means (SD).
ASD, children with diagnosis of autism spectrum disorder; TD, typically developing 
children.
*p < 0.05, **p < 0.01.
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between the ASD and TD groups of children, the two cogni-
tive composite and the three behavioral composite scores were 
compared using the independent-samples t-test (independent 
t-test). For the immunological measures, the concentrations of 
the cytokines and chemokines were compared between the ASD 
and TD groups using independent t-tests.

To determine whether ASD and ASD + ADHD would dem-
onstrate different cytokine and chemokine profiles compared 
to their TD counterparts, between-group comparisons on 
continuous variables were performed using multivariate analysis 
of variance (MANOVA) followed by separate univariate analysis 
of variance (ANOVA) and post hoc Tukey HSD tests. Between-
group comparisons on categorical variables were analyzed using 
Chi-square tests. For distributions that had more than 20% of 
cells with an expected count of less than 5, the likelihood ratio 
was reported. Spearman’s correlation was performed to analyze 
the association between two continuous variables. All statistical 
analyses were performed using the SPSS software (SPSS, Inc., 
Chicago, IL, USA). Given that specific hypotheses were tested, 
the alpha level was not adjusted to avoid reducing the power of 
the tests, and the corresponding effect sizes of different statistics 
were reported to determine the strength of association and 
degree of difference based on Cohen (31) and Hopkins (32) 
criteria.

resUlTs

comparison of cognitive and Behavioral 
Measurements between children with 
asD and TD controls
Children with ASD showed significantly lower composite scores in 
all cognitive domains: executive functioning, t(33) = 2.09, p = 0.04, 
and short-term memory, t(33) = 2.90, p = 0.007; and in all behav-
ioral domains: social communication/interaction, t(33) = 11.93, 
p < 0.001, repetitive/restricted behavior, t(33) = 10.23, p < 0.001, 
and inattention/hyperactivity, t(33) = 6.01, p < 0.001, compared 
to TD controls, indicating deficient cognitive and behavioral 
functioning in ASD (Table 3).

comparison of immunological Profiles 
between children with asD and TD 
controls
Concentrations of CCL2 and CCL5 were significantly higher in 
children with ASD than in those with TD [CCL2: t(33) = −2.27, 
p = 0.03; CCL5: t(33) = −3.07, p = 0.004] (Table 4). Moreover, 
concentration of CXCL9 was approximately twofold lower in 
ASD children than in TD children, t(33) = 4.02, p = 0.001. No 
significant differences in the concentrations of MIF, TGFβ1, 
CXCL8, and CXCL10 were observed in children with ASD com-
pared with those observed for TD children, p > 0.05. The results 
were consistent when only male participants in each group were 
compared. That is, significant between-group differences were 
found in CCL2, t(27) = −1.93, p = 0.03, CCL5, t(27) = −2.28, 
p  =  0.03, and CXCL9, t(27)  =  3.69, p  =  0.02, suggesting that 
a gender difference was not a confounding factor that could 
account for differences in the immunological measures between 
the ASD and TD groups of children. Similarly, analysis of covari-
ance was conducted to examine whether the differences between 
the TD and ASD groups could be attributed to age differences. 
Similar patterns of statistical significance were observed between 
the two groups after age adjustments were made, in which the 
level of CCL5 was significantly higher, F(1, 32) = 5.33, p = 0.03, 
and the CXCL9 level was significantly lower, F(1, 32) =  23.09, 
p  <  0.001, in children with ASD than their TD counterparts. 
Nevertheless, although the level of CCL2 showed a higher trend 
in the ASD group after an adjustment was made for age, the dif-
ference between the ASD and TD groups did not reach statistical 
significance, F(1, 32) = 3.23, p = 0.08.

associations between concentrations of 
cytokines and chemokines with cognitive 
and Behavioral Measures in the asD and 
TD groups
Spearman’s rank-correlation analysis was performed to deter-
mine whether there were correlations between concentrations 
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TaBle 5 | Whole-group association analysis of serum cytokines and chemokines with cognitive and behavioral domains in all participants enrolled in 
this study (n = 35) using spearman’s rank correlations.

Migration 
inhibitory factor

Transforming 
growth factor beta 1

ccl2 ccl5 cXcl8 cXcl9 cXcl10

rs p rs p rs p rs p rs p rs p rs p

Executive functioning −0.48 0.003** 0.01 0.97 0.24 0.16 −0.16 0.36 0.10 0.58 0.26 0.13 0.49 0.003**

Short-term memory −0.30 0.08 −0.10 0.56 −0.10 0.55 −0.19 0.27 −0.06 0.72 0.07 0.70 0.10 0.58

Social communication/
interaction

−0.20 0.25 0.04 0.83 −0.12 0.51 −0.39 0.02* −0.04 0.84 0.49 0.003** 0.19 0.27

Repetitive/restricted 
behavior

−0.10 0.55 0.00 0.99 −0.09 0.62 −0.39 0.02* 0.03 0.88 0.49 0.003** 0.18 0.30

Inattention/hyperactivity −0.19 0.26 −0.17 0.32 −0.19 0.26 −0.70 <0.001** −0.07 0.69 0.30 0.08 0.08 0.67

*p < 0.05, **p < 0.01.

TaBle 6 | asD subgroup association analysis of serum cytokines and chemokines with cognitive and behavioral domains in participants with asD 
(n = 22) using spearman’s rank correlations.

Migration inhibitory 
factor

Transforming growth 
factor beta 1

ccl2 ccl5 cXcl8 cXcl9 cXcl10

rs p rs p rs p rs p rs p rs p rs p

Executive functioning −0.57 0.005** 0.06 0.79 0.39 0.07 −0.14 0.53 0.26 0.24 −0.06 0.80 0.63 0.002**

Short-term memory −0.28 0.21 −0.03 0.88 −0.15 0.51 −0.04 0.84 −0.03 0.88 −0.59 0.004** −0.04 0.85

Social communication/
interaction

−0.10 0.65 0.32 0.15 0.13 0.58 −0.13 0.58 −0.02 0.92 −0.05 0.83 0.28 0.20

Repetitive/restricted 
behavior

0.12 0.60 0.23 0.31 0.17 0.46 −0.05 0.82 0.16 0.47 −0.22 0.34 0.03 0.89

Inattention/hyperactivity −0.37 0.09 −0.17 0.44 −0.16 0.49 −0.62 0.002** −0.05 0.82 −0.36 0.10 −0.12 0.59

*p < 0.05, **p < 0.01.
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of cytokines and chemokines and the cognitive and behavioral 
domains among ASD and TD participants. To reduce the number 
of statistical comparisons and thereby avoid inflation of Type I 
error, composite Z scores were computed for each of the two 
cognitive (executive functioning and short-term memory) and 
three behavioral (social communication/interaction, repetitive/
restricted behavior and inattention/hyperactivity) domains. First, 
individual Z scores for each cognitive or behavioral measure were 
computed based on the mean and SD obtained from normative 
sample statistics. The composite Z score of each cognitive and 
behavioral domain was then calculated by taking the average of 
the individual Z scores for the cognitive or behavioral measures 
tapping the corresponding domain.

Table 5 shows the specific associations between concentra-
tions of cytokines and chemokines with cognitive and behav-
ioral domains assessed among all participants. Generally, fewer 
significant associations were observed between concentrations 
of chemokines and the cognitive domains than between those 
concentrations and the behavioral domains. For the cogni-
tive domains, significant associations were found between 
MIF, CXCL10, and EF scores, such that lower EF scores were 
significantly correlated with increased concentrations of MIF, 
r = −0.48, p = 0.003, and reduced concentrations of CXCL10, 
r  =  0.49, p  =  0.003. For the behavioral domains, significant 
associations were found between increased CCL5 and lower 
composite scores in all of the behavioral domains, namely 

social communication/interaction, r = −0.39, p = 0.02, repeti-
tive/restricted behavior, r = −0.39, p = 0.02, and inattention/
hyperactivity, r = −0.70, p < 0.001. Similarly, associations were 
also found between decreased concentrations of CXCL9 and 
poorer performance in all of the behavioral domains: social 
communication/interaction, r  =  0.49, p  =  0.003, repetitive/
restricted behavior, r = 0.49, p = 0.003, except that a non-signif-
icant trend of association could only be detected in inattention/
hyperactivity, r  =  0.30, p  =  0.08. Most of these associations 
between concentrations of cytokines and chemokines and the 
cognitive and behavioral domains showed moderate to large 
effect sizes, and the strongest association was found between 
increased CCL5 and lower composite scores for inattention/
hyperactivity.

associations between concentrations of 
cytokines and chemokines with cognitive 
and Behavioral Measures within 
the asD group
To determine whether there was specific relationship between 
measures of cytokines and chemokines and severity of cognitive 
and behavioral outcomes among children with ASD, a second cor-
relation analysis was performed within the ASD group (as shown 
in Table 6). When the ASD group was analyzed alone, lower EF 
scores were found to be significantly correlated with increased 
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Social communication/interactiona 3.10 (0.37) −0.29 (1.24) −0.05 (1.21) 65.85 <0.001** TD < ASD, ASD + ADHD

Repetitive/restricted behaviora 1.53 (0.21) −1.08 (1.13) −0.59 (0.97) 50.34 <0.001** TD < ASD, ASD + ADHD

Inattention/hyperactivitya 0.22 (0.51) −1.28 (1.20) −1.75 (1.04) 18.89 <0.001** TD < ASD, ASD + ADHD

Data are presented as means (SD).
ASD, children with diagnosis of autism spectrum disorder; ASD-only, children with diagnosis of autism spectrum disorder only; ASD + ADHD, children with comorbid diagnosis of 
autism spectrum disorder and attention deficit hyperactivity disorder; TD, typically developing children.
aWelch’s test and Games–Howell post hoc test were performed for variables violating the homogeneity of variances assumption of analysis of variance test.
*p < 0.05, **p < 0.01.
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MIF, r  =  −0.57, p  =  0.005, and decreased CXCL10, r  =  0.63, 
p = 0.002. In addition, we found a significant correlation between 
concentration of CXCL9 and STM scores, such that as CXCL9 
increased, STM performance decreased, r  =  −0.59, p  =  0.004. 
Regarding the behavioral domains, the only association observed 
was that between the concentration of CCL5 and composite scores 
of inattention/hyperactivity at a large effect size, such that as the 
concentration of CCL5 increased, more inattention and hyperac-
tive symptoms occurred, r = −0.62, p = 0.002. However, no other 
association was observed between the composite scores of social 
communication/interaction, repetitive/restricted behavior and 
concentrations of cytokines and chemokines.

comparison of cognitive and Behavioral 
Measurements between children with 
asD-Only and children with asD + aDhD
To examine the associated deficits and immunological profiles 
in ASDs comorbid with other disorders, the children with ASD 
in the present study were further divided into two groups: those 
who were diagnosed with ASD-only and those with a comorbid 
diagnosis of ASD and ADHD (ASD  +  ADHD). As shown in 
Table  7, no significant differences in any of the cognitive and 
behavioral domains were observed between children with 
ASD-only and those with ASD + ADHD. However, differences 
between the two ASD groups in the EF score were observed such 
that children with ASD + ADHD tended to perform poorer than 
children with ASD-only in the EF domain, p =  0.07. Children 
with ASD  +  ADHD also tended to show lower performance 
in the STM domain and had more features in the inattention/
hyperactivity domain than did children with ASD-only. However, 
no significant between-group difference was detected, possibly 
because of the relatively small sample size in each of the ASD 
subgroups.

comparison of immunological Profiles 
among children with asD-Only and Those 
with asD + aDhD
Two separate MANOVA tests were performed to compare, first, 
the concentrations of cytokines and, second, the concentrations 

of chemokines among ASD-only, ASD  +  ADHD and TD 
controls, followed by post  hoc Tukey HSD tests to examine 
the pair-wise group differences in concentrations of cytokines 
and chemokines. Figure  1 shows the mean concentrations of 
cytokines and chemokines in each group. Results of MANOVA 
showed that there were significant between-group differences 
in both the profiles of cytokines, F(4, 62)  =  2.90, p  =  0.03, 
ηp

2 0 16= . , and the profiles of chemokines, F(10, 56)  =  3.66, 
p  =  0.001, ηp

2 0 40= . . Moreover, separate univariate ANOVAs 
on the dependent variables revealed that there were signifi-
cant group differences in one cytokine [MIF: F(2, 32) =  4.35, 
p  =  0.02, ηp

2 0 21= . ], and four chemokines [CCL2: F(2, 
32) = 4.32, p = 0.02, ηp

2 0 21= . ; CCL5: F(2, 32) = 3.40, p = 0.05, 
ηp

2 0 18= . ; CXCL8: F(2, 32)  =  4.52, p  =  0.02, ηp
2 0 22= . ;  

CXCL9: F(2, 32)  =  11.52, p  <  0.001, ηp
2 0 42= . ]. In contrast, 

there were no significant group differences with respect to the 
concentrations of TGFβ1, F(2, 32) = 0.23, p = 0.80, ηp

2 0 01= . , or 
CXCL10, F(2, 32) = 0.80, p = 0.46, ηp

2 0 05= . . Since the ASD-
only group contained significantly more males than the TD and 
the ASD + ADHD groups, MANOVA tests were performed to 
examine whether there was gender difference in the cytokine 
and chemokine expressions within the ASD + ADHD and TD 
groups of children. Results showed that there was no significant 
gender difference in the profiles of cytokines or chemokines in 
the ASD + ADHD or TD groups, ps > 0.30. Moreover, results 
of separate univariate ANOVAs on the dependent variables also 
revealed that there was no significant group difference in any of 
the immunological measures between the males and females in 
the ASD + ADHD and TD groups, ps > 0.05. The results suggest 
that the females in the ASD + ADHD and TD groups exhibit 
similar cytokine and chemokine profiles as compared to their 
male counterparts and that the sex difference is not a confound-
ing factor in the immunological measures between these groups.

Deviated Concentrations of Cytokines and 
Chemokines in ASD-Only Children
Regarding the deviated concentrations of cytokines and 
chemokines in ASD-only children, post  hoc Tukey HSD tests 
showed that ASD-only children demonstrated significantly higher 
CCL2 concentrations, p = 0.02, and lower CXCL9 concentrations, 
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FigUre 1 | comparisons of mean concentrations of cytokines and chemokines between the asD-only, asD+aDhD, and TD groups. The error bars 
represent a 95% confidence interval around the mean. TD, typically developing children; ASD-only, children with diagnosis of autism spectrum disorder; ASD + ADHD, 
children with comorbid diagnosis of ASD and attention deficit hyperactivity disorder (ADHD). *p < 0.05, **p < 0.01.
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p < 0.001, than did the TD controls. In contrast, there were no 
significant differences between the ASD-only children and TD 
controls in the concentrations of two cytokines (MIF: p = 0.99; 
TGFβ1: p = 0.87) or three other chemokines (CCL5: p = 0.10; 
CXCL8: p = 0.43; CXCL10: p = 0.86) (Figure 1).

Deviated Concentrations of Cytokines and 
Chemokines in ASD Children Comorbid with ADHD
Post hoc Tukey HSD test results showed that ASD  +  ADHD 
children demonstrated a dissimilar immunological profile com-
pared with that of ASD-only children (Figure 1). With respect to 
cytokine concentration, the ASD + ADHD group demonstrated 
a significantly higher MIF concentration than did the TD group, 
p = 0.04, but no such deviated concentration was observed for 
the ASD-only group. With respect to chemokine concentra-
tion, a significantly elevated CCL2 pattern was observed for 
the ASD-only group, p  =  0.02, whereas no significant eleva-
tion of CCL2 concentrations was found in the ASD  +  ADHD 
group compared to the TD group, p = 0.90. In addition, when 
comparing the immunological profiles of the ASD-only and 
ASD + ADHD group, the ASD + ADHD group demonstrated 
significantly higher MIF, p = 0.03, and lower CXCL8, p = 0.01, 
concentrations than did the ASD-only group. Nevertheless, it 
is noted that a significantly lower concentration of CXCL9 was 
observed in both the ASD-only, p < 0.001, and ASD + ADHD 
groups, p  =  0.006, compared with the TD controls. Moreover, 
a trend of elevated CCL5 was observed in both the ASD-only, 
p = 0.10, and ASD + ADHD groups, p = 0.07, when compared 
to the concentrations measured for the TD controls, suggesting a 
small degree of similarity between the immunological profiles of 
the ASD-only and ASD + ADHD groups.

DiscUssiOn

The present study examined cognitive function deficits and 
behavioral problems among a group of children with ASD who 
were aged 6–17 years and whether these deficits were associated 
with altered pro-inflammatory cytokine and chemokine profiles. 
The findings of the present study showed deviated concentrations 
of serum cytokines and chemokines, with elevated macrophage/
monocytes CCL2 and levels of the Th2-related chemokine CCL5 
and reduced levels of the T helper type 1 (Th1)-related chemokine 
CXCL9 in children with ASD compared to TD controls. 
Consistent results were obtained from the subgroup analyses 
involving only male participants from each group and after con-
trolling for age differences, suggesting that neither gender nor 
age could account for differences in the immunological profiles 
between the two groups of children. In addition, the deviations in 
CCL5 and CXCL9 were linked to impairments in the behavioral 
domains, with associations observed between more behavioral 
problems measured in the three behavioral domains, including 
social communication/interaction, repetitive/restricted behavior, 
and inattention/hyperactivity, and increased levels of CCL5 and 
decreased CXCL9, such that impairments in the behavioral 
domains were more pronounced in individuals with deviations in 
the concentrations of these two chemokines. The present results 
are in line with those of previous studies showing an increase in 

plasma levels of CCL2 and CCL5 in individuals with ASD (1, 8). 
In what appears to be an important extension of previous studies, 
our findings are the first to show significantly reduced concentra-
tions of CXCL9 in children with ASD compared to TD controls. 
The reduced levels of CXCL9 may be related to the slight decrease 
in the levels of the Th1-related chemokine CXCL10 in the ASD 
and ASD  +  ADHD groups, given that CXCL9 is a chemokine 
that is structurally and functionally related to CXCL10, which 
binds to a common inflammatory chemokine receptor, CXCR3, 
to coordinate inflammation in a variety of human diseases (9, 33). 
In fact, a positive correlation was found between levels of CXCL9 
and CXCL10 in the present study, r = 0.35, p = 0.04, indicating that 
both of these chemokines may have important implications in the 
inflammatory mechanism in ASD, in that their levels of produc-
tion show similar patterns. This finding may provide additional 
evidence of the involvement of CXCL9 in the pathophysiology 
of ASD for future research, given that CXCL9 has been relatively 
unexplored in previous studies. Furthermore, considering dif-
ferent cytokines/chemokines can be secreted by different T cell 
subsets, such as Th1, Th2, Th17, Th22, Th9, regulatory T cells, 
and follicular T helper cells; or leukocytes subsets including mac-
rophages, dendritic cells, neutrophils, natural killers, and natural 
killer cells, it is reasonable to postulate that different cell number 
of the T cell subsets and leukocytes presented in ASD and the TD 
controls are responsible for the observed differences in cytokine/
chemokine levels between the two groups of children.

However, in contrast to previous findings that have repeat-
edly indicated a significant reduction in TGFβ1 and a role for 
this reduction in the neuroinflammatory process of ASD (1, 4, 
8–10), our results showed no difference in TGFβ1 between the 
TD and ASD groups. One possible reason could be related to the 
uniqueness of the genetic and environmental characteristics of 
different ethnic groups, varying immunological measures such 
as white blood cell counts and percentages of lymphocytes and 
granulocytes have been found to vary among different races (34, 
35). For example, the association between decreased circulating 
concentrations of TGFβ1 and the severity of behavioral symptoms 
in ASD has been consistently reported in studies on Caucasians. 
In contrast, a study conducted on Japanese individuals with ASD 
did not demonstrate such an association between decreased 
serum levels of TGFβ1 and ASD symptoms (10). Another possible 
reason is the different biological samples analyzed. In most previ-
ous studies on peripheral levels of MIF and TGFβ1, samples were 
collected from plasma, whereas the samples used in the present 
study were collected from serum. It is still unknown whether the 
plasma level of cytokines directly reflects the serum level of the 
same cytokines (8, 10, 36–40). Nevertheless, given the relatively 
small sample size in the present study, further verification with a 
larger sample size is necessary before any firm conclusions can 
be drawn.

Furthermore, autism is a broad spectrum of disorders over 
which affected individuals demonstrate a broad range of symptoms 
in social and behavioral respects, with approximately 30–50% of 
ASD individuals showing prominent ADHD symptoms (15), 
and ASD children with or without ADHD have been found to 
exhibit distinct cognitive and behavioral profiles (15–19). For 
this reason, the present study also aimed to explore whether 
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different immune mechanisms are active in these children. 
Interestingly, findings from the present study have demonstrated 
a robustly increased level of CCL2 in the ASD group but not in 
the ASD  +  ADHD group. Specifically, robust between-group 
differences were observed in the elevated concentration of CCL2 
between our samples of ASD-only and TD controls. On one hand, 
these results agree with the majority of findings reported in the 
literature indicating that substantially higher concentrations of 
CCL2 are observed across different biological samples, includ-
ing plasma, CSF, astrocytes in the anterior cingulate gyrus, and 
even tissue from the cerebellum, where elevated concentrations 
of CCL2 appear to be relatively stable across a broad age range 
(from newborn to middle-aged adults) and across various levels 
of intellectual functioning (with or without mental disabilities) 
among individuals with ASD (1, 6, 7, 14). Given the critical role 
of CCL2 in the proinflammatory process and its implication in 
neuroinflammation underlying the pathogenesis of certain CNS 
diseases, e.g., Alzheimer’s disease (41–45), it is postulated that the 
elevated CCL2 levels observed in the present study may indicate 
neuroinflammation in ASD. However, it should be noted that, 
in contrast to previous studies that showed associations between 
increased CCL2 and impairments in behavioral functions among 
individuals with ASD (6), the lack of between-group differences 
for the ASD + ADHD group and the absence of a significant asso-
ciation of CCL2 with any of the cognitive or behavioral measures 
considered in the present study warrants future work to delineate 
the role of CCL2 in the expression of autistic traits.

It is worth noting that although a non-significant trend of 
increased MIF and decreased CXCL10 was observed in children 
with ASD, significant associations were in fact detected between 
these deviations and poorer performance in the EF domain. 
Specifically, an increased MIF but reduced levels of the Th1-
related chemokine CXCL10 were related to poorer executive 
performance. Furthermore, increased CXCL9 was associated 
with decreased short-term memory, and increased CCL5 was 
shown to be highly associated with more severe inattention/
hyperactivity problems. Moreover, it is interesting to see that 
elevated MIF and decreased CXCL8 levels were found only in 
children with ASD comorbid with ADHD but not in children of 
the ASD-only group. Although the mechanism underlying the 
distinctive immunological profile of ASD and ASD + ADHD is 
unknown, this study provides important information indicating 
a potentially distinct cytokine/chemokine profile between dif-
ferent subtypes of autistic disorder. This notion is in agreement 
with previous studies that reported the opposite pattern of CCL5 
concentrations between autistic individuals with and without 
FXS (14). In fact, our results seem to suggest that lumping ASD 
individuals with varying phenotypes into one group for analysis 
may in fact dilute the between-group difference relative to the 
control. Given the relaxed diagnostic criteria of the DSM-V that 
allows for the dual diagnosis of ASD and ADHD, it is worth 
further exploring the immunological difference between indi-
viduals with ASD-only and those with a co-diagnosis of ADHD 
in future studies. For example, it will be of interest to investigate 
the functional role of CCL5 in individuals with ADHD and to 
examine further whether CCR5 blockers will improve attention 
in animal models of ASD.

Although interesting associations that suggest the role of 
inflammatory chemokines and cytokines in the pathogenesis of 
ASD were observed in the present study, it should be noted that our 
findings of the association between concentrations of cytokines 
and chemokines and behavioral functions in ASD were not as 
strong as we hypothesized. A significant association was detected 
only between increased levels of the Th2-related chemokine 
CCL5 and more inattention/hyperactivity problems, which is in 
contrast with previous studies reporting a significant association 
between increased levels of CCL5 and greater impairments in 
social and communication skills in individuals with ASD (6). 
Nevertheless, the extent of all associations found in the present 
study had a larger effect size compared to that of the significant 
correlations detected by Ashwood et al. (6). Additionally, regard-
ing the moderate degree of association between increased CXCL9 
levels and deficits in short-term memory, the finding is a novel one 
in the neuro-immunological field of research on ASD. Although 
the underlying mechanism of aberrant serum levels of CXCL9 on 
the pathogenesis of ASD is not known, given its close association 
with CXCL10, it may also play a role in coordinating the inflam-
matory process in ASD (33, 46). Further investigation is needed 
to determine the link between decreased CXCL9 levels and better 
short-term memory performance in ASD patients. Moreover, our 
finding of the significant association between decreased serum 
levels of CXCL10 and poorer executive performance in ASD is 
in contrast to previous studies that showed an increased plasma 
level of CXCL10 was positively associated with disease progres-
sion and mental flexibility and inhibitory control in patients with 
Parkinson’s disease (47). Thus, future research may be necessary 
to clarify whether the link between immunological abnormalities 
and cognitive functioning differ between diseases even if they 
both exhibit a neuroinflammatory profile.

Taken together, our results are in agreement with findings in 
previous studies showing that cytokines are involved in neurode-
velopment and neuronal function and that cytokine imbalance 
and dysregulation can have long term neurological consequences 
(48). Furthermore, the fact that cytokine expression is dependent 
on genetic and environmental influences (49) may help explain 
our findings that showed distinct immunological profiles in 
children with ASD of Chinese ethnicity from previous studies 
conducted in Western populations. Specifically, cytokines may 
represent a biomarker for genetic or environmental factors in 
autism. Of which, an individual may be genetically predisposed to 
mount an inappropriate immune response, either too robustly or 
too weakly, against an infectious or toxic substance which in turn 
could cause associated damage to the brain and other body sys-
tems, including the immune system, for the development of ASD. 
Moreover, an individual may lack appropriate genetic machinery 
to excrete and eliminate toxins; thereby causing their accumula-
tion in tissue or organ and subsequently lead to an amplification 
of the toxin’s effects in a variety of body systems, including the 
brain and the immune system. Therefore, certain environmental 
challenge during a critical period of child development could 
have especially severe consequences, causing abnormal CNS 
function, altered immune phenotypes, and autism. Although 
findings from the present study may implicate potential areas 
where manipulation targeting individual cytokine–receptor 
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interactions may impact on the behavior and immunity in ASD, 
whether this manipulation of the immune response represents a 
therapeutic strategy in the treatment of ASD remains uncertain. 
The reason being that cytokines/chemokines are a complex 
immune network and individuals with ASD of different ethnicity 
may have different genetic backgrounds and expose to different 
environmental factors, therefore therapeutic strategy targeting 
on one or two cytokines/chemokines may not be sufficient for 
providing a general treatment of ASD.

Overall, the present study provides preliminary findings 
regarding immunological dysfunction in the peripheral blood 
of children with ASD in a Chinese population. To the best of 
our knowledge, there are no previous studies such as this one 
in Chinese population and only few in other Asian cohorts. 
Moreover, what appears to be an important extension of 
previous studies is that in the present study, it was found that 
individuals with ASD that do and do not have ADHD symptoms 
exhibit distinct pro-inflammatory profiles; and that cognitive 
function deficits, repetitive stereotyped behavior and inatten-
tion/hyperactivity exacerbated as a function of altered plasma 
levels of chemokines and cytokines between the two different 
subtypes of autistic disorder. The findings from the present 
study bring together several diverse areas of research on autism 
and establish a link between immunological alteration and 
cognitive and behavioral impairments in autistic children with 
different ethnic backgrounds. However, the following should 
be noted when interpreting the data. One of the main limita-
tions of our study was the small sample size used, which may 
have led to the low statistical power detected in comparing the 
levels of chemokine and cytokine production between groups 
and the behavioral and cognitive correlations with the levels of 
chemokines and cytokines, although a moderate to large effect 
size was found. Moreover, a relatively weak relation between 
the concentrations of chemokines and cytokines and behavio-
ral performance was observed in our study, which was likely 
because the level of behavioral impairment in our sample was 
not as severe as expected but showed a narrow spread around 
the mean. Therefore, it was rather difficult to determine whether 
our observations reflect a true picture of the relationship 

between behavioral performance and immunological profiles 
in ASD among the general population. Further studies with a 
larger sample size will be required to verify the results before 
more conclusive interpretations can be made regarding the func-
tional role of cytokines play in ASD. In addition, the number of 
detected cytokines/chemokines in the plasma is relatively low in 
the present study, and it may be argued that the correlations of 
cytokines/chemokines in different tissues are highly dependent 
on the types of studied inflammatory cytokines/chemokines. 
For example, circulating plasma levels of cytokines may have 
certain correlation with the local concentrations inside the 
brain or CSF such as TNF-alpha in ASD. But IL-6 was found to 
be present in CSF but not in plasma in ASD (50). Furthermore, 
the expression of some cytokines, e.g., IL-1, IL-2, TGF-β, and 
granulocyte-macrophage colony-stimulating factor, is actually 
controversial, and different studies have found various results in 
different tissues. Further investigations are therefore required to 
elucidate the correlations of cytokines in different sites such as 
plasma and the brain.
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Abstract

Background: Biologic markers of infection and inflammation have been associated with Autism Spectrum Disorders
(ASD) but prior studies have largely relied on specimens taken after clinical diagnosis. Research on potential biologic
markers early in neurodevelopment is required to evaluate possible causal pathways and screening profiles.

Objective: To investigate levels of cytokines and chemokines in newborn blood specimens as possible early biologic
markers for autism.

Methods: We conducted a population-based case-control study nested within the cohort of infants born from July
2000 to September 2001 to women who participated in the prenatal screening program in Orange County, California,
USA. The study population included children ascertained from the California Department of Developmental Services
with Autism Spectrum Disorder (ASD, n = 84), or developmental delay but not ASD (DD, n = 49), and general population
controls randomly sampled from the birth certificate files and frequency matched to ASD cases on sex, birth month
and birth year (GP, n = 159). Cytokine and chemokine concentrations were measured in archived neonatal blood
specimens collected for routine newborn screening.

Results: Cytokines were not detected in the vast majority of newborn samples regardless of case or control status.
However, the chemokine monocyte chemotactic protein-1 (MCP-1) was elevated and the chemokine Regulated upon
Activation Normal T-Cell Expressed and Secreted (RANTES) was decreased in ASD cases compared to GP controls. The
chemokines macrophage inflammatory protein-1alpha (MIP-1α) and RANTES were decreased in children with DD
compared to GP controls.

Conclusion: Measurement of immune system function in the first few days of life may aid in the early identification of
abnormal neurodevelopment and shed light on the biologic mechanisms underlying normal neurodevelopment.

Keywords: Newborn, Cytokines, Chemokines, Autism spectrum disorders
Background
Recent epidemiologic studies estimate that 1 to 2% of
children are affected by Autism Spectrum Disorder
(ASD) [1-3]. Although autism was first described in
1943 [4], very little is known about the etiology of the
vast majority of cases, and there are no definitive bio-
logical markers that clearly distinguish individuals with
ASD from unaffected individuals.
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Several epidemiological studies have reported immune
dysregulation in children with ASD and their mothers,
suggesting a role for the immune system in the path-
ology of the disorder [5-9]. Several research groups have
found that individuals with ASD have increased neuroin-
flammation in brain tissues [10-12], imbalances in im-
munoglobulins, including increased levels of plasma
IgG4 [13], reduced levels of total IgG [14] or reduced
levels of IgG and IgM [15,16], and imbalances in cyto-
kine/chemokine levels [17,18]. However, the mechanisms
through which immune dysfunction may contribute to
the etiology of autism are not understood [19].
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Cytokines and chemokines are proteins involved in
regulating hematopoiesis, inflammation, and immune
cell proliferation and differentiation [20]. They also play
an important role in normal neurodevelopment, includ-
ing the processes of neuronal migration and synaptic
plasticity [21,22]. These processes are tightly regulated
and too much or too little of the signals mediated by cy-
tokines can be detrimental to the developing fetus. For
instance, in animal models, injection of the cytokine IL-
6 or IL-2 into pregnant mice leads to neurodevelopmen-
tal abnormalities in the offspring including decreased
prepulse inhibition and latent inhibition, attention, ex-
ploratory and social behaviors [23,24]. These findings
suggest that reported associations between maternal in-
fections or inflammation during pregnancy and ASD
[25-31] could be mediated through a disruption in the
balance of cytokine or chemokine levels.
The literature on cytokines/chemokines and ASD is

expanding; however, results are sometimes inconsistent
across studies [17,18,32-40]. The discrepancies are due
to different research groups having utilized different
types of bio-samples (serum, plasma, amniotic fluid),
different age groups, different types of control groups
(including siblings with likely inherited similarities with
respect to ASD), non-standardized blood draws from
differing seasons or times of day, and differences in
length of time between biosample collection and ASD
diagnosis (prenatal, newborn, post-ASD diagnosis). All
of these factors may contribute to variability across stud-
ies in measured concentration of cytokines/chemokines
and study findings [41] Among the reported results on
cytokines and chemokines in relation to autism, very few
studies have so far utilized newborn samples.
The objective of this new study was to examine the

potential association between cytokine and chemokine
profiles measured at birth and risk of Autism Spectrum
Disorders and developmental delays.

Methods
Study population
The study population has been previously described [42].
Briefly, the sample was derived from the Early Markers for
Autism (EMA) study, a population-based, nested case-
control study designed to evaluate biologic markers of
susceptibility and exposure in archived maternal mid-
pregnancy and neonatal blood specimens from the same
mother-baby pairs. The EMA population was drawn from
the cohort of children born in California from July 2000 to
September 2001 to women who were pregnant in Orange
County, California, USA, and who participated in the
State’s prenatal expanded alpha-fetoprotein screening pro-
gram (XAFP). Three groups of children were identified:
children with Autism Spectrum Disorder (ASD), children
with developmental delay (DD) but not ASD, and general
population controls (GP). Children with ASD or DD were
ascertained from the California Department of Develop-
mental Services (DDS), which operates a system of 21
Regional Centers (RC) that coordinate services for persons
with ASD, mental disability, and other developmental dis-
abilities. GP controls were randomly sampled from the
birth certificate files after excluding all past or current
DDS/RC clients and were frequency matched to ASD
cases by sex, birth month and birth year at a 2:1 ratio.

Diagnostic verification
After initial ascertainment of children with ASD or DD
from records of the Regional Center of Orange County
(RCOC), medical record abstractors compiled detailed
diagnostic and clinical data from the RCOC records
following a protocol initially developed by the Metropol-
itan Atlanta Developmental Disabilities Surveillance Pro-
gram [43]. Expert clinical review of abstracted data was
then conducted by a developmental pediatrician (RLH)
to confirm the ASD or DD diagnoses for this study using
the Diagnostic and Statistical Manual of Mental Disor-
ders, Fourth Edition (DSM-IV) criteria. The final analytic
sample consisted of 84 children with ASD, 49 children
with DD but not ASD, and 159 GP controls.

Specimen collection
Neonatal blood specimens were retrieved from the new-
born screening specimen archives maintained by the
California Department of Public Health. The neonatal spe-
cimen archive contains dried bloodspots collected for
screening purposes on nearly every infant born in California
(approximately 500,000 per year) since 1980. All newborn
blood specimens for children included in this study were
obtained by the heel-stick method, usually within 24 to 48
hours of birth. The blood specimens were collected at the
nursery on a special S&S filter paper, and allowed to dry at
room temperature prior to transport to the regional labora-
tory for routine screening for metabolic and other disor-
ders. During transport, usually by courier from the hospital
to a regional screening laboratory, the temperature of the
specimens was not controlled. Blood spots remaining after
routine testing were catalogued and stored at −20°C.

Cytokine and chemokine measurements
Neonatal cytokine and chemokine concentrations were
determined using a commercially available multiplex bead-
based kit (BioSource Human Bead Kit; Invitrogen,
Carlsbad, CA, USA). The following cytokines and chemo-
kines were measured: IFN-γ, IL-2, IL-4, IL-5, IL-6, IL-1β,
IL-8, IL-10, IL-12p40, TNF-α, granulocyte macrophage
colony-stimulating factor (GM-CSF), IFN-γ-induced pro-
tein 10 (IP-10), monocyte chemotactic protein-1 (MCP-1),
macrophage inflammatory protein-1alpha and 1beta (MIP-
1α, MIP-1β), Regulated upon Activation Normal T-Cell
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Expressed and Secreted (RANTES), and C-C motif chemo-
kine 11 (CCL 11 or eotaxin). The assays were carried out
in accordance with the protocols provided by the manufac-
turer. Briefly, 50 μL of serum was incubated with anti-
cytokine-conjugated beads in a 96-well filter-bottomed
plate on a plate shaker. After two hours, the beads were
washed using a vacuum manifold, and biotin-conjugated
detection antibodies were added for one-hour incubation.
Following a repeat of the washing step, beads were incu-
bated with streptavidin phycoerythrin for 30 minutes. The
plates were then read on a Bio-Plex 100 system (Bio-Rad
Laboratories, Hercules, CA, USA) and analyzed using Bio-
Plex Manager Software (Bio-Rad Laboratories, Hercules,
CA, USA) with a five-point standard curve. Reference sam-
ples were run on each plate to determine assay consistency.
All laboratory assays were conducted blinded to case-
control status.

Statistical analysis
Socio-demographic factors were compared between ASD,
DD and GP groups using Chi-square test for categorical var-
iables and t-test for continuous variables. For all values of
analytes that were below the minimum detectable level
(MDL) we assigned a value of MDL/2. Concentration of
chemokines and cytokines were analyzed as untransformed,
since natural log transformation of the values did not sub-
stantially change their distribution. All analyses were cat-
egorical and cut-points were based on the percent of study
subjects with analyte values below the MDL. For analytes
with < 25% sample below the MDL, we divided the observa-
tions into quartiles based on the distribution among the GP
controls and used the lowest quartile as the reference.
Values below the MDL were included in the lowest quartile.
For analytes with 25 to 90% of the sample below the MDL,
we created a binary variable and compared detected versus
non-detected. Analytes with > 90% sample below the MDL
were not considered for further analysis.
To investigate whether analyte concentrations at the

extreme low or high end of the distribution predicted
case status, we included two additional cut-points com-
paring values below the tenth percentile versus above
the tenth percentile and values above the ninetieth per-
centile versus below the ninetieth, as was done in a pre-
vious study [32]. The 10th percentile cut-point was
introduced when < 5% of GP samples were below the
MDL. The 90th percentile cut-point was introduced
when < 25% of the GP samples were below the MDL We
conducted crude and adjusted analyses using logistic re-
gression to estimate the risk of ASD and DD associated
with each analyte separately. Covariates considered for
adjusted models were gender (male, female), child birth
month (calendar month), birth year (2000, 2001), mater-
nal ethnicity (Hispanic, non-Hispanic), maternal place of
birth (US, Mexico, other), maternal age at child birth
(continuous in years), child age at blood draw (continu-
ous in days), gestational age (<37 weeks, ≥ 37 weeks).
Covariates were considered confounders and retained in
the final model if individually they changed the odds ra-
tio by 10% or more. Frequency matching variables (sex,
birth month, and birth year) were included in all logistic
regression models comparing ASD to GP control. Since
the specimens were spread out on different plates, we
additionally adjusted for laboratory plate as a categorical
variable. Odds ratios were estimated for exposure cat-
egories with a minimum cell count of 5.
The study was approved by the institutional review

boards of the California Health and Human Services
Agency and Kaiser Permanente of Northern California.

Results
There was no difference between ASD cases and GP con-
trols in gestational age, age at newborn screening, or birth
year. However, mothers of ASD cases were more likely to be
non-Hispanic, born in the US, and to be slightly older com-
pared to mothers of GP controls (Table 1). Children with
DD were more likely than GP controls to be male, have their
blood drawn slightly later and to be born in the year 2000
(Table 1).
For all cytokines and chemokines, the proportion of

newborn specimens with analyte levels below the MDL
was similar for children with ASD, children with DD, and
GP controls (Table 2). IL-5, IL-8, IL-12p40, TNF-α, IP-10,
MIP-1β and GM-CSF were not considered for further
analysis because they were detected in < 5% of specimens.

ASD versus GP controls
More than 50% of study subjects had levels of IFN-γ, IL-
1β, IL-2, IL-4, IL-6 and IL-10 below the MDL (Table 2).
ASD status was not associated with the detection of these
analytes in newborn bloodspots (Table 3). There was no
significant difference between ASD and GP groups in the
levels of MCP-1 when comparing quartiles in crude and
adjusted analysis. However, ASD cases were more likely
than GP controls to have levels of MCP-1 above the 90th
percentile (adjusted odds ratio (ORadj) = 3.24, 95% CI
1.41 to 7.47) (Table 3). We found no significant difference
in levels of MIP-1α between ASD cases and GP controls
when comparing quartiles or extreme values. For
RANTES, the proportion of ASD cases with concentra-
tion in the fourth quartile was lower than that of GP con-
trols (ORadj = 0.46, 95% CI 0.18 to 1.16). Moreover, a
significantly higher proportion of ASD cases had concen-
trations of RANTES at or below the 10th percentile com-
pared to GP controls (ORadj = 2.42, 95% CI 1.05 to 5.55)
(Table 3).
We found no significant association between levels of

eotaxin and risk of ASD compared to GP controls in
either crude or adjusted analyses (Table 3).



Table 1 Demographic characteristic of Autism Spectrum Disorder (ASD) cases, developmental delay (DD) and general
population (GP) controls - the Early Markers for Autism study

Characteristics ASD (n = 84) GP (n = 159) DD (n = 49) Chi-square
N (%) N (%) N (%) P-values

ASD versus GP DD versus GP

Gender

Male 73 (86.9) 139 (87.4) 29 (59.1) 0.89 < 0.01

Female 11 (13.1) 20 (12.6) 20 (40.8)

Maternal ethnicity

Hispanics 20 (23.8) 73 (45.9) 28 (57.1)

Non-Hispanics 64 (76.2) 86 (54.1) 21 (42.9) < 0.01 0.12

Maternal place of birth

US 45 (53.6) 71 (44.7) 16 (32.7) < 0.01 0.26

Mexico 9 (10.7) 58 (36.5) 22 (44.9)

Other 30 (35.7) 30 (18.8) 11 (22.4)

Maternal age (median and inter-quartile range) 31 (28 – 34) 28 (24 – 32) 29 (25 – 32) < 0.01 0.68

Gestational age (GA in days)

Preterm (GA < 260 days) 9 (10.7) 23 (14.5) 11 (22.5) 0.42 0.20

Term (GA≥ 260 days) 75 (89.3) 136 (85.5) 38 (77.5)

GA median and interquartile range 276 (269 – 280) 274 (267 – 279) 276 (265 – 282) 0.22 0.90

Child age (in days at newborn blood draw,
median and inter- quartile range)

1.22 (1.02 – 1.76) 1.18 (1.03 – 1.56) 1.40 (1.05 – 2.27) 0.38 0.03

Birth year

2000 23 (27.4) 31 (19.5) 26 (53) 0.15 < 0.01

2001 61 (72.6) 128 (80.5) 23 (47)

Table 2 Working range and proportion below the minimal detection level (MDL) for each analyte measured in
newborn dried blood by case-control status - the Early Markers for Autism study

Analytes Working range (pg/ml) ASD Cases (n =84) GP (n =159) DD (n = 49)
% below MDL % below MDL % below MDL

MCP-1 13.03 – 9,160 19.0 18.0 26.3

MIP-1α 6.1 – 28,800 0.0 1.2 4.1

RANTES 22.36 – 19,100 0.0 0.6 2.0

Eotaxin 1.37 – 9,200 19.0 9.0 14.3

IFN-γ 0.58 – 11,370 77.4 73.0 86.0

IL-1β 2.5 – 5,470 77.4 76.8 79.6

IL-2 1.45 – 9,530 67.9 69.2 83.7

IL-4 2.21 – 14,470 77.4 74.2 86.0

IL-6 1.88 – 12,360 77.4 74.8 79.6

IL-10 3.4 – 22,350 53.6 54.1 51.0

IL-5 1.75 – 11,490 100 100 100

IL-8 6.23 – 13,630 97.6 98.7 98.0

IL-12p40 2.74 – 6,000 100 99.4 100

TNF-α 3.96 – 8,660 100 99.4 100

IP-10 2.01 – 1,420 100 100 100

MIP-1β 5.3 – 10,370 96.4 94.3 98.0

GM-CSF 0.88 – 5,760 98.8 99.4 97.9

ASD: Autism Spectrum Disorder; DD: developmental delay; GP: general population; MDL: minimal detection level.
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Table 3 Crude and adjusted odds ratios with their 95% CIs Comparing levels of newborn blood spot cytokines/chemokines among children with Autism
Spectrum Disorder (ASD), developmental delays (DD) and general population controls (GP) - the Early Markers for Autism study

Exposure Exposure categories Developmental category ASD versus GP DD versus GP

ASD (N = 84) n (%) DD (N = 49) n (%) TD (N = 159) n (%) Crude OR (95% CI) Adjusted ORa ( 95% CI) Crude OR (95% CI) Adjusted ORb (95% CI)

MCP-1 Q1 27 (32.14) 17 (34.69) 41 (25.79) Reference Reference Reference Reference

Q2 13 (15.48) 14 (28.57) 39 (24.53) 0.50 (0.23 – 1.12) 0.49 (0.20 – 1.20) 0.86 (0.37 – 1.99) 0.52 (0.16 – 1.71)

Q3 15 (17.86) 9 (18.37) 39 (24.53) 0.58 (0.27 – 1.26) 0.48 (0.20 – 1.14) 0.55 (0.22 – 1.39) 0.45 (0.13 – 1.54)

Q4 29 (34.52) 9 (18.37) 40 (25.16) 1.10 (0.55 – 2.17) 0.93 (0.43 – 2.01) 0.54 (0.21 – 1.35) 0.55 (0.15 – 1.97)

≤ 90% 66 (78.57) 45 (91.84) 143 (89.94) Reference Reference Reference Reference

> 90% 18 (21.43) 4 (8.16) 16 (10.06) 2.43 (1.17 – 5.07) 3.24 (1.41 – 7.47) - -

MIP-1α Q1 23 (27.38) 22 (44.90) 41 (25.79) Reference Reference Reference Reference

Q2 20 (23.81) 7 (14.29) 39 (24.53) 0.91 (0.43 – 1.92) 0.86 (0.36 – 2.02) 0.33 (0.12 – 0.87) 0.21 (0.05 – 0.78)

Q3 19 (22.62) 13 (26.53) 42 (26.42) 0.80 (0.38 – 1.69) 1.01 (0.37 – 2.70) 0.57 (0.25 – 1.29) 0.36 (0.10 – 1.23)

Q4 22 (26.19) 7 (14.29) 37 (23.27) 1.06 (0.50 – 2.20) 1.53 (0.52 – 4.49) 0.35 (0.13 – 0.92) 0.29 (0.06 – 1.35)

>10% 70 (83.33) 14 (28.57) 143 (89.94) Reference Reference Reference Reference

≤ 10% 14 (16.67) 35 (71.43) 16 (10.06) 1.78 (0.82 – 3.86) 1.72 (0.71 – 4.14) 3.57 (1.59 – 8.01) 3.36 (1.16 – 9.69)c

≤ 90% 70 (83.33) 46 (93.88) 140 (88.05) Reference Reference Reference Reference

> 90% 14 (16.67) 3 (6.12) 19 (11.95) 1.47 (0.69 – 3.11) 1.76 (0.70 – 4.39) - -

RANTES Q1 26 (30.95) 21 (42.86) 40 (25.16) Reference Reference Reference Reference

Q2 23 (27.38) 9 (18.37) 40 (25.16) 0.88 (0.43 – 1.80) 0.82 (0.37 – 1.81) 0.42 (0.17 – 1.04) 0.34 (0.10 – 1.15)

Q3 20 (23.81) 14 (28.57) 40 (25.16) 0.76 (0.37 – 1.59) 0.63 (0.28 – 1.43) 0.66 (0.29 – 1.49) 0.55 (0.19 – 1.58)

Q4 15 (17.86) 5 (10.20) 39 (24.53) 0.59 (0.27 – 1.28) 0.46 (0.18 – 1.16) 0.24 (0.08 – 0.71) 0.14 (0.03 – 0.62)

> 10% 68 (80.95) 33 (67.35) 143 (89.94) Reference Reference Reference Reference

≤ 10% 16 (19.05) 16 (32.65) 16 (10.06) 2.10 (0.99 – 4.45) 2.42 (1.05 – 5.55) 4.33 (1.96 – 9.54) 3.78 (1.29 – 11.03)

≤ 90% 79 (94.05) 46 (93.88) 143 (89.94) Reference Reference Reference Reference

> 90% 5 (5.95) 3 (6.12) 16 (10.06) 0.56 (0.20 – 1.60) 0.59 (0.18 – 1.89) - -

Eotaxin Q1 25 (29.76) 17 (34.69) 41 (25.79) Reference Reference Reference Reference

Q2 23 (27.38) 9 (18.37) 37 (23.27) 1.02 (0.49 – 2.09) 0.95 (0.42 – 2.14) 0.58 (0.23 – 1.47) 0.88 (0.27 – 2.85)

Q3 19 (22.62) 12 (24.49) 42 (26.42) 0.74 (0.35 – 1.54) 0.58 (0.25 – 1.32) 0.68 (0.29 – 1.62) 0.62 (0.20 – 1.88)

Q4 17 (20.24) 11 (22.45) 39 (24.53) 0.71 (0.33 – 1.52) 0.60 (0.20 – 1.79) 0.68 (0.28 –1.63) 1.11 (0.27 – 4.58)

≤ 90% 76 (90.48) 44 (89.80) 143 (89.94) Reference Reference Reference Reference

> 90% 8 (9.52) 5 (10.20) 16 (10.06) 0.94 (0.38 – 2.29) 1.10 (0.36 – 3.34) 1.01 (0.35 – 2.93) 1.24 ( 0.34 – 4.42)c

IFN-γ Non-detected 65 (77.38) 42 (85.71) 116 (72.96) Reference Reference Reference Reference

Detected 19 (22.62) 7 (14.29) 43 (27.04) 0.78 (0.42 – 1.46) 0.91 (0.47 – 1.75) 0.45 (0.18 – 1.07) 0.64 (0.23 – 1.76)c

IL-1β Non-detected 65 (77.38) 39 (79.59) 122 (76.73) Reference Reference Reference Reference
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Table 3 Crude and adjusted odds ratios with their 95% CIs Comparing levels of newborn blood spot cytokines/chemokines among children with Autism
Spectrum Disorder (ASD), developmental delays (DD) and general population controls (GP) - the Early Markers for Autism study (Continued)

Detected 19 (22.62) 10 (20.41) 37 (23.27) 0.96 (0.51 – 1.80) 1.11(0.52 –2.35) 0.84 (0.38 – 1.85) 0.65 (0.19 – 2.23)

IL-2 Non-detected 57 (67.86) 41 (83.67) 110 (69.18) Reference Reference Reference Reference

Detected 27 (32.14) 8 (16.33) 49 (30.82) 1.06 (0.60 – 1.87) 1.14 (0.38 – 3.43) 0.43 (0.19 – 1.00) 0.26 (0.01 – 8.76)

IL-4 Non-detected 65 (77.38) 42 (85.71) 118 (74.21) Reference Reference Reference Reference

Detected 19 (22.62) 7 (14.29) 41 (25.79) 0.84 (0.45 – 1.56) 0.95 (0.49 – 1.85) 0.48 (0.20 – 1.15) 0.64 (0.23 – 1.80)c

IL-6 Non-detected 65 (77.38) 39 (79.59 119 (74.84) Reference Reference Reference

Detected 19 (22.62) 10 (20.41) 40 (25.16) 0.87 (0.46 – 1.62) 1.01 (0.52 – 1.96) 0.76 (0.34 – 1.66) 0.91 (0.35 – 2.35)c

IL-10 Non-detected 45 (53.57) 25 (51.02) 86 (54.09) Reference Reference Reference Reference

Detected 39 (46.43) 24 (48.98) 73 (45.91) 1.02 (0.60 – 1.73) 0.17 (0.02 – 1.55) 1.13 (0.59 – 2.14) 1.53 (0.68 – 3.48)c

aResults adjusted for maternal place of birth, child birth month, birth year, gender and specimen plate number.
bResults adjusted for maternal place of birth, child year of birth, gender, specimen plate number and child age at blood draw.
cResults adjusted for maternal place of birth, child year of birth, gender and child age at blood draw.
For MCP-1 and eotaxin, comparison between ≤ 10% versus > 10% was not possible because more than 5% of the sample was below MDL.
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DD versus GP controls
A higher proportion of children with DD had concentra-
tions of MIP-1α and RANTES at or below the 10th percent-
ile compared to GP controls (for MIP-1α, ORadj = 3.36,
95% CI 1.16 to 9.69; for RANTES, ORadj = 3.78, 95% CI
1.29 to 11.03) (Table 3).
We found no significant association between levels of

MCP-1 or eotaxin and risk of DD compared to GP con-
trols in either crude or adjusted analyses (Table 3).
Discussion
Children with ASD were more likely to have increased levels
of MCP-1 and decreased levels of RANTES in newborn
bloodspots compared to GP controls. Children with DD had
decreased levels of MIP-1α and RANTES compared to GP
controls.
Our finding of increased levels of MCP-1 in ASD

compared to GP controls contrasts with the study by
Abdallah and colleagues [32], who reported no case-
control differences in levels of MCP-1 measured in ar-
chived newborn blood samples from 359 ASD cases and
741 matched controls from Denmark. Our finding of no
difference in concentration of MIP-1α between ASD cases
and controls is similar to those previously reported by
Abdallah et al. (2012a). Like our study, they also found re-
duced levels of RANTES in ASD cases compared to con-
trols. However, in our study, this finding was not specific
to ASD cases, as we found that levels of RANTES were
also reduced in newborn blood specimens of children with
DD compared to GP controls.
In the present study, the vast majority of cytokines

were not detected in newborn blood specimens, and de-
tection was not associated with case-control status. Our
results are in contrast with those reported by Abdallah
et al. (2012) [35] who found decreased levels of IFN-γ,
IL-2, IL-4, and IL-6 and increased levels of IL-8 and sol-
uble IL-6 alpha (sIL-6rα) in newborn dried blood spots
from ASD cases and controls. Differences in laboratory
techniques, study populations, and length of time be-
tween sample collection and sample processing may
have led to the observed differences in results. In the
present study, samples were collected from children
born in 2000 and 2001 compared to the wide range in
year of birth of study participants of previous studies.
Alterations in chemokine and cytokine levels in other

specimen types have been previously reported. In an
analysis of chemokine levels in amniotic fluid Abdallah
et al. (2012) reported elevated levels of MCP-1 for chil-
dren who were later diagnosed with autism compared to
controls [34]. Whether the chemokines were of maternal
or fetal origin is not clear. Furthermore, increased levels
of MCP-1 in blood specimens collected from children
after the date of ASD diagnosis was reported in a study
of 2- to 5-year olds [17] that included 80 ASD cases and
37 typically developing controls.
MCP-1, RANTES and MIP-1α play a role in neuron

development. While often associated with inflammation,
sufficient levels of these chemokines are needed for
healthy neuronal migration. Therefore, changes in levels
during critical windows of development could alter neu-
rodevelopmental outcome leading to either ASD or DD,
as suggested by our data. Cytokines and chemokines
have overlapping biology and functions [44]. They are
known to be redundant and pleiotropic [45] which
makes the determination of the exact roles of specific
chemokines during neurodevelopment challenging [17].
Increased concentration of MCP-1 in ASD cases versus
controls may be suggestive of an increased immuno-
logical active state in newborns who are subsequently di-
agnosed with ASD.
The results of this study should be considered in light

of the following limitations. We were unable to validate
the diagnostic status of autism by systematic clinical
evaluation. Instead, we relied on expert review of infor-
mation recorded as part of diagnostic eligibility for de-
velopmental services from regional center records. In
addition, we did not have any clinical information such
as infection status of children at birth or their mothers.
Despite these limitations, the study was strengthened by
the measurement of a panel of chemokines and cyto-
kines in newborn blood samples, prior to when ASD or
DD diagnoses were made, so it gives us a window into
what was going on biologically during a critical period of
neurodevelopment. The inclusion of the DD group
allowed us to evaluate the specificity of the findings. We
were also able to adjust our results by including several
covariates in the multivariate analysis. Finally, our com-
parison group was matched to the ASD group.
Conclusion
We found elevated levels of MCP-1 and decreased levels
of RANTES in the newborn blood of children subse-
quently diagnosed with ASD. Levels of RANTES and
MIP-1α were also decreased in children later diagnosed
with DD compared to GP controls. If replicated in future
studies, these findings suggest that measurement of im-
mune system function in the first few days of life may
aid in the early identification of particular neurodevelop-
mental trajectories. Further research on early biologic
markers will be useful in understanding the mechanisms
underlying early abnormal neurodevelopment.
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Immunity, neuroglia and neuroinflammation in autism
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Summary
Autism is a complex neurodevelopmental disorder of early onset that is highly variable in its clinical presentation. Although
the causes of autism in most patients remain unknown, several lines of research support the view that both genetic and
environmental factors influence the development of abnormal cortical circuitry that underlies autistic cognitive processes and
behaviors. The role of the immune system in the development of autism is controversial. Several studies showing peripheral
immune abnormalities support immune hypotheses, however until recently there have been no immune findings in the CNS.
We recently demonstrated the presence of neuroglial and innate neuroimmune system activation in brain tissue and
cerebrospinal fluid of patients with autism, findings that support the view that neuroimmune abnormalities occur in the brain
of autistic patients and may contribute to the diversity of the autistic phenotypes. The role of neuroglial activation and
neuroinflammation are still uncertain but could be critical in maintaining, if not also in initiating, some of the CNS
abnormalities present in autism. A better understanding of the role of neuroinflammation in the pathogenesis of autism may
have important clinical and therapeutic implications.

Introduction

Autism is the most severe and devastating condition

in the broad spectrum of developmental disorders

called ‘pervasive developmental disorders’ (Rapin,

1997). Autistic disorders are characterized by

marked impairment in social skills, verbal commu-

nication, behavior, and cognitive function (Rapin,

1997; Lord et al., 2000). Abnormalities in language

development, mental retardation, and epilepsy are

frequent problems in the clinical profile of patients

with autism (Rapin, 1997). The syndrome is

clinically heterogeneous and can be associated in

up to 10% of patients with well-described neurologi-

cal and genetic disorders, such as tuberous

sclerosis, fragile X, Rett and Down syndromes,

although in most patients the causes are still

unknown (Rapin & Katzman, 1998; Newschaffer

et al., 2002; Cohen et al., 2005). The importance of

autism as a public health problem has been

recognized in recent years, as epidemiological studies

have suggested that the age-adjusted incidence of

research-identified autism has increased from 5.5

(95% confidence interval, 1.4–9.5) per 100 000

children in the period 1980–1983 to 44.9 (95%

confidence interval, 32.9–56.9) in the period

1995–1997 (8.2-fold increase) (Barbaresi et al.,

2005) while the prevalence of autistic syndromes

has increased to 3–6 per 1000 children, with a male

to female ratio of 3:1 (Fombonne, 2003; Yeargin-

Allsopp et al., 2003). In addition to complex

multigenic factors (Folstein & Rosen-Sheidley,

2001), several researchers have also hypothesized

important roles for environmental factors, pre- or

perinatal injuries, vaccines, mercury toxicity, or

persistent viral infections (Wing & Potter, 2002;

Larsson et al., 2005). These recent observations on

the epidemiology of autism strongly suggest that an

interplay between genetic and as yet undefined

environmental factors may increase the risk of

autism, to a level greater than one would expect

from genetic causes alone.

Neurobiology of autism

Clinical and epidemiological aspects of autism

Although the neurobiological basis for autism

remains poorly understood, several lines of research

now support the view that genetic, environmental,

neurological, and immunological factors contribute

to its development (Rapin & Katzman, 1998;

Newschaffer et al., 2002; Folstein & Rosen-

Sheidley, 2001; Korvatska et al., 2002). Several

different genetic factors and/or other risk factors may

combine during development to produce complex
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changes in CNS organization that translate into

abnormalities of neuronal and cortical cytoarchitec-

ture that are responsible for the complex language

and behavioral problems that characterize the autistic

phenotype. The core symptoms of autism include

abnormal communication, social relatedness, beha-

vior, and cognition (Rapin, 1997; Lord et al., 2000).

The majority of children show abnormalities during

infant development that may not become apparent

until the second year of life. Approximately 30–50%

of children undergo regression, with a loss of skills,

including language, between 16 and 25 months of

age (Lord et al., 2004). In the medical evaluation of

autism, specific etiologies can be found in <10%

of children, including fragile X, tuberous sclerosis,

and other rare diseases (Cohen et al., 2005).

Epilepsy occurs in up to 40% of patients, and

epileptic discharges may occur on EEGs early in

childhood, even in the absence of clinical seizures

(Tuchman & Rapin, 2002). Although children with

autism present with a wide spectrum of symptoms

that vary in severity and clinical progression, it

is possible to define these features in affected

individuals and follow them over time (Aman et al.,

2004).

Neuroanatomical abnormalities in autism

A wide range of anatomical and structural brain

abnormalities have been observed in autistic patients

by longitudinal clinical and magnetic resonance

imaging studies. The most remarkable observation

is that the clinical onset of autism appears to be

preceded by two phases of brain growth abnormal-

ities: a reduced head size at birth and a sudden and

excessive increase in head size between 1–2 months

and 6–14 months (Courchesne et al., 2004). These

studies have also shown that the most abnormal

pattern of brain overgrowth occurs in areas of

the frontal lobe, cerebellum, and limbic structures

between 2–4 years of age, a pattern that is followed

by abnormal slowness and an arrest in brain growth

(Courchesne et al., 2004; Courchesne & Pierce,

2005). Other studies of high-functioning autistic

patients have shown an overall enlargement of

brain volume associated with increased cerebral

white matter and decrease in cerebral cortex and

hippocampal-amygdala volumes (Herbert et al., 2003;

Herbert et al., 2004). One of the most puzzling issues

in the neuroanatomical observations in autism is the

lack of an acceptable explanation for the cause of this

dissociation or patterns of abnormal brain growth.

However, it is likely that disruption of white matter

tracts and disconnection between brain regions are

present in autistic patients, as demonstrated by

new techniques such as diffusion tensor imaging.

This approach has demonstrated reduced fractional

anisotropy values in white matter adjacent to the

ventromedial prefrontal cortices, anterior cingulate

gyrus, and superior temporal regions, findings

suggestive of the disruption in white matter tracts

in brain regions involved in social functioning

that has been described in autistic patients

(Barnea-Goraly et al., 2004).

In addition to abnormal growth patterns of the

brain, one of the most consistent findings of

neuroimaging studies in autism is the presence of

abnormalities in the cerebellum. Reduction in the

size of cerebellar regions such as the vermis

(Hashimoto et al., 1995; Kaufmann et al., 2003),

an increase in white matter volume, and reduction in

the gray/white matter ratio (Courchesne & Pierce,

2005) are the most prominent changes observed

in the cerebellum. In one of these studies, the

cerebellar changes appeared to be specific to autism,

in contrast to other neurodevelopmental disorders

such as Down syndrome, Down syndrome with

autism, fragile X and fragile X with autism

(Kaufmann et al., 2003). These observations

concur with: (1) the findings from neuropathological

studies describing abnormalities in the cerebellum,

such as a decreased number of Purkinje cells

(Kemper & Bauman, 1998; Bailey et al., 1998)

and, most recently, (2) observation of increased

microglial activation and astroglial reactions in both

the granular cell and white matter layers and a

reduction in Purkinje and granular cells (Vargas

et al., 2005).

Neuropathology of autism

Cytoarchitectural organizational abnormalities of the

cerebral cortex, cerebellum, and other subcortical

structures appear to be the most prominent neuro-

pathological changes in autism (Kemper & Bauman,

1998; Bailey et al., 1998). An unusual laminar

cytoarchitecture with packed small neurons has

been described in the classical neuropathological

studies by Kemper and Bauman (1998), but no

abnormalities in the external configuration of the

cerebral cortex were noted. Cerebellar and brainstem

pathology was prominent, with a loss and atrophy

of Purkinje cells, predominantly in the posterolateral

neocerebellar cortex. Kemper and Bauman (1998)

have delineated at least three different types of

pathological abnormalities in autism: (1) a curtail-

ment of the normal development of neurons in the

forebrain limbic system; (2) an apparent decrease

in the cerebellar Purkinje cell population; and (3) age-

related changes in neuronal size and number in the

nucleus of the diagonal band of Broca, the cerebellar

nuclei, and the inferior olive. These observations

suggest that delays in neuronal maturation

are important component in the spectrum of
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neuropathological changes in autism (Kemper &

Bauman, 1998). In addition to these cytoarchitec-

tural abnormalities, the number of cortical mini-

columns, the narrow chain of neurons that extend

vertically across layers 2–6 to form anatomical and

functional units, appeared to be more numerous,

smaller, and less compact in their cellular configura-

tion in the frontal and temporal regions of the brain

of autistic patients, as compared with controls

(Casanova et al., 2002). Pathological evidence of

immunological reactions within the CNS, such as

lymphocyte infiltration and microglial nodules, has

been described in a few case reports (Bailey et al.,

1998; Guerin et al., 1996).

Immunological factors associated with autism

Immunological abnormalities in autism

Reports of differences in systemic immune findings

over the past 30 years have led to speculation that

autism may represent, in some patients, an immune

mediated or autoimmune disorder (Ashwood & de

Water, 2004). Recent reviews of immune dysfunc-

tion in autism have sought to understand these

findings in the clinical context of the syndrome

(Korvatska et al., 2002; Ashwood & de Water, 2004;

Zimmerman, 2005). Abnormalities of both humoral

and cellular immune functions have been described

in small studies of children with autism (N¼ 10–36),

and include decreased production of immunoglobu-

lins or B and T-cell dysfunction (Warren et al.,

1986). Early studies suggested that prenatal viral

infections might damage the immature immune

system and induce viral tolerance (Stubbs &

Crawford, 1977), while later studies showed altered

T-cell subsets and activation, consistent with the

possibility of an autoimmune pathogenesis (Gupta

et al., 1998). Odell et al. (2005) recently confirmed

earlier reports of a four-fold increase in the serum

complement (C4B) null allele (i.e., no protein

produced) in 85 children with autism, compared to

controls.

Studies of peripheral blood have shown a range

of abnormalities, including T-cell, B-cell, and

NK-cell dysfunction; autoantibody production; and

increased pro-inflammatory cytokines (Gupta et al.,

1998; Singh et al., 1997; Singh et al., 2002; Vojdani

et al., 2002; Jyonouchi et al., 2001). Shifts observed

in Th1 to Th2 lymphocyte subsets and cytokines and

associations with human leukocyte antigen (HLA)-

DR4 have suggested the possibility that autoimmu-

nity against brain antigens may contribute to the

neuropathology of autism (van Gent et al., 1997).

Decreases in immunoglobulin subsets and comple-

ment, the presence of auto-antibodies against

CNS antigens, and an effect of maternal antibodies

have also been proposed as pathogenic factors

(Dalton et al., 2003). In most of these studies,

phenotyping was limited to descriptions of the

subjects as ‘autistic’ based on criteria of the

Diagnostic and Statistical Manual of the American

Psychiatric Association. ‘Abnormal’ immune find-

ings varied from 15–60% of children with autism.

For some parameters, unaffected siblings showed

intermediate values, and a background of such

‘abnormalities’ was noted in normal controls as

well. In all studies, measurements have been

reported at single time points and among subjects

of different ages. Since these differences in systemic

immune findings in autism have not been followed in

the same patients over time, it is not clear whether

they reflect true immune dysfunction or may

represent dysmaturation that changes with age

(Zimmermann, 2005). Also, no clinical immune

deficiency states have been reported in association

with unusual infections or reactions to immuniza-

tions, despite widespread interest in the possibility of

such relationships (Halsey & Hyman, 2001).

Autoimmunity and autism

Circulating auto-antibodies directed against CNS

antigens have been described in patients with autism,

reacting to myelin basic protein (Singh, Lin, &

Tang, 1998), frontal cortex (Todd et al., 1988),

cerebral endothelial cells (Connolly et al., 1999),

and neurofilament proteins (Singh et al., 1997).

Autoreactivity to a human protein with molecular

weight in the range (but distinct from) myelin basic

protein has been reported (Silva et al., 2004). Recent

findings suggest reactivity in sera from children with

autism to a 73 Kd epitope in the cingulate gyrus and

cerebellum. The significance of auto-antibodies in

serum from patients with autism has been difficult to

determine. Their presence might imply that autism

is an autoimmune disorder. However, several

criteria, including the necessity to demonstrate the

autoimmune disease after passive transfer of anti-

bodies into animals, would be necessary to establish

the role of these auto-antibodies as pathogenic

effectors (Rose & Bona, 1993), and this evidence is

still lacking. Even though several antibodies in

autism serum have been demonstrated to react

against human brain tissue, their pathogenicity has

not been demonstrated in autism postmortem brain

tissue. Of equal interest to serum reactivity in the

children, however, have been studies in maternal

sera. Warren et al. (1990) demonstrated reactivity

of mothers’ sera to their autistic children’s lympho-

cytes. Maternal serum has also been shown to cause

antibody binding to fetal Purkinje cells when it

was injected into pregnant mice (Dalton et al.,

2003). Maternal antibodies may therefore be relevant

Immunity, neuroglia and neuroinflammation in autism 487



to prenatal brain development (Dalton et al., 2003),

by interfering with cell signaling in the developing

brain, and (perhaps) disturbing patterns of CNS

organization.

Other autoimmune disorders, such as rheumatoid

arthritis, lupus and thyroid disorders, have been

found at increased rates in surveys of family

members of children with autism, rather than in

the children themselves, compared to controls. This

was first observed in one family by Money (Money,

Bobrow, & Clarke, 1971), and subsequently in three

clinical surveys (Comi et al., 1999; Sweeten et al.,

2003; Molloy CA, personal communication).

However, these associations were not found in

another study after review of medical records

(Micali, Chakrabarti, & Fombonne, 2004). A

recent study of mothers with autistic children

reported an association with psoriasis but not other

autoimmune disorders, and a two-fold increased

risk of having an autistic child for those mothers

with asthma and allergies during the second trime-

ster (Croen et al., 2005). The meaning of these

studies for autism is still not clear, but they suggest

that maternal immunological effects might be

important during gestation. They are also consistent

with reported increases in frequencies of HLA

DR4 and related alleles in children with autism

and their mothers (Daniels et al., 1995; Torres

et al., 2002).

Immunogenetics in autism

Some of the most promising studies that link the

immune system to autism come from the study

of the HLA genes, which are important genetic

determinants of immune function within the major

histocompatibility complex (MHC) and could reflect

important antigenic differences between parents and

their affected children. Other genetic loci associated

with autoimmune and inflammatory disorders

appear to cluster with those for autism (as well as

Tourette’s syndrome) and suggest a genetic

relationship based on immune dysregulation

(Becker, Freidlin, & Simon, 2003). In the case of

HLA genes, the association of specific antigens/

alleles with autoimmunity suggests that autistic

patients may exhibit a similar pattern of association.

Immunogenetic studies have shown an increased

frequency of HLA-DR4 in children with autism

and their mothers, a finding that is consistent

with clinical observations of increased frequencies

of autoimmune disorders in families with autism

(although not in the children themselves) (Comi

et al., 1999). These observations are important,

as HLA-DR4, a class II antigen, has been identified

as one of the susceptibility markers for certain

autoimmune diseases, such as rheumatoid arthritis,

and is strongly associated with others such as

hypothyroidism and autoimmune diabetes (Levin

et al., 2004). These disorders have a higher incidence

among families, especially mothers, of autistic

children than of controls (Comi et al., 1999;

Sweeten et al., 2003). These findings were further

supported by a recent report that DR4 alleles occur

in individuals with autism with higher frequency than

in controls recruited from the National Marrow

Donor Program (Torres et al., 2002). These

observations have led researchers to investigate the

possible expression of HLA-DR4 in the families of

some children with autism. To confirm this possible

association between HLA-DR4 and autism, we

studied HLA-DR4 and its subtypes in single-birth

and multiplex families with autism (Zimmerman,

Tyler, & Matteson, 2001). Among 17 single-birth

families with an autistic child in the East Tennessee

region, the mothers were 4.62 times more likely

(95% CI: 1.54, 14.34), and the children were

3.6 times more likely to have an HLA-DR4

haplotype than were controls (Lee et al., 2004).

Infections and autism

Infections have been associated with autism

in small numbers of children, and include prenatal

rubella (Chess, Fernandez, & Korn, 1978) and

cytomegalovirus (Sweeten et al., 2003; Yamashita

et al., 2003), and postnatal herpes encephalitis

(DeLong, Bean, & Brown, 1981). Given the variety

of viruses and their pathogenic effects that can be

associated with autism, the location of the pathology

and the neural networks affected appear to be more

important than the specific types of viruses. For

example, reversible symptoms of autism have been

reported with bilateral temporal lobe involvement in

herpes simplex virus encephalitis (DeLong, Bean, &

Brown, 1981). Autism rarely results from known

infectious causes, and the immune abnormalities or

variants described in autism studies have not been

consistent with typical immune deficiency states that

would predispose to such infections. Furthermore,

there have been no documented increased rates

of infection in children with autism (Comi et al.,

1999). And, although persistence of measles virus in

the GI tract and peripheral mononuclear cells has

been reported in children with autism (Kawashima

et al., 2000), replication and further study of its

possible relevance to autism in CSF and brain tissue

are needed. Animal models of autism using prenatal

infections (Patterson, 2002) lend credence to the

importance of gestational effects on fetal brain

development, as in the association of maternal

influenza and the increased risk of schizophrenia

(Shi et al., 2003). Autistic behaviors also have been
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induced experimentally in a rat model using neonatal

Borna disease virus (Carbone et al., 2002).

Neuroglia responses and neuroinflammation
in autism

Neuroglia and CNS function

Neuroglial cells such as astrocytes and microglia,

along with perivascular macrophages and endothelial

cells, play important roles in neuronal function

and homeostasis (Aloisi, 2001; Dong & Benveniste,

2001). Both microglia and astroglia are fundamen-

tally involved in cortical organization, neuroaxonal

guidance and synaptic plasticity (Fields & Stevens-

Graham, 2002). Neuroglial cells contribute in a

number of ways to the regulation of immune

responses in the CNS. Astrocytes, for example,

play an important role in the detoxification of

excess excitatory amino acids (Nedergaard,

Takano, & Hansen, 2002), maintenance of the

integrity of the blood-brain barrier (Prat et al.,

2001), and production of neurotrophic factors

(Bauer, Rauschka, & Lassmann, 2001). In normal

homeostatic conditions, astrocytes facilitate neuronal

survival by producing growth factors and mediating

uptake/removal of excitotoxic neurotransmitters,

such as glutamate, from the synaptic microenviron-

ment (Nedergaard, Takano, & Hansen, 2002).

However, during astroglial activation secondary to

injury or in response to neuronal dysfunction,

astrocytes can produce several factors that may

modulate inflammatory responses; they secrete pro-

inflammatory cytokines, chemokines, and metallo-

proteinases that can magnify immune reactions

within the CNS (Bauer, Rauschka, & Lassmann,

2001; Rosenberg, 2002). Similarly, microglial

activation is an important factor in the neuroglial

responses to injury or dysfunction. Microglia are

involved in synaptic stripping, cortical plasticity, and

immune surveillance (Aloisi, 2001). Changes in

astroglia and microglia can therefore produce

marked neuronal and synaptic changes that are

likely to contribute to CNS dysfunction or modify

CNS homeostasis during disease processes.

Neuronal dysfunction and abnormalities in cortical

organization such as those seen in autism may also be

responsible for pathophysiological responses that

may lead to neuroglial activation, reactions that may

subsequently increase the magnitude of neuronal

dysfunction.

Neuroglia responses in autism

The role of neuroglia in autism has been ignored in

the past several years and previous neuropathological

studies did not show evidence of astrogliosis or

microglial reactions (Kemper & Bauman, 1998).

Evidence of neuroglial activation and a role for

neuroimmune responses mediated by innate immu-

nity in the neuropathology of autism, recently has

been demonstrated by our laboratory (Vargas et al.,

2005). Based on neuropathological analysis of

postmortem brain tissues from 11 autistic patients

(age range 5–44 years), we have demonstrated the

presence of an active and ongoing neuroinflamma-

tory process in the cerebral cortex and white matter,

and notably in the cerebellum. Immunocytochemical

studies of brain tissues from these 11 autistic patients

showed marked activation of microglia and astroglia

as compared with controls. The neuroglial activation

was particularly prominent in the granular cell layer

and white matter of the cerebellum. An assessment

of the magnitude of astrogliosis using immunocyto-

chemistry for glial fibrillary acidic protein (GFAP)

in the midfrontal (MFG) and anterior cingulate

gyrus (ACG) and cerebellum (CBL) of the autistic

brains revealed increased astroglial reactions char-

acterized by an increase in the volume of perikarya

and glial processes. In the brains of autistic patients,

GFAP immunostaining of the cerebellum showed a

marked reactivity of the Bergmann’s astroglia in

areas of neuronal loss within the Purkinje cell layer,

as well as a marked astroglial reaction in the granular

cell layer and cerebellar white matter. In the MFG

and ACG, astroglial reactions were prominent in

the subcortical white matter, and in some cases

panlaminar astrogliosis was observed. Quantitative

assessment of astroglial immunoreactivity by

fractional area methods showed a significant increase

in GFAP immunoreactivity in the GCL (P¼ 0.000)

and white matter (P¼ 0.007) compartments of the

cerebellum. Further analysis by western blotting of

GFAP expression in protein homogenates obtained

from a subset of autistic (n¼ 7) and control patients

(n¼ 7) from whom fresh-frozen brain tissue had

been obtained, showed a significantly increased

expression of GFAP in the cerebellum (P¼ 0.001),

MFG (P¼ 0.001) and ACG (P¼ 0.038) of autistic

patients, as compared to controls, findings that

demonstrate the presence of a marked astroglial

reaction in autism.

The pattern of microglial activation in autistic

brains was further characterized by immunocyto-

chemical staining for MHC class II markers

(HLA-DR). Marked microglial activation was

observed in the cerebellum, cortical regions and

white matter of autistic patients. The most

prominent microglial reaction was observed in the

cerebellum, where the immunoreactivity

for HLA-DR showed a significantly higher frac-

tional area of immunoreactivity in both the

GCL (P < 0.0001) and cerebellar white matter

(P < 0.0001) of autistic subjects than in controls
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(Figure 1). At present, it is still unclear what the role

of neuroglial responses in autism is or how these

responses are involved in pathogenic mechanisms.

The microglial and astroglial activation in the CNS

may then have a dichotomous role in the inflamma-

tory responses of the brain: as a direct effector of

injury and on the other hand as neuroprotectant

(Nguyen, Julien, & Rivest, 2002). It is unclear how

and when microglia and astroglia become activated

in the brain of autistic patients. Neuroglial activation

in autism may be part of both primary (intrinsic)

responses that result from disturbances of neuroglial

function or neuronal–neuroglial interactions during

brain development and secondary (extrinsic) effects,

resulting from unknown factors that disturb prenatal

or postnatal CNS development. It is possible that the

presence of activated microglia in the brain in autism

may reflect abnormal persistence of fetal patterns

of development in response to genetic or environ-

mental (e.g., intrauterine, maternal) factors. Our

findings may indicate that at some point during

cortical and neuronal organization, unknown factors

influence both neuronal and neuroglial cell popula-

tions, disturbing neurodevelopment and producing

the neurocytoarchitectural changes seen in autism

as well as inducing CNS dysfunction that results

in neuroinflammation. Another potential explanation

is that extrinsic etiological factors (e.g., non-genetic,

neurotoxic or environmental) involved in the

pathogenesis of autism may produce neuronal and

cortical abnormalities, to which neuroglial reactions

are only secondary responses.

Cytokine profile in the brain of autistic patients

Cytokines and chemokines play important roles

as mediators of inflammatory reactions in the CNS

and in processes of neuronal–neuroglial interactions

that modulate the neuroimmune system. Cytokines

may contribute to neuroinflammation as mediators

of pro-inflammatory or anti-inflammatory responses

within the CNS. Our laboratory has focused on

studies to characterize the profiles of cytokines and

chemokines in autistic brains by assessing the relative

expression of these proteins in tissue homogenates

from MFG, ACG, and CBL of autistic (n¼ 7) and

control (n¼ 7) patients by using cytokine protein

array methodology (Huang, 2004). A statistical

analysis of the relative expression of cytokines in

autistic and control tissues showed a consistent and

significantly higher level of subsets of cytokines in the

brains of autistic patients: the anti-inflammatory

cytokine transforming growth factor �1 (TGF-�1)

was increased in the MFG (P¼ 0.026), ACG

(P¼ 0.011) and CBL (P¼ 0.035) and the pro-

inflammatory chemokines macrophage chemo-

attractant protein-1 (MCP-1) and thymus and

activation-regulated chemokine (TARC), were

increased in the ACG (P¼ 0.026 and 0.035,

respectively) and CBL (P¼ 0.026 and 0.035, respec-

tively). Interestingly, a larger spectrum of increases

in pro-inflammatory and modulatory cytokines was

seen in the ACG, an important cortical structure

in autism, where there was a significant increase in

pro-inflamamtory cytokines such as interleukin-6

(IL-6), interleukin-10 (IL-10), macrophage

chemoattractant protein-3 (MCP-3), eotaxin,

eotaxin 2, macrophage-derived chemokine (MDC),

chemokine-�8 (Ck�8.1), neutrophil activating

peptide-2 (NAP-2), monokine induced by

interferon-� (MIG) and B-lymphocyte chemo-

attractant (BLC) (Figure 2).

The presence of MCP-1 is of particular interest,

since it facilitates the infiltration and accumulation

of monocytes and macrophages in inflammatory

CNS disease (Mahad & Ransohoff, 2003). Chemo-

attractant protein-1 is produced by activated and

reactive astrocytes, a finding that demonstrate the

effector role of these cells in the disease process

in autism. The increase in MCP-1 expression has

relevance to the pathogenesis of autism as we believe

its elevation in the brain is linked to pathways of

microglial activation and perhaps to the recruitment

of monocytes/macrophages to areas of neuronal-

cortical abnormalities. Our observations resemble

findings in other neurological disorders in

Figure 1. Neuropathology of cerebellum in autism. (A) Normal

appearance of the cerebellum in a control patient; (B–C) atrophic

folia and marked loss of Purkinje and granular cells in the

cerebellum of an autistic patient (H&E stain); (D) microglia

activation seen with anti-MHC class II immunostaining (from

Vargas et al., 2005).
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which elevation of MCP-1 is associated with the

pathogenesis of neuroinflammation and neuronal

injury such as HIV dementia (Kelder et al., 1998),

ALS (Henkel et al., 2004), and multiple sclerosis

(Mahad & Ransohoff, 2003). It remains unclear

whether MCP-1 plays a more pleotrophic role in the

CNS or whether its presence is only associated with

inflammatory conditions. The presence of increased

TGF-�1 in the cortex and cerebellum of autistic

brains may have important implications for the

neurobiology of autism. Transforming growth

factor �1 is a key anti-inflammatory cytokine and is

involved in tissue remodeling following injury. It can

suppress specific immune responses by inhibiting

T-cell proliferation and maturation and down-

regulates MHC class II expression (Letterio &

Roberts, 1998). Importantly, cells undergoing cell

death have been shown to secrete TGF-�1, possibly

to reduce local inflammation and prevent degenera-

tion of additional surrounding cells (Chen et al.,

2001). Transforming growth factor �1 is produced

mostly by reactive astrocytes and neurons.

The elevation of TGF-�1 suggests that the elevation

of this cytokine in autism may reflect an attempt

to modulate neuroinflammation or remodel and

repair injured tissue. A remarkable profile of cytokine

up-regulation was observed in the ACG, a region

in which several cytokines, chemokines, and

growth factors were markedly elevated when

compared to controls. Pro-inflammatory cytokines

(e.g., IL-6) and anti-inflammatory cytokines (e.g.,

IL-10) as well as subsets of chemokines

were markedly elevated in the ACG, an important

cortical region involved in dysfunctional

brain activity in autism. These findings support

the conclusion that an active, ongoing immunolo-

gical process was present in multiple areas of

the brain but at different levels of expression in

each area.

Cerebrospinal fluid and neuroinflammation
in autism

Despite these indications of multiple peripheral

immune system abnormalities, there has been no

consistent demonstration of inflammatory changes in

cerebrospinal fluid (CSF) studies, and there has been

no evidence of inflammation as indicated by

standard cell counts, protein electrophoresis, protein

concentration, increase of IgG index, or presence

of oligoclonal bands (Zimmerman et al., 2005).

We have recently studied the profile of cytokines and

chemokines in the CSF of autistic patients as an

approach to evaluate proteins involved in innate and

adaptive immune pathways (Vargas et al., 2005).

Cytokine protein arrays were used to compare the

cytokine profiles of CSF from six autistic patients

to that of CSF from a pool of donors without

CNS pathology or inflammatory disorders (e.g.,

pseudotumor cerebri or headaches). We observed

a marked increase in subsets of cytokines and

chemokines involved in innate immune responses.

As we had observed in brain tissues, CSF from

autistic patients showed a significant increase in

MCP-1 (12-fold increase) when compared to

controls. Other pro-inflammatory such as IL-6,

IFN-�, IL-8, macrophage inflammatory protein-1�
(MIP1�), NAP-2, interferon-� inducing protein-10

(IP-10) and angiogenin were all significantly

increased when compared to control CSF

(Figure 3). These cytokines play important roles

in immune-mediated processes and their presence in

the CSF in autistic patients may reflect an ongoing

stage of inflammatory reactions likely associated with

neuroglial activation and/or neuronal injury. Reasons

for the relatively greater increases in these

cytokines in CSF compared to brain are unknown.

The differences we observed in cytokines in CSF

compared to brain could result from other sources

of production, such the leptomeninges or choroid

plexus or might represent a persistent elevation of

cytokines as result of a stage of neurodevelopmental

arrest as some of the cytokines are normally

elevated during phases of neurodevelopment. Since

the CSF is easily accessible for clinical studies,

CSF cytokine profiling may be useful in the future

to diagnose, characterize and follow the clinical

course of autistic disorders.

Clinical and therapeutic implications of
neuroinflammation in autism

Evaluation of neuroinflammation in autistic

patients and its use in clinical assessment raises

an important challenge. The classical techniques in

the evaluation of CSF in autistic patients have failed

in providing information about the presence of
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Figure 2. Pattern of increase of cytokines in brain regions of

autistic patients (from Vargas et al., 2005).
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inflammatory changes as there is not evidence of

either pleocytosis, cellular reactions or humoral

responses such as increase in immunoglobulin

index or oligoclonal bands. Recent studies using

detection of products of macrophage and immune

reactions such as neopterin, quinolinic acid or

biopterin were shown to be unhelpful in the

detection of neuroinflammation in autistic patients

(Zimmerman et al., 2005). Our observations that

subsets of cytokines and chemokines such as IL-6,

IFN-� and MCP-1 are elevated in patients with

autism suggest that assessment of cytokine profiles

are a potential approach to identify and evaluate the

magnitude of inflammatory responses in these

patients. It remains unknown whether these profiles

correlate with the clinical spectrum of autism and

further studies are required to understand the role of

these cytokines and chemokines in the disease

process. Another approach that may become prac-

tical in the future is the use of novel neuroimaging

techniques such as brain imaging using PK11195, a

ligand to the benzodiazepine receptor as a marker of

microglial activation in vivo to determine the

magnitude and extension of neuroglial reactions

(Versijpt et al., 2003).

Another issue that is extremely important is

to determine whether neuro-inflamamtion and

neuroglial activation may be a target for treatment

in autism. This issue requires a more detailed

evaluation as the precise role of neuroinflammation

in the pathogenesis and natural history of autism

is still uncertain. Studies in animal models and

other neurological disorders suggest that microglial

activation and neuroinflammation may play a role

in processes of injury as there is increased oxidative

stress and tissue injury, however, there is also recent

evidence that neuroinflammation may be associated

with repair processes and regeneration (Neuhaus,

Archelos, & Hartung, 2003). Further studies are

required in autism to help in the clarification of

these issues. So, at this moment, we consider

premature the use of any immunomodulatory

intervention to modify the neuroglial activation and

neuroinflammation. Furthermore, current treatment

approaches to modify neuroimmune responses are

very nonspecific and may bring more potential

problems than benefits. The use of steroids or

other immunotherapies such as immunoglobulin

infusion and use of cytotoxic drugs may bring

potential risks as these medications act mostly

in cellular and humoral responses that are part of

the adaptive immune system rather than neuroglial

activation or innate immune responses.

Future directions

Several important questions regarding the role

of neuroimmunity in autism remain unanswered,

including: (1) Whether the neuroglial and

neuroimmune responses associated with autism are

part of the primary reactions that contribute to CNS

dysfunction in this disorder or are epiphenomena

Figure 3. Pattern of increase in cytokines and chemokines in the CSF of autistic patients (from Vargas et al., 2005).

492 Carlos A. Pardo et al.



resulting from reactions to CNS dysfunction;

(2) the nature of the relationship of cytokines

and chemokines to immune and neurobiological

processes in the brain of autistic patients; (3) whether

the cerebellar pathology in autism is primarily the

result of neuroimmune processes or primary

abnormalities in neuronal function; (4) how analysis

of CSF may help us identify markers of immune

reactions within the CNS; and (5) whether the

immunogenetic background of the host influences

the development of neuroimmune reactions or

determines patterns of susceptibility to autism.

Conclusions

Autism is a complex neurobehavioral disorder

of early life onset influenced by the interaction of

different risk factors. We hypothesize that environ-

mental factors (e.g., neurotoxins, infections, mater-

nal infections) in presence of genetic susceptibility

and the immunogenetic background of the host

influence the development of abnormalities in

cortical organization and neuronal circuitry and

neuroinflammatory changes responsible for the

generation of the autistic symptoms (Figure 4). Our

neuroimmunopathological studies strongly suggests

that innate rather than adaptive neuroimmune

responses are part of the immunopathogenic

mechanisms associated with autism, but we cannot

exclude the possibility that specific immune

reactions, cellular or humoral, may occur at early

stages of the disease, during prenatal or postnatal

stages of brain development. The roles of neuroglial

activation and neuroinflammation in the pathogen-

esis of autism are still uncertain but could be

critical in maintaining, if not also in initiating,

some of the CNS abnormalities present in this

neurodevelopmental disorder. Neuroglial and

neuroinflammatory responses likely have polygenic

and environmental bases and may have important

clinical and therapeutic implications in autism.

Acknowledgements

The authors are grateful for the support received

from the Cure Autism Now Foundation (CAN), by

Dr. Barry and Mrs. Renee Gordon, Dr. Jane Pickett

and the Autism Tissue Program. Dr. Pardo

is supported by a grant from NIH-NIDA (K08-DA

16160-01a1).

References

Aloisi, F. (2001). Immune function of microglia. Glia, 36,

165–179.

Aman, M. G., Novotny, S., Samango-Sprouse, C., Lecavalier, L.,

Leonard, E., Gadow, K. D., et al. (2004). Outcome measures

for clinical drug trials in autism. CNS Spectrums, 9, 36–47.

Ashwood, P., & Van de Water, J. (2004). Is autism an

autoimmune disease? Autoimmunity Reviews, 3, 557–562.

Bailey, A., Luthert, P., Dean, A., Harding, B., Janota, I.,

Montgomery, M., et al. (1998). A clinicopathological study of

autism. Brain, 121(Pt 5), 889–905.

Barbaresi, W. J., Katusic, S. K., Colligan, R. C., Weaver, A. L., &

Jacobsen, S. J. (2005). The incidence of autism in Olmsted

County, Minnesota, 1976–1997: Results from a population-

based study. Archives of Pediatric & Adolescent Medicine, 159,

37–44.

Barnea-Goraly, N., Kwon, H., Menon, V., Eliez, S., Lotspeich, L.,

& Reiss, A. L. (2004). White matter structure in autism:

Preliminary evidence from diffusion tensor imaging. Biological

Psychiatry, 55, 323–326.

Bauer, J., Rauschka, H., & Lassmann, H. (2001). Inflammation in

the nervous system: The human perspective. Glia, 36, 235–243.

Becker, K. G., Freidlin, B., & Simon, R. M. (2003). Comparative

genomics of autism, Tourette syndrome and autoimmune/

inflammatory disorders. www.grc.nia.nih.gov/branches/rrb/dna/

pubs/cgoatad.pdf.

Carbone, K. M., Rubin, S. A., & Pletnikov, M. (2002). Borna

disease virus (BDV)-induced model of autism: Application to

vaccine safety test design. Molecular Psychiatry, 7 (Suppl. 2),

S36–S37.

Casanova, M. F., Buxhoeveden, D. P., Switala, A. E., & Roy, E.

(2002). Minicolumnar pathology in autism. Neurology, 58,

428–432.

Chen, W., Frank, M. E., Jin, W., & Wahl, S. M. (2001). TGF-

beta released by apoptotic T cells contributes to an immuno-

suppressive milieu. Immunity, 14, 715–725.

Chess, S., Fernandez, P., & Korn, S. (1978). Behavioral

consequences of congenital rubella. Journal of Pediatrics, 93,

699–703.

Cohen, D., Pichard, N., Tordjman, S., Baumann, C., Burglen, L.,

Excoiffier, E., et al. (2005). Specific genetic disorders and

autism: Clinical contribution towards their identification.

Journal of Autism & Developmental Disorders, 35, 103–116.

Comi, A. M., Zimmerman, A. W., Frye, V. H., Law, P. A., &

Peeden, J. N. (1999). Familial clustering of autoimmune

disorders and evaluation of medical risk factors in autism.

Journal of Child Neurology, 14, 388–394.

Connolly, A. M., Chez, M. G., Pestronk, A., Arnold, S. T.,

Mehta, S., & Deuel, R. K. (1999). Serum autoantibodies to

Figure 4. Hypothetical interactions of environmental and genetic

factors that influence neuroglia activation, CNS organization and

the presence of autism.

Immunity, neuroglia and neuroinflammation in autism 493



brain in Landau-Kleffner variant, autism, and other neurologic

disorders. Journal of Pediatrics, 134, 607–613.

Courchesne, E., & Pierce, K. (2005). Brain overgrowth in autism

during a critical time in development: Implications for frontal

pyramidal neuron and interneuron development and connec-

tivity. International Journal of Developmental Neuroscience, 23,

153–170.

Courchesne, E., Redcay, E., & Kennedy, D. P. (2004). The

autistic brain: Birth through adulthood. Current Opinions

in Neurology, 17, 489–496.

Croen, L. A., Grether, J. K., Yoshida, C. K., Odouli, R., &

Van de, W. J. (2005). Maternal autoimmune diseases, asthma

and allergies, and childhood autism spectrum disorders: A case-

control study. Archives in Pediatric & Adolescent Medicine, 159,

151–157.

Dalton, P., Deacon, R., Blamire, A., Pike, M., McKinlay, I.,

Stein, J., et al. (2003). Maternal neuronal antibodies associated

with autism and a language disorder. Annal of Neurology, 53,

533–537.

Daniels, W. W., Warren, R. P., Odell, J. D., Maciulis, A.,

Burger, R. A., Warren, W. L., et al. (1995). Increased

frequency of the extended or ancestral haplotype B44-SC30-

DR4 in autism. Neuropsychobiology, 32, 120–123.

DeLong, G. R., Bean, S. C., & Brown, F. R. III. (1981).

Acquired reversible autistic syndrome in acute encephalopathic

illness in children. Archives in Neurology, 38, 191–194.

Dong, Y., & Benveniste, E. N. (2001). Immune function of

astrocytes. Glia, 36, 180–190.

Fields, R. D., & Stevens-Graham, B. (2002). New insights into

neuron-glia communication. Science, 298, 556–562.

Folstein, S. E., & Rosen-Sheidley, B. (2001). Genetics of autism:

Complex aetiology for a heterogeneous disorder. Nature Reviews

Genetics, 2, 943–955.

Fombonne, E. (2003). Epidemiological surveys of autism

and other pervasive developmental disorders: An update.

Journal of Autism & Developmental Disorders, 33, 365–382.

Guerin, P., Lyon, G., Barthelemy, C., Sostak, E., Chevrollier, V.,

Garreau, B., et al. (1996). Neuropathological study of a case of

autistic syndrome with severe mental retardation. Developmental

Medicine & Child Neurology, 38, 203–211.

Gupta, S., Aggarwal, S., Rashanravan, B., & Lee, T. (1998).

Th1- and Th2-like cytokines in CD4þ and CD8þ T cells in

autism. Journal of Neuroimmunology, 85, 106–109.

Halsey, N. A., & Hyman, S. L. (2001). Measles-mumps-rubella

vaccine and autistic spectrum disorder: Report from the New

Challenges in Childhood Immunizations Conference convened

in Oak Brook, Illinois, June 12–13, 2000. Pediatrics, 107, E84.

Hashimoto, T., Tayama, M., Murakawa, K., Yoshimoto, T.,

Miyazaki, M., Harada, M., et al. (1995). Development of the

brainstem and cerebellum in autistic patients. Journal of Autism

& Developmental Disorders, 25, 1–18.

Henkel, J. S., Engelhardt, J. I., Siklos, L., Simpson, E. P.,

Kim, S. H., Pan, T., et al. (2004). Presence of dendritic cells,

MCP-1, and activated microglia/macrophages in amyotrophic

lateral sclerosis spinal cord tissue. Annals of Neurology, 55,

221–235.

Herbert, M. R., Ziegler, D. A., Deutsch, C. K., O’Brien, L. M.,

Lange, N., Bakardjiev, A., et al. (2003). Dissociations of

cerebral cortex, subcortical and cerebral white matter volumes

in autistic boys. Brain, 126, 1182–1192.

Herbert, M. R., Ziegler, D. A., Makris, N., Filipek, P. A.,

Kemper, T. L., Normandin, J. J., et al. (2004). Localization of

white matter volume increase in autism and developmental

language disorder. Annals of Neurology, 55, 530–540.

Huang, R. P. (2004). Cytokine protein arrays. Methods in

Molecular Biology, 278, 215–232.

Jyonouchi, H., Sun, S., & Le, H. (2001). Pro-inflammatory and

regulatory cytokine production associated with innate and

adaptive immune responses in children with autism spectrum

disorders and developmental regression. Journal of

Neuroimmunology, 120, 170–179.

Kaufmann, W. E., Cooper, K. L., Mostofsky, S. H., Capone,

G. T., Kates, W. R., Newschaffer, C. J., et al. (2003).

Specificity of cerebellar vermian abnormalities in autism: A

quantitative magnetic resonance imaging study. Journal of Child

Neurology, 18, 463–470.

Kawashima, H., Mori, T., Kashiwagi, Y., Takekuma, K.,

Hoshika, A., & Wakefield, A. (2000). Detection and sequencing

of measles virus from peripheral mononuclear cells from

patients with inflammatory bowel disease and autism. Digestive

Diseases & Science, 45, 723–729.

Kelder, W., McArthur, J. C., Nance-Sproson, T., McClernon, D.,

& Griffin, D. E. (1998). Beta-chemokines MCP-1 and

RANTES are selectively increased in cerebrospinal fluid of

patients with human immunodeficiency virus-associated

dementia. Annals of Neurology, 44, 831–835.

Kemper, T. L., & Bauman, M. (1998). Neuropathology of

infantile autism. Journal of Neuropathology & Experimental

Neurology, 57, 645–652.

Korvatska, E., Van de, W. J., Anders, T. F., & Gershwin, M. E.

(2002). Genetic and immunologic considerations in autism.

Neurobiology of Disease, 9, 107–125.

Larsson, H. J., Eaton, W. W., Madsen, K. M., Vestergaard, M.,

Olesen, A. V., Agerbo, E., et al. (2005). Risk factors for autism:

Perinatal factors, parental psychiatric history, and socioeco-

nomic status. American Journal of Epidemiology, 161, 916–925.

Lee, L.-C., Zachary, A. A., Leffell, M. S., Newschaffer, C. J.,

Matteson, K. J., Tyler, J. D., et al. (2004). Increased incidence

of maternal HLA-DR4 in single-birth, but not multiplex

families with autism. International Meeting for Autism

Research, Sacramento, CA. May 2004 (abstr).

Letterio, J. J., & Roberts, A. B. (1998). Regulation of immune

responses by TGF-beta. Annual Review of Immunology, 16,

137–161.

Levin, L., Ban, Y., Concepcion, E., Davies, T. F., Greenberg,

D. A., & Tomer, Y. (2004). Analysis of HLA genes in families

with autoimmune diabetes and thyroiditis. Human Immunology,

65, 640–647.

Lord, C., Cook, E. H., Leventhal, B. L., & Amaral, D. G. (2000).

Autism spectrum disorders. Neuron, 28, 355–363.

Lord, C., Shulman, C., & DiLavore, P. (2004). Regression and

word loss in autistic spectrum disorders. Journal of Child

Psychology & Psychiatry, 45, 936–955.

Mahad, D. J., & Ransohoff, R. M. (2003). The role of MCP-1

(CCL2) and CCR2 in multiple sclerosis and experimental

autoimmune encephalomyelitis (EAE). Seminars in Immunology,

15, 23–32.

Micali, N., Chakrabarti, S., & Fombonne, E. (2004). The broad

autism phenotype: Findings from an epidemiological survey.

Autism, 8, 21–37.

Money, J., Bobrow, N. A., & Clarke, F. C. (1971). Autism and

autoimmune disease: A family study. Journal of Autism & Child

Schizophrenia, 1, 146–160.

Nedergaard, M., Takano, T., & Hansen, A. J. (2002). Beyond the

role of glutamate as a neurotransmitter. Nature Reviews

Neuroscience, 3, 748–755.

Neuhaus, O., Archelos, J. J., & Hartung, H. P. (2003).

Immunomodulation in multiple sclerosis: From immuno-

suppression to neuroprotection. Trends in Pharmacological

Science, 24, 131–138.

Newschaffer, C. J., Fallin, D., & Lee, N. L. (2002). Heritable and

non-heritable risk factors for autism spectrum disorders.

Epidemiology Reviews, 24, 137–153.

Nguyen, M. D., Julien, J. P., & Rivest, S. (2002). Innate

immunity: The missing link in neuroprotection and neuro-

degeneration? Nature Reviews Neuroscience, 3, 216–227.

494 Carlos A. Pardo et al.



Odell, D., Maciulis, A., Cutler, A., Warren, L., McMahon,

W. M., Coon, H., et al. (2005). Confirmation of the association

of the C4B null allelle in autism. Human Immunology, 66,

140–145.

Patterson, P. H. (2002). Maternal infection: Window on

neuroimmune interactions in fetal brain development and

mental illness. Current Opinions in Neurobiology, 12, 115–118.

Prat, A., Biernacki, K., Wosik, K., & Antel, J. P. (2001). Glial cell

influence on the human blood-brain barrier. Glia, 36, 145–155.

Rapin, I. (1997). Autism. New England Journal of Medicine, 337,

97–104.

Rapin, I., & Katzman, R. (1998). Neurobiology of autism.

Annals of Neurology, 43, 7–14.

Rose, N. R., & Bona, C. (1993). Defining criteria for autoimmune

diseases (Witebsky’s postulates revisited). Immunology Today,

14, 426–430.

Rosenberg, G. A. (2002). Matrix metalloproteinases in

neuroinflammation. Glia, 39, 279–291.

Shi, L., Fatemi, S. H., Sidwell, R. W., & Patterson, P. H. (2003).

Maternal influenza infection causes marked behavioral

and pharmacological changes in the offspring. Journal of

Neuroscience, 23, 297–302.

Silva, S. C., Correia, C., Fesel, C., Barreto, M., Coutinho, A. M.,

Marques, C., et al. (2004). Autoantibody repertoires to brain

tissue in autism nuclear families. Journal of Neuroimmunology,

152, 176–182.

Singh, V. K., Lin, S. X., Newell, E., & Nelson, C. (2002).

Abnormal measles-mumps-rubella antibodies and CNS auto-

immunity in children with autism. Journal of Biomedical Science,

9, 359–364.

Singh, V. K., Lin, S. X., & Yang, V. C. (1998). Serological

association of measles virus and human herpesvirus-6

with brain auto-antibodies in autism. Clinical Immunology &

Immunopathology, 89, 105–108.

Singh, V. K., Warren, R., Averett, R., & Ghaziuddin, M. (1997).

Circulating autoantibodies to neuronal and glial filament

proteins in autism. Pediatric Neurology, 17, 88–90.

Stubbs, E. G., & Crawford, M. L. (1977). Depressed lymphocyte

responsiveness in autistic children. Journal of Autism & Child

Schizophrenia, 7, 49–55.

Sweeten, T. L., Bowyer, S. L., Posey, D. J., Halberstadt, G. M., &

McDougle, C. J. (2003). Increased prevalence of familial

autoimmunity in probands with pervasive developmental

disorders. Pediatrics, 112, e420.

Todd, R. D., Hickok, J. M., Anderson, G. M., & Cohen, D. J.

(1988). Antibrain antibodies in infantile autism. Biological

Psychiatry, 23, 644–647.

Torres, A. R., Maciulis, A., Stubbs, E. G., Cutler, A., & Odell, D.

(2002). The transmission disequilibrium test suggests that

HLA-DR4 and DR13 are linked to autism spectrum disorder.

Human Immunology, 63, 311–316.

Tuchman, R., & Rapin, I. (2002). Epilepsy in autism.

Lancet Neurology, 1, 352–358.

van Gent, T., Heijnen, C. J., & Treffers, P. D. (1997). Autism and

the immune system. Journal of Child Psychology & Psychiatry,

38, 337–349.

Vargas, D. L., Nascimbene, C., Krishnan, C., Zimmerman, A. W.,

& Pardo, C. A. (2005). Neuroglial activation and neuroin-

flammation in the brain of patients with autism. Annals of

Neurology, 57, 67–81.

Versijpt, J. J., Dumont, F., Van Laere, K. J., Decoo, D.,

Santens, P., Audenaert, K., et al. (2003). Assessment of

neuroinflammation and microglial activation in Alzheimer’s

disease with radiolabelled PK11195 and single photon emission

computed tomography. A pilot study. European Journal of

Neurology, 50, 39–47.

Vojdani, A., Campbell, A. W., Anyanwu, E., Kashanian, A.,

Bock, K., & Vojdani, E. (2002). Antibodies to neuron-specific

antigens in children with autism: Possible cross-reaction with

encephalitogenic proteins from milk, Chlamydia pneumoniae

and Streptococcus group A. Journal of Neuroimmunology, 129,

168–177.

Warren, R. P., Cole, P., Odell, J. D., Pingree, C. B., Warren,

W. L., White, E., et al. (1990). Detection of maternal antibodies

in infantile autism. Journal of the American Academy of Child &

Adolescent Psychiatry, 29, 873–877.

Warren, R. P., Margaretten, N. C., Pace, N. C., & Foster, A.

(1986). Immune abnormalities in patients with autism. Journal

of Autism & Developmental Disorders, 16, 189–197.

Wing, L., & Potter, D. (2002). The epidemiology of

autistic spectrum disorders: Is the prevalence rising? Mental

Retardation & Developmental Disabilities Research Reviews,

8, 151–161.

Yamashita, Y., Fujimoto, C., Nakajima, E., Isagai, T., &

Matsuishi, T. (2003). Possible association between congenital

cytomegalovirus infection and autistic disorder. Journal of

Autism & Developmental Disorders, 33, 455–459.

Yeargin-Allsopp, M., Rice, C., Karapurkar, T., Doernberg, N.,

Boyle, C., & Murphy, C. (2003). Prevalence of autism in a

US metropolitan area. Journal of the American Medical

Association, 289, 49–55.

Zimmerman, A. W., Jyonouchi, H., Comi, A. M., Connors, S. L.,

Milstien, S., Varsou, A., et al. (2005). Cerebrospinal fluid and

serum markers of inflammation in autism. Pediatric Neurology,

33, 195–201.

Zimmerman, A. W., Tyler, J. D., & Matteson, K. J. (2001).

Increased incidence of HLA-B60 and maternal DR4 in autism.

Annals of Neurology, 50, S122–S123.

Zimmerman, A. W. (2005). The immune system. In M. Bauman

& T. L. Kemper (Eds.), The neurobiology of autism

(pp. 371–386). Baltimore: The Johns Hopkins University Press.

Immunity, neuroglia and neuroinflammation in autism 495


	ICAN-Aluminum-Petition_FINAL.pdf
	ICAN Aluminum Petition_FINAL (002)
	A. ACTION REQUESTED
	B. STATEMENT OF GROUNDS
	C. ENVIRONMENTAL IMPACT
	D. ECONOMIC IMPACT
	E. CERTIFICATION

	Exh A
	Exh A
	The measurement and full statistical analysis including Bayesian methods of the aluminium content of infant vaccines
	1 Introduction
	2 Materials and methods
	2.1 Vaccines
	2.2 Digestion of vaccines
	2.3 Determination of aluminium
	2.4 Statistics

	3 Results
	3.1 Pentacel
	3.2 Havrix
	3.3 Adacel
	3.4 Boostrix
	3.5 EngerixB
	3.6 Infanrix
	3.7 Infanrix Hexa
	3.8 Kinrix
	3.9 Pediarix
	3.10 Pedvax
	3.11 Prevnar13
	3.12 Synflorix
	3.13 Vaqta

	4 Discussion
	Author contributions
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References



	ICAN-Aluminum-Petition-Footnotes-1-2.pdf
	Vaccines and Autoimmunity _ Wiley
	Imagine You Are An Aluminum Atom
	Development and Characterization of an Effective Food Allergy Model in Brown Norway Rats
	Autism and Aluminum Adjuvants in Vaccines
	Aluminum hydroxide adjuvant induces macrophage differentiation towards a specialized antigen-presenting cell type - ScienceDirect
	Crucial role for the Nalp3 inflammasome in the immunostimulatory properties of aluminium adjuvants - PMC
	Exploiting macrophages as targeted carrier to guide nanoparticles into glioma
	Cell-mediated drugs delivery
	Monocyte Trafficking, Engraftment, and Delivery of Nanoparticles and an Exogenous Gene into the Acutely Inflamed Brain Tissue
	Highly delayed systemic translocation of aluminum-based adjuvant in CD1 mice following intramuscular injections - ScienceDirect
	Non-linear dose-response of aluminium hydroxide adjuvant particles_ Selective low dose neurotoxicity - ScienceDirect
	Slow CCL2-dependent translocation of biopersistent particles from muscle to brain
	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Mice models
	Alum administration
	Furnace atomic absorption spectrometry
	PIXE
	Synthesis of Al-Rho particles
	Chemicals
	Preparation of gadolinium oxide core
	Encapsulation of Gd2O3 cores by polysiloxane shell
	Coating of fluorescent nanohybrids with a Al(OH)3 shell
	Purification

	Peripheral injections of fluorescent nanomaterials
	Stereotactic cerebral injections
	Pharmacological and physical migration blockade
	Loss and gain of CCL2 function experiments
	Tissue preparation and particle counting
	Immunohistochemistry and Morin staining
	Cell isolation from blood and tissues and flow cytometry
	Bone marrow transplantation experiments
	Statistical analyses

	Results
	Intramuscular alum-containing vaccine injection in mouse induces Al deposition in distant tissues
	Fluorospheres injected into mouse muscle undergo lymphatic and systemic biodistribution
	Fluorosphere incorporation into brain is delayed and depends on prior cell loading in peripheral and lymphoid tissues
	Fluorescent nanohybrids coated with Al(OH)3 undergo CCL2-dependent systemic scattering and brain penetration
	Fluorescent nanohybrids coated with Al(OH)3 are retained in brain

	Discussion
	Conclusions
	Additional file
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

	Aluminum hydroxide injections lead to motor deficits and motor neuron degeneration
	Administration of aluminium to neonatal mice in vaccine-relevant amounts is associated with adverse long term neurological outcomes - ScienceDirect
	Neuroglial activation and neuroinflammation in the brain of patients with autism - PubMed
	Distinct Cytokine and Chemokine Profiles in Autism Spectrum Disorders
	Distinct Cytokine and Chemokine Profiles in Autism Spectrum Disorders
	Introduction
	Materials and Methods
	Participants
	Procedure
	Measures
	Immunological Measures
	Cognitive Measures
	Executive Functioning
	Short-term Memory

	Behavioral Measures
	Social Communication/Interaction
	Repetitive/Restricted Behavior
	Inattention/Hyperactivity


	Data Analyses

	Results
	Comparison of Cognitive and Behavioral Measurements between Children with ASD and TD Controls
	Comparison of Immunological Profiles between Children with ASD and TD Controls
	Associations between Concentrations of Cytokines and Chemokines with Cognitive and Behavioral Measures in the ASD and TD Groups
	Associations between Concentrations of Cytokines and Chemokines with Cognitive and Behavioral Measures within the ASD Group
	Comparison of Cognitive and Behavioral Measurements between Children with ASD-Only and Children with ASD + ADHD
	Comparison of Immunological Profiles among Children with ASD-Only and Those with ASD + ADHD
	Deviated Concentrations of Cytokines and Chemokines in ASD-Only Children
	Deviated Concentrations of Cytokines and Chemokines in ASD Children Comorbid with ADHD


	Discussion
	Author Contributions
	Acknowledgments
	Funding
	References


	Neonatal cytokines and chemokines and risk of Autism Spectrum Disorder
	Abstract
	Background
	Objective
	Methods
	Results
	Conclusion

	Background
	Methods
	Study population
	Diagnostic verification
	Specimen collection
	Cytokine and chemokine measurements
	Statistical analysis

	Results
	ASD versus GP controls
	DD versus GP controls

	Discussion
	Conclusion
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

	Immunity_Neuroinflammation_Autism_Study




