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Respiratory syncytial virus (RSV) vaccine —enhanced disease

* In the 1960s, in clinical trials with a formalin inactivated RSV vaccine (FI-
RSV) administered to children, vaccinated children experienced serious
disease after acquiring a natural RSV infectionTwo of the vaccinees died
and histological analysis of their lungs showed extensive mononuclear
cell infiltration including pulmonary eosinophiliaRSV challenge of FI-RSV
vaccinated mice results in pulmonary eosinophilia mimicking the lung
pathology observed in FI-RSV vaccinated childrenFI-RSV vaccinated mice
challenged with RSV show increase levels of TH2 associated cytokines
Increases of eosinophils are characteristic of Th2 —mediated immune
responsesOther contributing factors to FI-RSV vaccine-enhanced disease
are immune complexes Castilow et al (2007) Understanding respiratory
syncytial virus (RSV) vaccine-enhanced disease. Immunol. Res. 39:225-
239
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Immunopathogenesis of Coronavirus infections
Experience from SARS-CoV

* Severe acute respiratory syndrome (SARS) is an infectious disease
caused by SARS-CoVOriginated in Guangdong province in China in late
2002, it spread around the globe resulting in > 8,000 cases and > 800
death in 33 countries.Outbreak controlled in 2003Efforts to develop

vaccines continued; however, stuc
induction of enhanced disease anc

ies in animal models suggested
immunopathology in vaccinated

animals that were subsequently ¢
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Immunopathogenesis of Coronavirus infections
Experience from SARS-CoV (cont.)

* Ferrets and Cynomolgus monkeys administered an alum
adjuvanted inactivated whole cell SARS vaccine followed by
challenge with SARS CoV exhibitedimmunopathologic lung
reaction characteristic of a Th2-type hypersensitivity that was
similar to that described for respiratory syncytial virus in infants
and animal models that were administered RSV vaccine and
challenged with RSV due to either natural exposure or in the
laboratory Perlman S (2005) Immunopathogenesis of
coronavirus infections: Implications for SARS. Nature Rev.
Immunol. 5:917-927Haagmans BL et al (2005) Protective
immunity induced by the inactivated SARS coronavirus vaccine.
Abstract S 12-1 presented at the X International Nidovirus
Symposium, Colorado, Springs, €&~
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Immunopathogenesis of Coronavirus infections
Experience from SARS-CoV (cont.)

* Tseng et al evaluated four vaccines with and without alum in a mouse
model of SARS by immunizing animals IM on day 0 and 28 and challenge
with live virus on day 56A VLP vaccineTwo whole virus vaccinesDouble-
inactivated with formalin and UVInactivated with beta
propiolactonerDNA-produced S proteinAll vaccines induced antibody
and protection against infection All mice exhibited histopathologic
changes in lungs 2 days after challenge Histopathology in animals
administered these SARS-CoV vaccines was uniformly a Th2-type
immunopathology with eosinophil infiltrationTseng C-T et al (2012)
Immunization with SARS Coronavirus vaccines leads to pulmonary
immunopathology on challenge with the SARS virus. Plos ONE Vol. 7 (4)
e35421

NIH006378



NIH-000523 Att

Immunopathogenesis of Coronavirus infections
Experience from SARS-CoV (cont.)

» Additional reports described similar immunopathologic reactions in
mice administered SARS-CoV vaccines and subsequently challenged
with SARS-CoVYasui F et al (2008) Prior immunization with severe
acute respiratory syndrome (SARS) — associated coronavirus (SARS-
CoV) nucleocapsid protein causes severe pneumonia in mice infected
with SARS-CoV J. Immunol. 181: 6337-6348Bolles et al (2011) A
double-inactivated severe acute respiratory syndrome coronavirus
vaccine provides incomplete protection in mice and induces increased
eosinophilic proinflammatory pulmonary response upon challenge J.
Virol. 85:12201-12215
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Immunopathogenesis of Coronavirus infections
Experience from MERS-CoV

* Middle East Respiratory Syndrome (MERS) emerged in 2012 underscoring the
need for continued vaccine development against CoronavirusesAgrawal et al
developed a transgenic mouse model containing the human DPP4 MERS-CoV
receptor to evaluate whether Th2-type hypersensitivity immunopathology was
observed upon vaccination with an inactivated MERS-CoV vaccine and
subsequent challenge with MERS-CoV virusNeutralizing antibodies were induced
and reduction in lung viral load was observed in vaccinated mice after
challengeLung mononuclear infiltrates occurred in all groups Increased infiltrates
containing eosinophils in vaccinated groups only suggesting a Th2- type
hypersensitivity lung pathology similar to that found with inactivated SARS-CoV
vaccines Agrawal et al (2016) Immunization with inactivated Middle East
Respiratory Syndrome coronavirus vaccine leads to lung immunopathology on
challenge with live virus. Human Vaccines and Immunotherapeutics Vol. 12
(9): 2351-2356
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Immunopathogenesis of Coronavirus infections
Experience from MERS-CoV (cont.)

* Other studies in transgenic mice models vaccinated with vaccine viral
vectors, e.g., measles virus vector and modified vaccinia virus Ankara
vector, encoding full-length MERS-CoV S induced neutralizing antibodies
and T cell proliferation and protected against MERS-CoV challenge in
these models without inducing lung pathologyVolz et al (2015)
Protective efficacy of recombinant modified vaccinia virus Ankara
delivering Middle East respiratory syndrome Coronavirus Spike
glycoprotein. J. Virol, 89: 8651-8656Bodmer et al (2018) Live-attenuated
bivalent measles virus-derived vaccines targeting Middle east respiratory
syndrome coronavirus induce robust and multifunctional T cell

responses against both viruses in an appropriate mouse model. Virology
2018, 521 99-107
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Immunopathogenesis of Coronavirus infections
Experience from SARS-CoV & MERS-Cov (cont.)

» Additional studies in mice with inactivated SARS-CoV vaccines
administered with a TH1-adjuvant did not exhibit a similar
immunopathologic reaction following challenge with virus suggesting
that the pulmonary immunopathology observed in vaccinated and
challenged animals may represent an inadequate Thl responseHonda
-Okubo et al (2015) Severe acute respiratory syndrome-associated
coronavirus vaccines formulated with delta inulin adjuvants provide
enhanced protection while ameliorating lung eosinophilic
immunopathology J. Virol. 89: 2995-3007Iwata-Yoshikawa et al (2014)
Toll-like receptor stimulation on eosinophilic infiltration in lungs of
BALB/c mice immunized with UV-inactivated severe acute respiratory
syndrome-related coronavirus vaccine J. Virol. 88: 8597-614
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Additional Immunological Mechanism that may potentially lead
to Coronavirus Disease Enhancement

Observation of enhanced disease not vaccine related:Feline infectious
peritonitis virus (FIPV) is a fatal disease characterized byantigen-
antibody complex formation and complement activation in the late
stage of diseasesInduction of Anti-spike protein neutralizing antibodies
which opsonize virus particles and facilitate their entry into
macrophages through Fc receptor bindingPerlman S (2005)

Immunopathogenesis of coronavirus infections: Implications for SARS.
Nature Rev. Immunol. 5:917-927
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WHO meeting Feb 11 & 12, 2020 - R & D Roadmap:

Evaluating potential for enhanced diseasePotential importance of
cellular tropism (monocyte/macrophage)Potential importance of
CD8-mediated immune responsesPotential importance of high
neutralizing responsesAnimal models to study enhance
diseaseRole of human clinical trials to evaluate enhanced disease



Considerations for SARS-CoV-2 vaccine development

Experience gained fromClinical trials conducted with FI-RSV
Studies with FI-RSV vaccinated mice subsequently challenged
with RSVStudies with SARS-CoV and MERS-CoV vaccine-
immunized animal models subsequently challenged with CoV
underscores the need for careful and measured advances to
clinical trials with SARS-CoV-2 vaccine candidates in particular,
advancing to later stage clinical trials enrolling large numbers of

subjects
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Considerations for SARS-CoV-2 vaccine development
(cont.)

* Currently not known whether the findings observed in animal models
vaccinated with SARS-CoV and MERS-CoV vaccine candidates will be replicated
in animal models vaccinated with SARS-CoV-2 vaccine candidatesCurrently not
known whether the findings observed in animal models will occur in people
vaccinated with SARS-CoV-2 vaccine candidates and then exposed to COVID-
19Depending on Vaccine characteristic ?Vaccine dose ?Prior exposure of
subjects to same or other Coronaviruses ?Age of subjects ?Type of immune
response induced ?The potential for disease enhancement induced by SARS-
CoV -2 vaccine candidates will need to be addressed as part of vaccine

development
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Considerations for SARS-CoV-2 vaccine development
(cont.)

e Of note, in the case of RSV vaccines, animal models of enhanced
disease were set-up because of the clinical trial experience. For SARS-
CoV and MERS-CoV, animal models were set-up in order to predict a
possible safety issue with SARS-CoV and MERS-CoV vaccines without
knowing whether such a problem will be seen in the clinic.Also it is
not known whether the observation of enhanced disease observed in
animal models of SARS-CoV and MERS-CoV will be observed with
SARS-CoV-02
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Discussion points for Pre-clinical Roundtable

* Proceeding with first in human clinical trials with SARS-CoV-2 vaccine
candidates in the absence of animal data evaluating the potential for
SARS-CoV-2 induced vaccine enhancementWill this decision depend
on the characteristics of the vaccine (potential to induce TH1 type
versus Th2 type immune response)Proceeding to larger Phase 2 and 3
clinical trials: What preclinical data need to be developed to address
the potential for SARS-CoV-2 vaccine disease enhancement?
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Anti-spike IgG causes severe acute lung
injury by skewing macrophage responses
during acute SARS-CoV infection
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Newly emerging viruses, such as severe acute respiratory syndrome coronavirus (SARS-CoV),
Middle Eastern respiratory syndrome CoV/s (MERS-CoV), and H7N9, cause fatal acute lung injury
(ALI) by driving hypercytokinemia and aggressive inflammation through mechanisms that remain
elusive. In SARS-CoV/macaque models, we determined that anti-spike IgG (S-1gG), in productively
infected lungs, causes severe ALI by skewing inflammation-resolving response. Alveolar
macrophages underwent functional polarization in acutely infected macaques, demonstrating
simultaneously both proinflammatory and wound-healing characteristics. The presence of 5-IgG
prior to viral clearance, however, abrogated wound-healing responses and promoted MCP1 and IL-8
production and proinflammatory monocyte/macrophage recruitment and accumulation. Critically,
patients who eventually died of SARS (hereafter referred to as deceased patients) displayed
similarly accumulated pulmonary proinflammatory, absence of wound-healing macrophages, and
faster neutralizing antibody responses. Their sera enhanced SARS-CoV-induced MCP1 and IL-8
production by human monocyte-derived wound-healing macrophages, whereas blockade of FcyR
reduced such effects. Our findings reveal a mechanism responsible for virus-mediated ALI, define
a pathological consequence of viral specific antibody response, and provide a potential target for
treatment of SARS-CoV or other virus-mediated lung injury.

Introduction

Severe acute respiratory syndrome coronavirus (SARS-CoV) causes fatal human respiratory disease
(1-3). Patients with SARS (hereafter referred to as SARS patients) displayed the characteristics of acute
lung injury (ALI), including diffuse alveolar damage (DAD), epithelial necrosis, and fibrin and hyaline
deposition (4, 5). Most patients who die of SARS develop acute respiratory distress syndrome (ARDS),
the most severe form of ALI (6, 7). Recent outbreaks of severe acute respiratory infections of emerging
viruses, including Middle Eastern respiratory syndrome CoVs (MERS-CoV), highly pathogenic avian
influenza viruses (e.g., HSN1 and H7N9), highlight the need to characterize the mechanisms responsible
for virus-mediated ALI or ARDS.

Fundamental to ARDS is the acute onset of lung inflammation, which is intimately tied to monocyte/
macrophage polarization and function (7, 8). Lung macrophages are highly plastic and heterogeneous cells
that are resident in the lung interstitium and alveoli or recruited upon inflammatory stimuli. Inflammatory
monocytes and resident tissue macrophages play critical roles in initiating and maintaining inflammation
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during the acute stage of ARDS, as well as in the resolution phages of inflammation and recovery from
ARDS. At steady state, resident macrophages are normally quiescent to prevent damaging the alveoli and
are critically involved in normal tissue homeostasis. After tissue injury or during infection, resident macro-
phages become activated. Circulating monocytes can be efficiently recruited to the site of injury. Inflam-
matory monocytes/macrophages (IMMs) and resident macrophages undergo marked phenotypic and
functional changes, and they can be classified into proinflammatory (M1 or classically activated) and inflam-
matory-resolving (M2, alternatively activated, wound-healing, or antiinflammatory) macrophages, with a
continuum of macrophage polarization existing beyond these discrete categories (9). During acute infection,
monocytes/ macrophages often display a phenotype of classically activated macrophages. These cells medi-
ate host defenses against viruses and also promote lung injury by producing nitric oxide (NO); ROS; IL-1,
IL-6, and IL-8; and TNF. Simultaneously, some macrophages may become alternatively activated, exerting
antiinflammatory function and regulating wound healing by producing matrix metalloproteinases (MMPs),
growth factors, and antiinflammatory cytokines, particularly TGF-p. When the pathogen or inflammatory
stimulus is eliminated, proinflammatory macrophages diminish, The predominant macrophage population
assumes a wound-healing phenotype. At the final recovery stage, macrophages show a regulatory/suppres-
sive phenotype, secreting increased levels of TL-10, which facilitates the resolution of wound healing and
restores homeostasis. When the wound-healing response is well organized and controlled, the inflammatory
response resolves quickly, and normal tissue architecture is restored. Disturbances in wound-healing response
can lead to uncontrolled production of inflammatory mediators, contributing to a state of persistent injury
(9-11). In patients who eventually died of SARS (hereafter referred to as deceased patients) and animal
models, extensive lung damage is associated with high initial viral loads, increased IMM accumulation in
the lungs, and elevated serum proinflammatory cytokine (IL-1, IL-6, IL-8, CXCL-10, and MCP1) levels (4,
5, 12, 13). While much 1s known about the terminal phase of SARS, little is known about the early immune
events during the acute phase of infection. Studies defining macrophage heterogeneity and function during
acute infection and ALI using nonhuman primate and patient specimens are limited, and the factors driving
the hypercytokinemia and aggressive inflammation remain elusive.

During the SARS outbreak in Hong Kong, most patients (70%—80%) presented with abnormal chest
radiographs, with approximately one-quarter of these individuals progressing to ALI. After 12 days, 80%
of these SARS patients developed ARDS, coincident with IgG seroconversion (6). In a detailed analysis of
antibody responses against SARS-CoV spike (S) glycoprotein, we reported that the anti-S neutralizing anti-
body (NAb) response developed significantly faster in deceased patients compared with recovered patients
after the onset of clinical symptoms (14). It took an average of 20 days for the recovered patients to reach
their peak of NADb activities, as opposed to only 14.7 days for the deceased patients. Moreover, the actual
NAD titer is significantly higher in deceased patients compared with that in the recovered patients during
the same time period (14). These findings suggest a role of anti-S antibodies in SARS-CoV-mediated ALI
during acute infection. Consistently, preexisting serum antibodies against influenza antigens were found to
associate with worse clinical severity and poor outcomes in patients during the 2009 influenza pandemic
(15, 16). Moreover, multiple vaccine platforms and viral infection appeared to induce SARS-CoV-specific
immune memory that enhanced lung inflammation following homologous challenge in mice and African
green monkeys (17-19). The mechanism responsible for the immunopathologic reaction remains elusive.
Recent studies suggested that T cells play a crucial role in protection of mice against lethal SARS-CoV
infection (20-22). Enhanced pulmonary immunopathology in vaccinated and challenged animals reflects
an inadequate Thl response (22, 23). The role of virus-specific antibody response in SARS-CoV-induced
lung injury has vet to be clearly defined. Therefore, we used vaccination and anti-S-I1gG passive immuni-
zation strategies to evaluate the effects of anti-S antibodies on SARS-CoV-induced ALI in Chinese rhesus
monkeys (Macaca mulatta). Our results now show that, in productively infected lungs, anti-S—IgG causes
severe ALI by skewing inflammatory resolving responses during acute infection.

Results

Vaccine-induced S-specific immunity resulted in severe ALI in SARS-CoV infected Chinese macagues. We initially com-
pared the pathological changes in the lungs of rhesus macaques vaccinated with a modified vaccinia Ankara
(MVA) virus encoding full-length SARS-CoV S glycoprotein (ADS-MVA) or control at 7 and 35 days after
pathogenic SARS-CoV,, .. (1 x 10° tissue culture infectious dose of 50% [TCID,]) challenge (24). Three
healthy macaques were included as controls. Sixteen macaques were i.m. immunized twice: 8 animals with
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ADS-MVA and another 8 animals with a control MVA (ADC-MVA) (Figure 1A) (24). Vaccination with
ADS-MVA induced high levels of anti-SARS-CoV NAbs in all 8 macaques, with sera IC,, values ranging
from 10,232- to 28,703-fold dilutions (Figure 1B). None of the macaques developed fever during or after
vaccination (normal body temperature 37.8°C-38.1°C). The IC, values of these sera were maintained, with
an over-2,000—fold reciprocal serum dilution at 4 weeks after the secondary immunization, a time when all
of the animals were 1.n. challenged (Figure 1B). After viral challenge, all macaques developed fever between
1 and 5 days after inoculation (dpi) ranging from 38.6°C-39.2°C, and sera from control vaccinated macaques
showed increased neutralizing activity after 14 dpi, indicating establishment of infection (Figure 1B). SARS-
CoV RNA was readily detected on oral swabs from all control macaques examined at multiple time points
using real-time reverse transcription PCR (real-time RT-PCR) but only in 3 of the 8§ ADS-MVA—vaccinated
macaques with lower NAD titers at 2 dpi (SL.11, SE13, and SL14) (Figure 1C), suggesting reduced productive
viral infection in the immunized macaques through S-specific immunity.

However, histological examination revealed acute DAD with various degrees of severity in 6 ADS-
MVA-vaccinated macaques at 7 and 35 dpi, whereas most control macaques in the ADC-MVA group
showed minor to moderate inflammation (Figure 1D). To better characterize the pathological changes,
we adopted a 6-grade scoring system to describe the severity of the lung damage from least severe to most
severe: 0, —; 1, +; 2, ++; 3, +++; 4, ++++; and 5, +++++ (Supplemental Figure 1; supplemental material
available online with this article; https://doi.org/10.1172/jci.insight.123158DS1). In the control vaccinat-
ed group, 5 macaques showed minor inflaimmation with slight septa broadening and inflammatory cells
infiltration that we scored as + (CL23, CE25, CE20, CE21, and CL19; Figure 1D, Supplemental Figure
1B, and Supplemental Figure 2). Two macaques showed moderate inflammation with more interstitial
mononuclear inflammatory infiltration and were scored as ++ (CL26, CE24; Supplemental Figure 1C and
Supplemental Figure 2). Only 1 macaque showed typical symptoms of acute DAD with extensive exuda-
tion and cell infiltration at 35 dpi (CL22, scored as ++++; Supplemental Figure 2). In the ADS-MVA—vac-
cinated group, 4 macaques showed typical symptom of acute DAD with extensive exudation and many-cell
infiltration in alveolar cavities (SL11, SE12, SL16, and SL18, scored as ++++; Supplemental Figure 1E
and Supplemental Figure 2). One macaque showed severe acute DAD with exudation, hyaline membrane
formation along the alveoli, pneumocyte desquamation, and damaged alveolus filled with hemorrhage and
inflammatory cells (SL15, scored as +++++; Figure 1D). One macaque showed early symptom of acute
DAD (SL14, scored as +++; Supplemental Figure 1D), and the remaining 2 macaques showed moderate
inflammation (SE13 and SE17, scored as ++; Supplemental Figure 2). The comparison of lung histopath-
logical scores of 2 groups showed significantly enhanced lung injury in the ADS-MVA—vaccinated group
at both 7 and 35 dpi compared with the control ADC-MVA group, suggesting that S-specific — but not
MVA-specific — immunity promotes ALI during SARS-CoV infection (Figure 1E). Moreover, there is a
moderate correlation between lung pathological scores and sera NAD titers at 0 dpi (Figure 1F), suggesting
a role of S-specific antibody in enhancing SARS-CoV-mediated lung injury.

Anti-S8-IgG induced severe lung injury during acute SARS-CoV infection. In our previous study, i.n. inocu-
lation of Chinese macaques with SARS-CoV .. (1 x 10° TCID,) led to lower respiratory tract infection
in all animals within 2 days (25). However, most of them rapidly cleared infection in the lungs, and all of
the animals (# = 8) exhibited mild lung lesions before 3 dpi (25). Severe lung injury in SARS-CoV-infected
Chinese macaques has not been detected until 7 dpi (26, 27). To determine the effect of anti-S antibody on
the extent of SARS-CoV-mediated lung injury, we adoptively transferred 5 mg (low dose) and 200 mg (high
dose) purified anti-S-IgG from ADS-MVA-vaccinated but unchallenged macaques into 2 groups of unvac-
cinated macaques (n = 6/group) via i.v. injection, and then i.n. challenged recipients with SARS-CoV,, .
(1 x 10° TCID,)) (Figure 2A). As controls, another 2 macaques were administered 200 mg of control IgG
(C-IgG) derived from ADC-MVA-vaccinated macaques. We sacrificed half of the macaques in each group
at 2 dpi to avoid potential disruption by virus infection-induced antibodies against nucleocapsid protein (IN)
and other viral proteins — and prior to when induction of ALI was typically observed. The remaining half
of the macaques in each group was sacrificed at 21 dpi to evaluate long-term impact (Figure 2A). At day
2, sera from macaques that received low- or high-dose S-IgG showed neutralizing activity, with IC,  values
ranging from 10-260 and 1,000-10,000, corresponding to the dose of sera transfer; macaques that received
C-IgG failed to show neutralizing activity (Figure 2B and Supplemental Table 1). While NAD titers in the
sera of macaques in the high-dose group declined steadily between 2 and 21 dpi, macaques in the low-dose
and control groups displayed increased NAD titers over time (Figure 2B), suggesting active viral replication.

NIH006393

https://doi.org/10.1172/jci.insight.123158 3



RERGAREH;ARTICLE

A ) Animals' ID:
ADS-MVA or ADC-MVA SARS-CoV (i.n.) 0dpi 7 dpi 35 dpi
W YV Y o2 | [8E72 cE20] [SLi7 cLie
Week-( 4 8 9 13 0o | | SE13 CE21| | SL14 CL22
. ) 4 | | SE16 CE24| | SL15 CL23
Chinese rhesus Sacrificed and tissue processing SE17 CE25| | SL18 CL26
macaques, n=19
B C E = ADS-MVA
1 ADS-MVA  ADC-MVA 10 * ADS-MVA w 61 [ ADC-MVA *
g Begnats, - SE12 - CcE20  £_ 10 0 ADC-MVA g . r I
Q ", ; = SE13 -« CE21 SE @
2, - SE16 -~ CE24 2310 ) B %R ‘
© - SE17 =+ CE25 5 8 49 o =
= © SL11 o CL19 g Q o =
= o SL14 o Cl22  Z 10 ® 8 2 °
B 40! «st15 wc23 £ o % £
» < S118 +Cl26 ~ 10 s T FI i
100 10 0- T T
SUNSG GA D OO NN 4 6 7 35
Weeks post immunization Days postinfaction
D ADS-MVA F' 6000, r=03022 *
@ 3 P=0.0274
2] S :
~ 4000
e}
©
=
§ 2000-
(7]
w
0 5 . .
0 2 4 6

Histopathology score

Figure 1. ADS-MVA-induced S-specific immune response enhanced pulmonary pathology in SARS-CoV-infected Chinese rhesus macaques. (A) Exper-
imental design used to investigate the influence of S-specific immunity on SARS-CoV-induced lung injury. Two groups of Chinese rhesus macaques (n
= 8/group) were subjected to i.m. injections of ADS-MVA or control vaccine ADC-MVA at weeks 0 and 4, followed by i.n. challenge with live pathogenic

SARS-CoV,

one (1x10°TCID, ) at 4 weeks after the second vaccination. Four animals each were sacrificed at 1 and 5 weeks after inoculation. Three healthy

macaques were included as controls, (B) Serum neutralizing activity. Sera collected from macaques were tested for a capacity to neutralize SARS-CoV
pseudotype virus. (C) Detection of viral RNA in oral swabs. SARS-CoV RNA was detected by nested RT-PCR in the swabs at the indicated time points rela-
tive toinfection. (D) Pathology changes of the lung tissue. Sections were stained with H&E. D shows symptom of acute DAD exhibited in 6 of 8 ADS-MVA-
vaccinated macaques with extensive exudation (yellow arrow), hyaline membranes lining the alveolar walls (black arrows), and massive cell infiltration in
alveolar cavities (white arrow). Left image shows a low magnification overview (100x}. Middle image shows higher magnification of the boxed area in left
image (200x). Right image shows minorinflammation observed in 7 macaques received ADC-MVA (n = 8) with slight alveolar septa broadening and sparse
monocyte infiltration (original magnification, 100x). (E) Histopathological scores of the ADS-MVA group, including lung samples collected at both 7 and 35
dpi, were compared against the ADC-MVA control group. See Supplemental Figure 1 for the scoring index based on severity of lung histopathology. Data
represent mean + SEM values. Statistical analysis was undertaken using 2-tailed unpaired Student’s t test. “P < 0.05, n = 4. (F) Correlation of lung histo-
pathological scores of all macaques with sera NAb titers at O dpi. Solid lines denote the relationship between histopathology scores and serum neutraliz-
ing activity. Statistical analysis was performed using Spearman’s rank correlation test.

Indeed, SARS-CoV RNA was detected using real-time RT-PCR on oral swabs, and/or virus was recovered
from lung tissue in both control animals and 5 of 6 animals (83%) in the low-dose group. Only 2 of 6 animals
(33%) in the high-dose group were viral RNA* (Figure 2C and Supplemental Table 1), suggesting reduced

viral production by high-dose S-IgG.

Consistent with the findings in the control ADC-MVA-vaccinated group, histopathological exam-
ination of the lungs indicated minor and moderate inflammation at day 2 and 21 in C-IgG recipients,
respectively. In contrast, all S-IgG recipients exhibited symptoms of acute DAD with various degrees of
exudation, hyaline membrane formation, and hemorrhage and inflammatory cells within alveolus at both
day 2 and 21 (Figure 2, D and E, and Supplemental Table 2). Of note, despite the presence of high titer
sera NAbs during the chronic stage of infection (Figure 1B and Figure 2B), only 1 of 5 C-IgG and control
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Figure 2. Anti-spike antibodies induced ALl in SARS-CoV-infected Chinese rhesus macaques. (A) Experimental design used to investigate the
influence of S-1gC on SARS-CoV-induced lung injury. Two groups of Chinese rhesus macaques (n = 6/group) were subjected to iv. injection of high-dose
(200 mg) or low-dose (5 mg) purified S-1gC from ADS-MVA-vaccinated but unchallenged macaques. As controls, another 2 macaques were adminis-
tered 200 mg of C-IgG derived from ADC-MVA-vaccinated macaques. After 2 days, 3 groups of macaques were challenged i.n. with SARS-CoV, (1 x
10°TCID,,). Half of the animals from each group were sacrificed at 2 and 21 dpi. (B) Sera from macaques at the indicated time points were tested for
the capacity to neutralize SARS-CoV pseudotype virus. (C) Detection of viral RNA in oral swabs. SARS-CoV RNA was detected by nested RT-PCR in the
swabs from one of the high-dose S-IgG-treated macaques (n = 6), 3 low-dose S-IgC-treated macaques (n = 6), and 2 C-IgG-treated macaques (n = 2) at
the indicated time points. Left y axis shows the viral RNA copy number per milliliter swab. Right y axis shows the serum NADb titers of each macaque at
2 dpi, which are highlighted by shaded area. (D) Pathology changes of the lung tissue (200x). Sections from macaques were stained with H&E. Images
show symptom of acute DAD exhibited in macaques received high-dose and low-dose S-1gG (n = 12) with extensive exudation (red arrows), hyaline
membranes (black arrows), and massive cell infiltration (yellow arrows) at 2 and 21 dpi. Right panel shows minor and moderate inflammation in the
macaques received C-1gC with slight alveolar septa broadening and sparse monocyte infiltration at 2 and 21 dpi. (E) Histopathological scores of the
high-dose and low-dose S-1gG groups, including lung samples collected at both 2 and 21 dpi, were compared against the C-1gC group. See Supplemental
Figure 1 for the scoring index based on severity of lung histopathology.

ADC-MVA vaccine recipients showed acute DAD (Figure 1E and Figure 2E), indicating a time-restricted
role for S-1gG, which mostly causes severe ALI in acutely infected macaques. Therefore, we conclude that,
despite viral suppression, the presence of S-IgG at the acute stage of SARS-CoV infection caused severe
ALI that persists until late stages.
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S-IgG failed to prevent SARS-CoV lower respiratory tract infection and amplified IMM infiltration and
accumulation in the lungs. To determine the potential cause of S-IgG—enhanced ALI, we measured viral
infection and monocytes/macrophages infiltration in the lungs and serum cytokine profile at 2 dpi.
We previously found that pulmonary infection of Chinese macaques could be rapidly controlled. Viral
RNA" cells were detectable in the lungs of only 2 of 4 animals at 2 dpi, although all of them were
viral nucleoprotein-positive (NP*) in the lungs and the hilar lymph nodes (LNs), where the lymphatics
of the lungs drain (25). Therefore, we measured viral RNA" cells by in situ hybridization (ISH), as
well as NP signals in the lungs and the hilar LNs by IHC staining to evaluate the actual pulmonary
infection of each macaque. Consistent with the results by viral isolation (Supplemental Table 1), viral
RNA was detected in pneumocytes of 1 macaque in the high-dose (HS02, 33%), 2 macaques in the
low-dose (LS01, LS02; 66%), and the C-IgG—treated macaque (Figure 3A and Supplemental Table 3),
suggesting reduced productive infection by S-IgG. However, an NP antibody identified positive signals
in the lungs and hilar LNs of all S-IgG and C-IgG recipients (7 of 7 macaques) but not healthy controls
(Figure 3B and Supplemental Table 3), suggesting that S-IgG failed to prevent SARS-CoV entry, and
SARS-CoV established lower respiratory tract infection in all of the challenged animals.

Consistent with previous findings in SARS-CoV-inoculated naive Chinese macaques (1 = 4) (25), dou-
ble-immunostaining with the NP antibody and antibodies specific to the stages of macrophage differenti-
ation and inflammation (MAC387, CD68, CD163) revealed significant infiltration of IMMs in the lungs
of C-IgG recipients, consisting of newly infiltrated (MAC387") and inflammatory (CD163") monocytes/
macrophages (Figure 3C and Supplemental Figure 3). The CD163" cells greatly exceeded the CD68" pop-
ulation and typically gathered around NP* cells to form cell clusters (Figure 3C), showing an association
between viral infection and IMM infiltration in these macaques.

Compared with C-IgG recipients, more robust signals for MAC387 and CD163 were identified in
the lungs of S-IgG recipients (Figure 3C and Supplemental Figure 3), suggesting enhanced IMM infil-
tration by S-IgG. MAC387" and CD163* monocytes/macrophages not only gathered around NP* cells,
but also formed clusters in tissues with little NP signal (Figure 3C), suggesting that infection-induced
recruitment from circulation continued after viral clearance and accumulated at the inflamed site. More-
over, more-concentrated CD68" signals were found, indicating altered macrophages functional response
by S-1gG treatment (Figure 3C). Consistently, elevated serum levels of IL-8 were observed in macaques
treated with high-dose S-1gG at 2 dpi (Supplemental Figure 3), and the IL-8 levels are strongly correlated
with anti-SARS-CoV NAD titers (Supplemental Figure 3). IL-8 is a macrophage-derived inflammatory
cytokine important in initiating ALIL. These results, therefore, suggest that S-IgG likely altered macro-
phage functional response in the lungs during acute infection, resulted in increase in 1L-8 production,
and enhanced ALI and IMM infiltration and accumulation.

Alveolar monocytes/ macrophages assumed a wound-healing function as early as 2 dpi in macaques not treated
with §-IgG. Macrophage activation is dynamic and plastic. Different monocyte/macrophage activation stat-
ues have different specialized and critically timed roles, taking part in either the initiation and maintenance
or resolution of inflammation (9). A well-organized wound-healing response leads to timely resolution
of inflammation, whereas disturbance in wound-healing response results in persistent inflammation and
injury. To understand the S-IgG—caused excessive inflammation, we further defined macrophage heteroge-
neity and activation statues in the lung lesions of C-IgG (n = 1) and S-IgG recipients (7 = 3) at 2 dpi. Three
healthy macaques and 4 naive Chinese macaques challenged with the same dose of SARS-CoV,,
scarified at 2 dpi from a previous study were included as controls (25).

By combining 5 macrophages markers (MAC387, CD68, CD163, HAMS6, and CD206) (28-30), 2
subpopulations of resident macrophages were shown in the lungs of Chinese rhesus macaques at steady
state as previously described (29). They are interstitial macrophages (IMs; MAC387'HAMS56 CD206)
(Figure 4A) and resident alveolar macrophages (AMs; CD68* HAMS56') expressing low levels of CD163
and CD206, a marker specific to the macrophage wound-healing response, corresponding to their intrinsic
antiinflammatory function (Figure 4B) (29). In lung lesions of both C-IgG-treated and naive macaque
groups challenged with SARS-CoV,, ., IMMs were further characterized and divided into 2 subpopula-
tions. One subpopulation was the recently recruited MAC387*HAMS56 CD68 monocytes (Figure 4C) (29),
which is like IM but is larger in size and primarily coexpressed CD163 (Supplemental Figure 4). The other
subpopulation was single CD163" inflammatory macrophages that had differentiated from newly recruited
MAC387" monocytes/macrophages (Figure 4D and Supplemental Figure 4) (29). Importantly, resident
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AMs (CD68") differentiated into HAMS56™ cells, with a slight increase in numbers and increased size, with
stronger CD 163 and — more importantly — CD206 staining, suggesting that they are alternatively activat-
ed (Figure 4D). Strikingly, elevated levels of TGF-i expression were detected in all MAC387* — and most
enlarged CD163" — as well as CD68" macrophages in the lungs of both C-IgG—treated and unvaccinated
macaques compared with healthy controls (Figure 4, G-1), indicating that many IMMSs and activated resi-
dent AMs have assumed a wound-healing function in infected lungs within 2 days of infection.

S-IgG treatment skewed wound-healing macrophage response in the lungs during acute SARS-CoV infection. Com-
pared with the macaques not treated with S-IgG, the number of IMMs (MAC387" and CD163"HAMS56)
significantly increased in S-IgG recipients (Figure 4, E and F). Moreover, many recently recruited
MAC387"HAMS56- monocytes/macrophages did not coexpress CD163 (Supplemental Figure 4), represent-
ing the newest recruited blood monocytes, as a result of enhanced monocytes infiltration by S-IgG. Impor-
tantly, the majority of CD163"HAMS6™ IMMs coexpressed CD68 (Supplemental Figure 4), suggesting a
change of function of this subpopulation by S-IgG. Moreover, resident macrophages (CD68"HAMS56") in
the lungs of S-IgG recipients no longer express CD206, which — being surrounded by many CD163" IMMs
(Figure 4F) — suggests a loss of wound-healing function and a role in recruiting blood monocytes. Consis-
tently, S-IgG-treated macaques displayed a loss of TGF-p and high expression of TL-6 in all macrophage
subpopulations (Figure 4, G, H, and J). IL-6 favors macrophage accumulation at the site of injury and is
important for the development of persistent inflammation and ALI (31, 32). Therefore, we conclude that,
while AMs underwent phenotypic and functional changes in acutely infected lungs, many monocytes/mac-
rophages assumed a wound-healing function for inflammation resolution, but the presence of S-IgG skewed
the wound-healing response, leading to uncontrolled inflammation and tissue injury.

Onset of an antibody response prior to viral clearance is associated with abrogated wound healing responses and
increased IMM lung infiltration in unvaccinated Chinese rhesus macagues. To understand the mechanism under-
lying the time-restricted role of S-IgG in promoting ALI, we conducted a temporal analysis of the pro-
ductive viral infection, antibody response, and macrophage functional changes in unvaccinated Chinese
macaques during the first week of infection. Naive macaques were challenged in. with 1 x 10° TCID,,
SARS-CoV, . and sacrificed at 2, 3, and 7 dpi (4 macaques/group) (Figure 5A) (25). Successful lower
respiratory tract infection was confirmed by detection of viral NP using IHC staining in the lungs of all
macaques (25). Viral RNA™ alveolar pneumocytes were primarily found at 2 dpi (2 of 4 macaques), and
infrequently at 3 dpi (0 of 4 macaques; Figure 5B and Supplemental Table 4) (25). At 7 dpi, viral RNA was
detectable in the lungs of 2 macaques, AD0516 and AD0518, suggesting productive infection there (Figure
5, B and C). Only few scattered NP cells were found in AD0517 (Figure 5D). Neither NP nor viral RNA
was found in the lungs or swabs of AD0515, suggesting clearance of productive viral pulmonary infection
in this macaque (Figure 5D and Supplemental Table 4). Serum NAb was not observed at 2 and 3 dpi until
7 dpi in 2 of 4 macaques, AD0515 and AD0516 (Supplemental Table 4 and Figure 5E).

In agreement with the findings in the C-IgG group, temporal analysis of macrophage heterogeneity
revealed significantly increased number of IMMs (CD163"CD206°) in viral RNA" lungs at 2 dpi (Fig-
ure 5F, right image). The IMMs diminished at 3 dpi (4 of 4 macaques) (Figure 5G) and became nearly
completely absent at 7 dpi in macaques without productive pulmonary viral infection (2 of 4 macaques,
ADO0515 and ADO0517) (Figure 5H), indicating that inflammatory response resolved with 7 days follow-
ing the control of productive infection. Critically, wound-healing macrophages (CD163'CD206" and
CD163'TGF-p*) were observed in the lungs of all macaques at 2 dpi, despite productive pulmonary viral
infection in macaques AD0506 and ADO0508 (Figure 5F). In contrast, macaque ADO0516, with serum
NAbs and productive virus infection in the lungs, displayed a significantly enhanced proinflammatory
macrophage response and reduced inflammatory-resolving macrophages (Figure 5I), which was not
observed in macaques with productive viral infection but undetectable NAb responses (AD0518) or in
macaques with detectable NAbs but undetectable viral replication (AD0515) (Figure 5D and Supplemen-
tal Table 4). Therefore, persistent viral replication and concomitant NAb detection is associated with
increased IMM lung infiltration and reduced wound-healing macrophage numbers.

S-IgG modifies functional response of alternatively but not classically activated macrophages fo SARS-ColV
infection. To determine whether S-1gG skews wound-healing response through modifying wound-heal-
ing macrophage functional response during SARS-CoV infection, we treated in vitro—polarized alterna-
tively activated human monocyte—derived macrophages (MDM) for 20 hours with SARS-CoV pseudo-
virus and heat-inactivated sera of high-dose S-IgG—treated macaques (S-IgG sera) collected at 2 dpi. We
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Figure 3. SARS-CoV infection and monocytes/macrophages infiltration in the lungs of C-lgG- and S-lgG-treated macaques at 2 dpi. (A) Representative
images of SARS-CoV RNA* (TRITC) and AE1/AE3* (FITC) cells in the lungs of infected macaques (white arrows). The upper photo shows a low magnifica-
tion overview (200x); the bottom photo shows the boxed area in the upper photo. (B) Representative images of viral protein (NP) immunostaining of the
lungs and hilar lymph nodes (LN) of 7 infected and 3 uninfected animals (TRITC, white arrows) (original magnification, 200x). (C) Representative images
of viral NP and monocytes/macrophages. These sections showed significantly increased IMMs in the lungs of the S-1gC group compared with the C-1gG
group (MAC387¢, CD163*, or CD68"; blue arrows). Tissue samples are double-immunostained for the SARS-CoV NP (TRITC) and markers for macrophages,
including MAC387 (FITC), CD163 (FITC), and CDE8 (FITC), Within the panel of representative images for the C-1gG and S-1gC groups, the left panel shows a
low magnification overview; the right panel shows the boxed area in the left panel (original magnification, 200x).

then measured the concentrations of 13 inflammatory cytokines in cell culture supernatants, including
IL-1B, IFN-a, TFN-y, TNF-a, MCP1, 1L-6, IL-8, TL-10, IL.-12p70, TL.-17A, TL.-18, TL.-23, and T1.-33. Sera
from C-IgG recipients or healthy macaques were included as controls. In vitro-polarized classically acti-
vated MDM was also studied and compared with alternatively activated MDM in parallel. Consistent
with previous report, unstimulated classically activated MDM produced high levels of IL-8 and IL-6;
alternatively activated MDM only produced minimal levels of those cytokines (Figure 6A). Addition of
SARS-CoV pseudovirus induced IL-8 production in alternatively activated MDM to levels comparable
with those found in unstimulated, classically activated MDM, as well as in low-level MCP1 and IL-6
production (Figure 6B). By contrast, SARS-CoV pscudovirus caused less than a 1-fold increase in IL-8
secretion, but not other cytokine secretion, by classically activated MDM (Figure 6C). Strikingly, while
none of the sera samples induced cytokine production when they were administered into MDMs alone,
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Figure 4. Comparison of monocyte/macrophage phenotype and function in the lungs of S-1gG- and C-1gG-treated macaques. (A-F) Phenotype of
manocytes/macrophages subpopulations in the lungs of healthy, C-IgG-, and S-IgC-treated macaques (criginal magnification, 200x). These sections
were triple-immunostained with antibodies for CD206 (cyan), HAMS6 (FITC), and MAC387 (TRITC) (A, C, and E); CD206 (cyan), HAMS6 (FITC) (B, D, and
F), and CD68 (TRITC) (upper panel in B, D, and F); or CD163 (TRITC) (lower panel in B, B, and F). A and B show 2 subpopulations at steady states, includ-
ing interstitial macrophages (IM) (MAC387°HAMSE-CD206°) (yellow arrow), and resident alveolar macrophages (AM) (CD68+CD163°CD206°HAMSE")
(white arrows). C and D show the presence of alternatively activated resident AM and accumulated IMMs in the C-IgG group. Alternatively activated
AMs are C0206"CD68°CO163"HAMSE® (D, white arrows). IM are MAC387*HAMSE CD206€" (C, yellow arrow). IMMs include newly infiltrating monocytes/
macrophages (MAC387*) (C, green arrow); and inflammatory macrophages (CD163'CD68 C0206"'HAMS6") (D, green arrow). E and F show significantly
increased number of IMMs and decreased number of alternatively activated macrophages in the S-1gG group. IMMs include newly infiltrating mono-
cytes/macrophages (MAC387°) (E, green arrow) and inflammatory macrophages that are CD68'HAMS6™ (green arrow, F, upper panel) and CD163*
CD206"'HAMS6™ (green arrow, F, lower panel). Resident AMs are no longer expressing CD206 (CD68*HAMS6*CD163CD206") (blue arrow, F, upper panel).
(G-J) TGF-B and IL-6 expression in macrophages in the lungs. These sections were double-immunostained with antibodies for TGF-f3 or IL-6 (TRITC)
and MAC387, (D163, or CD68 (FITC). G shows low expression levels of TGF-B and IL-6 in IMs (MAC387*) and AMs (CDE8*) in healthy macagues. H shows
increased TGF-3 expression in the C-1gC group (white arrows) but increased IL-6 in the S-1gC group (blue arrows). I and ] show the numbers of TGF-f3*
and IL-6* monocytes/macrophages in 3 groups in 2 200x field.
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Figure 5. Dynamics of the viral replication, antibody response, and macrophage activation during acute SARS-CoV infection. (A) Experimental
scheme. A total of 12 Chinese rhesus macaques were challenged i.n. with SARS-CoV, - (1x10° TCIDm) Four animals each were sacrificed at 2, 3, and
7 dpi. (B) SARS-CoV RNA detection by ISH in the lungs at 2, 3, and 7 dpi (original magnification, 200 x). Viral RNA* (TRITC) type | pneumocytes (FITC)
was found at 2 dpi (n = 2) and 7 dpi (n = 1). (C) Viral RNA in the swabs and lung homogenates on 7 dpi. SARS-CoV RNA was detected using nested
RT-PCR in swabs from 3 macaques (AD0S16, AD0517, and AD0518) and lung homogenates from macaque AD0S16. (D) Viral antigen and inflammatory
infiltrates in the lungs at 7 dpi (200x). These sections were stained for SARS-CoV NP (red) and nucleus (blue) by IHC, showing NP signal in macro-
phage-like cells in ADO516 and AD0517 (red arrows), and type | pneumocytes in AD0518 (blue arrows), but substantial inflammatory infiltrates were
only observed in ADO516 (green arrows). (E) Serum neutralizing activity. Serum neutralizing activity was detected in macaques ADOS15 and ADO5S16 at
7 dpi, (F-1) Decreased wound-healing response in macaques with productive pulmonary viral infection and serum neutralizing activity (200x). These
sections were double-immunostained for TGF-f3 (TRITC) and CD163 (FITC) or triple stained for CD206 (cyan), HAMS6 (FITC), and €D163 (TRITC). The
figure shows that wound-healing response took place within 2 dpi, with alternatively activated monocytes/macrophages (TGF-$* and C0206*, white
arrows) and IMMs (CD163*CD206°, green arrows) coexisting in the lungs (F). After viral clearance, IMMs diminish at 3 dpi (G), and the homeostasis was
restored at 7 dpi (AD0515) (H). When pulmonary viral infection persists, IMM (CD163*CD206", green arrows) infiltration and accumulation is enhanced,
and wound-healing macrophages ((D206') are reduced in macaques that have faster NAb response (AD05S16) (1).

administration of S-IgG sera caused a dose-dependent increase in the production of all 3 inflammatory
cytokines in SARS-CoV-stimulated alternatively activated MDM, resulted in a greater than 10-fold
increase in IL-6, an 8-fold increase in MCP1, and a 5-fold increase in 1L.-8 (Figure 6, D and E). This
enhancement, however, was not observed when S-IgG sera were replaced with sera from C-IgG recipi-
ents or healthy macaques (Figure 6, F, G, and H), suggesting that S-IgG, but not other sera components,
enhanced SARS-CoV-stimulated cytokine production by alternatively activated MDM. Administration
of S-IgG sera had no effect on cytokine production by SARS-CoV-treated classically activated MDM
(Figure 6, I, J, and K), indicating that S-IgG do not modulate virus-mediated classically activated mac-
rophage functional response. MCP1 and IL-8 are key cytokines that regulate monocytes/macrophages
migration and promote ncutrophils infiltration, while IL-6 promotes persistent inflammation and inju-
ry. These results suggest that, in response to SARS-CoV infection, wound-healing macrophages pro-
duce IL-8 and low amounts of MCPI to recruit neutrophils and blood monocytes, whereas the presence
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Figure 6. 5-1gG significantly amplified proinflammatory cytokine production by SARS-CoV-treated alternatively activated macrophages. In vitro-
polarized alternatively activated macrophages were either left unstimulated or were incubated with SARS-CoV pseudovirus alone or cocultured with
SARS-CoV pseudovirus and diluted sera from the high-dose S-1gG group (n = 6) or C-1gG group (n = 2} collected at 2 dpi or from healthy macaques (n
= 2) for 20 hours. Secreted cytokine and chemokine levels were measured in the culture supernatant and are shown in data represented as a column
graph (A-D and F-K) and fold or percentage over supernatants from macrophages treated with virus alone (E and L). A shows the levels of IL-8 and
IL-6 in the supernatant of classically activated and alternatively activated MDM before treatment. B and C show that SARS-CoV treatment induced
MCP1, IL-8, and very low levels of IL-6 production by alternatively activated MOM, as well as enhanced IL-8 production by classically activated MDM. D
and E show that sera from S-1gG recipients caused dose-dependent increase in cytokine production from SARS-CoV-treated alternatively activat-

ed MDM. F-H show that virus treated altematively activated MDM (VT), but not sera treated or untreated cells (UT), secreted proinflammatory
cytokines IL-8 (F), MCP1(G), and very low levels of IL-6 (H). Addition of sera (1:4,000 dilutions) from high-dose S-1gG (HST), but not C-1gC treated
macaques (CT) or healthy controls (HCT), significantly amplified IL-8 (F), MCP1(G), and IL-6 (H) production. I-K show that addition of sera (1:4,000
diluted) from high-dose S-IgG-treated (HST), C-1gC treated macaques (CT), or healthy controls (HCT) had no effect on IL-8 (1), MCP1 (J), and IL-6 (K)
production by SARS-CoV-treated classically activated MDM. L shows that blockade of FcyR significantly reduced antiserum-enhanced IL-8 secretion
and partially reduced MCP1 secretion. Data represent mean values or mean values + SEM of at least 3 independent experiments. Two-tailed unpaired
Student's t test was used for statistical analysis. *P < 0.05; “*P < 0.01; ***P < 0.001; ****P < 0.0001.

of S-IgG can result in 5- to 10-fold increases in IL-8, MCP1, and 1L-6 production by wound-healing
macrophages, leading to significantly enhanced and persistent monocytes infiltration and tissue injury.
Critically, in the presence of Fcy receptor (FcyR) blocking antibody, IL-8 was significantly reduced
when cells were treated with SARS-CoV pseudovirus and sera from high-dose S-IgG-treated macaques
(diluted 1:4,000), indicating that anti-SARS-CoV antibody modifies wound-healing response partially
through FcyRs (Figure 6L). Thercfore, we conclude that S-IgG directly modifies functional response
of alternatively activated macrophages during acute infection, thus skewing wound-healing response,
leading to hypercytokinemia, aggressive inflammation and severe lung injury.
NIH006401
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Deceased SARS patients displayed higher levels of serum NAbs, accumulated proinflammatory, macrophages infil-
tration, and absence of wound-healing macrophages in the lungs. To examine the role of 5-IgG in promoting ALI
in a clinical setting, we investigated antibody responses during the early stage of infection in 2 groups of
deceased patients or individuals recovered from SARS and characterized the heterogeneity of monocytes/
macrophages in the lungs of 3 deceased SARS patients. H&E staining of lung specimens derived from 3
deceased SARS patients revealed severe ALI (Figure 7A). Consistent with the macaque findings, IHC anal-
ysis revealed significant infiltration of CD163" monocytes/macrophages into the lungs of patients, with
little TGF-p expression and loss of the wound-healing marker CD206", indicating predominantly proin-
flammatory macrophage activation and reduced inflammatory-resolving response (Figure 7B). Moreover,
significantly higher levels of anti-S NAbs were detected in the sera of deceased patients (# = 6) during acute
infection compared with recovered patients (# = 8) (Figure 7C). These results, therefore, are consistent with
findings in experimental macaques.

Antisera from deceased SARS patients skewed wound-healing response during SARS-CoV infection partially
through the FeyR. To examine whether human anti-SARS-CoV antibody modifies wound-healing response
during SARS-CoV infection, we treated in vitro-polarized alternatively activated MDM with SARS-CoV
pseudovirus for 20 hours in the presence of sera collected from SARS patients during acute infection.
Macrophages treated with SARS-CoV pseudovirus or sera alone were included as controls. We then
examined the protein levels of cytokines/chemokines in the cell culture supernatant. Consistent with find-
ings in macaques, administration of sera from a deceased SARS patient (D1; Supplemental Table 5) into
SARS-CoV-treated alternatively activated MDM caused a dose-dependent increase in the production of
cytokines, leading to a 2- to 3-fold increase in MCP1 and IL-8 after 20 hours (Figure 8, A and B). This
enhancement, however, was not observed in cells treated with sera alone (Figure 8, A-D). Administration
of sera from recovered patients (n = 8; Supplemental Table 5) had no effect on cytokine production except 1
sample (Figure 8, C and D). These differences may be explained, at least in part, by their lower NAD titers,
although it is also possible that sera from recovered patients contain different antibody populations. Consis-
tently, the only serum sample — R2, which enhanced chemokine production — has a relatively higher NAb
titer among the samples tested (Supplemental Table 5). Moreover, statistical analysis shows that IL-8 pro-
duction strongly correlates with NAD titer of sera from deceased patients (Figure 8E). Furthermore, [L-8
production was significantly reduced when cells were treated with SARS-CoV pseudovirus and sera from
deceased SARS patient (diluted 1:4,000) in the presence of FeyR blocking antibody, indicating that anti—
SARS-CoV antibody modifies wound-healing response in humans partially through FcyRs (Figure 8F).

Discussion

Here, we present evidence of a detrimental role of anti-S-IgG in ALI during SARS-CoV infection.
Respiratory CoVs infection poses a unique challenge to the immune system: not only must the virus be
rapidly eliminated, but lung inflammation must also be controlled to prevent acute respiratory failure
(33). In the present study, we show that, despite markedly reducing virus titers, anti-S-IgG caused lung
injury during the early stages of infection by abrogating a wound-healing macrophage response and
TGF-p production, while promoting proinflammatory cytokine IL-8 and MCP1 production and inflam-
matory macrophage accumulation. To our knowledge, our data demonstrate a previously unrecognized
mechanism underlying virus-mediated ALI and suggest that modulation of the anti-S antibody response
or blockage of Fcy receptors during acute infection might be needed for effective treatment for respira-
tory CoV infection.

Many studies have demonstrated the role of NAbs induced by the S glycoproteins in protecting viral
replication in susceptible hosts, including mice, ferrets, hamsters, and macaques (24, 34, 35). However, the
effect of S-specific immunity in protecting against pulmonary immunopathology has been controversial. In
some cases, vaccination-induced immunity assists the viral clearance and protects mice or ferrets against
lethal challenge (36-39), whereas in many other situations, multiple vaccine platforms appear to induce
increased eosinophilic proinflammatory pulmonary response upon challenge (18, 23, 40). These differenc-
es may be explained, in part, by the characteristics of the vaccine being studied, the infectious dose, and the
viral strain employed, as well as by the type or quality of immune response elicited. Recent studies suggest
that CD8" T cell response plays a crucial role in viral clearance and protection of mice against eosinophilic
immunopathology and lethal SARS-CoV infection, whereas immunopathology predominantly reflects an
inadequate vaccine-induced Thl response (20-23).
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Figure 7. NAb response and phenotype analysis of accumulating monocytes/macrophages in the lungs in deceased SARS patients. (A) Pathology
changes of the lung tissue. Sections from deceased SARS patients were stained with H&E. A is representative of 3 patients (original magnification,
100x), showing symptom of acute DAD with massive cell infiltration in alveolar cavities (blue arrow). (B)Massive accumulation of IMMs and absence of
wound-healing macrophage response in the lungs of deceased patients. These sections were triple-immunostained with antibodies for CD206 (cyan),
HAMSE (FITC), and CD163 (TRITC) or double-immunostained with TGF-B (TRITC) and CD163 (FITC) (original magnification, 200x). The right panelin
the left image shows single colors from the left image (200x). These representative images show accumulation of IMMs (CD163°CD68 CD206 HAMSE',
white arrows) and the absence of wound-healing response, indicated by loss of the signal for CD206 (cyan, BI) and TGF-f (TRITC, B2) in the lungs. (C)
Serum-neutralizing activity against SARS-CoV. Sera collected from deceased (red, n = 6) or recovered (blue, n = 8) SARS patients at the early stage of
infection were tested for the capacity to neutralize SARS-CoV pseudotype virus. Two-tailed unpaired Student's t test was used for statistical anzlysis.

In fact, a protective effect against pulmonary immunopathology mediated by full length S protein—
based vaccine in SARS-CoV-infected nonhuman primate models has not been described, to our knowl-
edge. Although several vaccine candidates protected macaques against viral replication in the lungs, pul-
monary immunopathology was not evaluated in these studies (24, 41, 42). By contrast, it was shown that
SARS-CoV-specific immune memory induced by prior infection enhanced lung inflammation following
homologous challenge in African green monkeys (17). Similarly, augmentation of discase by vaccination
has also been described in studies of atypical measles and dengue hemorrhagic fever, as well as several
respiratory diseases, including respiratory syncytial virus (RSV) and pandemic influenza (16, 43). In
the study of RSV vaccine conducted in 1966 and 1967, 80% of RSV vaccinees needed hospitalization,
whereas only 5% of RSV-infected children in the control vaccine group required admission, although the
underlying mechanisms remain incompletely understood. Using Chinese rhesus macaques, we show that
an ADS-MVA-based vaccine protected macaques against viral replication but significantly enhanced
acute DAD at both 7 and 35 dpi compared with the control ADC-MVA group, suggesting that S-specific
but not MVA-specific immunity promotes ALI (Figure 1). Until now, it remains unknown if SARS vac-
cine candidates with a focus on the receptor-binding domain (RBD) of S protein can avoid the induction
of ALI in nonhuman primates. These vaccines have been shown to induce highly potent NADb responses
and elicit long-term protective immunity in immunized small animals (38).

SARS-CoV infection of Chinese macaques is often characterized by the rapid control of viral replication
with mild lung lesions in most macaques (25). The mechanisms underlying why Chinese macaques do not
often develop ALI, as observed in most SARS patients, are largely unknown. Our data suggest that these
effects, in part, reflect the rapid control of viral replication in the lungs, which peaked between 24 and 48
hours after inoculation (hpi) and diminished within 7 days, thus creating an interval between lung inflamma-
tion and high titer antibody production in most macaques. Indeed, although SARS-CoV infection resulted
in significant infiltration of macrophages in the lungs, the number of macrophages was rapidly reduced fol-
lowing virus clearance at 3 dpi (Figure 5). At 7 dpi, inflammation appeared to be mostly resolved (Figure 5).
By contrast, control of virus replication is less efficient in SARS patients, and the peak in viral load coincides
with the first appearance of an antibody response, approximately 10 days after the onset of symptoms (6).

The low rate of ALI and interval between lung inflammation resolution and antibody production, however,
makes Chinese macaques an ideal animal model for the present study. Using vaccination and passive immuni-
zation, we conditioned anti-S antibody titers in macaques during the early stage of infection when ALI was not
typically observed. We found that prior administration of anti-S-IgG led to massive accumulation of mono-
cytes/macrophages in the lungs within 2 dpi. This result is consistent with previous reports, in which mice given
the SARS vaccine exhibited an immunopathologic lung reaction after the subscquent challenge with SARS-CoV
(18, 19). Moreover, in SARS patients, clinical course and outcome are more favorable in children younger than
12 years of age compared with adolescents and adults (44), indicating that prior alternative CoV infection might
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Figure 8, Sera from deceased SARS patients skewed wound-healing macrophage response partially through FcyR. In
vitro-polarized altematively activated MDM were either left unstimulated orwere incubated with SARS-CoV pseudovirus
alone or cocultured with SARS-CoV pseudavirus and 1-400,000 serials diluted or1/4,000 diluted sera from deceased (n =
5) orrecovered SARS patients (n = 7) for 20 hours. Cells treated with sera from patients alone served as controls. Secreted
cytokine and chemokine levels were measured in the culture supernatant and are shown in data represented as a column
graph (A, €, and D) and fold or percentage over supernatants from macrophages treated with virus alone (Band F). A

and B show that addition of sera from deceased patient (D1) dose-dependently enhanced production of IL-8, IL-6, and
MCP1 by SARS-CoV-treated alternatively activated MDM. € and D show significantly enhanced IL-8 and MCP1 production
by alternatively activated macrophages treated with sera from deceased SARS patients and virus compared with cells
treated withvirus alone. Sera treatment alone did not induce IL-8 or MCP1 production. (E) Correlation of IL-8 production
with NADb titers of sera of deceased patients. Solid lines denote the relationship between histopathology scores and
serum neutralizing activity. (F) Blockade of human FeyR significantly reduced antiserum-enhanced IL-8 secretion and
partially reduced MCP1 secretion. In vitro-polarized alternatively activated human monocyte-derived macrophages

were cocultured with SARS-CoV pseudovirus and 1-4,000 diluted sera from deceased patient (D1) with or without FcyR
blocking antibody for 20 hours. Secreted cytokine and chemokine levels were measured in the culture supematant and
are shown in data represented as increase over supernatants from macrophages treated with virus alone. Data represent
mean values or mean values + SEM of at least 3 independent experiments. Two-tailed unpaired Student's t test and
Spearman's rank correlation test were used for statistical analysis.

play a role in driving enhanced pulmonary inflammation. A recent study reported that pathogenic immune

complexes promoted lung injury during the 2009 HIN1 pandemic (16). It remains unknown whether immune
complexes may also play a role in driving ALI during SARS-CoV infection.

Detailed analyses of macrophage heterogeneity at different stages of infection and in lungs with severe

injury or mild lesion revealed distinct roles for proinflammatory and wound-healing macrophages in SARS

disease progression. We observed that the early transition of macrophage responses from proinflammatory
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to wound healing with increased TGF-J} expression is associated with inflammation resolution and mild lung
injury. By contrast, abrogated wound healing by S-IgG resulted in decreased TGF-B production and pro-
longed classical macrophage activation, and it promoted severe lung injury. Our findings are primarily based
on imaging of formalin-fixed tissues of infected macaques, which may have technical limitations. A detailed
flow cytometric analysis would be helpful to further characterize macrophage subpopulations in infected
lungs. Unfortunately, we were not allowed to obtain any live cells, including macrophages, for analysis by
flow cytometry outside the BSL-3 laboratory in China, which is in line with “WHO biosafety guidelines
for handling of SARS specimens” (https://www.who.int/csr/sars/biosafety2003_04_25/en/). Having said
this, TGF-p is mainly derived from wound-healing macrophages but not from classically activated macro-
phages. Therefore, by staining both TGF-j} and CD206 (another biomarker of wound-healing macrophages),
we believe that the finding of reduction of this type of macrophages in the S-IgG-treated lungs is convincing.

Patients who received convalescent plasma from recovered SARS patients had shorter hospital stays and
lower mortality rates without evident adverse effects (45-47). These results might reflect a different quality of
antibodies in recovered patients from deceased patients during early infection. Indeed, we previously observed
that deceased patients had significantly higher NAbs with a very low level of anti-N antibodies in serum
during the early stage of infection (14). In contrast, recovered patients had more rapid anti-N antibody and
slower NAb development (14). Consistently, serum from deceased patients — but not SARS survivors during
early stages of infection — enhanced IL-6, IL-8, and MCP1 production by wound-healing macrophages (Fig-
ure 8). We previously identified epitopes in S protein that elicited NAbs and antibodies that enhanced SARS-
CoV infection (48, 49). Further studies that will attempt to identify antibodies and epitopes that mediate
prevention or enhancement of ALI might be needed for future vaccine design and immunotherapy.

Lastly, blockade of FeyRs reduced proinflammatory cytokine production, suggesting a potential role of
FeyRs for the postulated reprogramming of alternatively activated macrophage. FcyRs are functionally divided
into activating and inhibitory receptors. Activating FeyRs, such as FeyRI, FeyRIIA, and FeyRIII, triggers pro-
duction of proinflammatory chemokines and cytokines through an immunoreceptor tyrosine-based activation
motif (ITAM) in their intracytoplasmic domain and SRC family kinases and spleen tyrosine kinase (SYK),
whereas the inhibitory FeyR, FeyRIIB, has an immunoreceptor tyrosine—based inhibition motif (ITIM) in its
intracytoplasmic domain and counteracts the signals that are mediated by activating FeyRs. Based on literature
and our experiments, human monocyte-derived wound-healing macrophages express higher levels of CD16
(FeyRIID) and CD32A (FoyRIIA) (50). Therefore, it is likely that S-IgG promoted proinflammatory cytokine
production through FcyRI and/or FeyRITA. S-IgG did not affect classically activated macrophage function in
vitro. This difference can be possibly explained by the high baseline level of proinflammatory cytokines before
infection and the downregulated expression of FcyR on classically activated MDM by SARS-CoV treatment.

Methods

Immunization of animals. We vaccinated Chinese rhesus macaques as previously described (51). Briefly, 16
Chinese rhesus monkeys were immunized twice on days 0 and 28. Eight of these animals received ADS-
MVA, whereas the other 8 animals received ADC-MVA. ADS-MVA and ADC-MVA vectors encoding
SARS-CoV S protein or HCV E1E2 were constructed and produced as previously described (51). The dose
for both immunizations was 5 x 10° TCID,,. The vaccine strain SARS-CoV HKU39849 (AY278491) shares
100% sequence homology of the S gene with the challenge strain SARS-CoV,, . (AY350750).

Animals, tissues, and SARS-CoV infection. SARS-CoV-infected animals and control animals were all
adult female Chinese rhesus macaques. A total of 42 Chinese rhesus macaques were challenged i.n. with
a live pathogenic SARS-CoV (PUM, TCID,, = 50) as previously described (25). An additional 3 uninfected
macaques were inoculated with PBS as negative controls. Animals were subjected to daily measurement of
anal temperature, routine blood assays, and chest radiography. Animals were euthanized at 2, 3, 7, 21, and 35
days after inoculation (Figure 1, Figure 2, and Figure 6). All animals were humanely euthanized with an i.v.
overdose of pentobarbital and were immediately necropsied. Lung tissues (left and right cranial, middle and
caudal lobes, and right accessory lobe) were collected and fixed in 10% neutral-buffered formalin, embedded
in paraffin, and sectioned at 5 pm.

Fassive transfer of IgG. SARS-CoV S protein—immune serum was generated by vaccination with ADS-
MVA vectors. IgG was purified from pooled sera by protein G affinity chromatography to >95% purity. IgG
was depyrogenated, concentrated to 20-30 mg protein ml™', and administered i.v. Recipients received 200
mg or 5 mg of purified IgG per kg body weight at 48 hours before the viral challenge.
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Neutralization. A neutralization assay was established to determine the humoral immune responses gener-
ated by the vaccine as previously described (51). The neutralizing activity of heat-inactivated animal sera was
determined using a pseudotype viral entry assay. The pseudotype virus was generated through cotransfection
of 293T cells with 2 plasmids, pcDNA-Sopt9 and pNL4-3Luc_Env_Vpr_, carrying the optimized S gene and a
human immunodeficiency virus type 1 backbone, respectively. The serial diluted serum samples were incubated
with equal amounts of pseudotype virus at 37°C for 1 hour. The serum-virus mixtures were subsequently added
into preseeded HEK 293T-ACE2 cells. After 56 hours, infected cells were lysed to measure luciferase activity.

Nested RT-PCR and isolation of SARS-CoV. Pharyngeal swab samples were collected from infected
monkeys on the first day after inoculation and subsequently tested for SARS-CoV using nested RT-PCR as
previously described (25). Briefly, RNA was isolated using TRIZOL (Invitrogen). RT-PCR was performed
in a 50 pl reaction volume with outer primer pair (5'-GCTGCATTGGTTTGTTATATCGTTA-TGC-3")
and (5-ATACAGAATACAT-AGATTGCTGTTATCC-3"), inner primer pair (5-TCACTTGCTTC-
CGTTGAGGTAGC-CAGCGTGGT-GGTTCATACAA-3") and (5-GGTTTCGGATGTTACAGC-
GTCTCCCGG-CAGAAAGCTGTAAGCT-3"). All PCR products were verified by nucleotide sequenc-
ing. SARS-CoV was isolated as previously described. Briefly, pharyngeal swab samples from the infected
macaques were inoculated onto Vero-E6 cells and cultured in DMEM (Thermo Fisher Scientific). Both
cytopathic effect (CPE) and immunofluorescence assay (IFA) (incubation with 1:10 dilution of SARS
patient serum) were used to determine the infection status of the animals.

Double and triple immunofluorescence staining on paraffin sections. The samples were deparaffinized and
rehydrated. After blocking with normal goat serum for 30 minutes at room temperature, a rabbit anti—
SARS-CoV nucleocapsid antibody (ss-006-0100, eENZYME) was applied at 4°C overnight, followed by
an Alexa Fluor 448 conjugated goat anti—rabbit IgG antibody for 1 hour at room temperature. Additional
immunofluorescence staining was subsequently performed by overnight incubation with primary antibod-
ies, followed by the detection of signals using appropriate fluorescent secondary antibodies (MilliporeSig-
ma) for 1 hour at room temperature.

Primary antibodies for immunofluresence staining. The following primary antibodies were used in this
study: SARS-CoV NP (ss-006-0100, eENZYME); MAC387 (clone MAC387, AbD, Serotec); CD68 (clone
KPI, DAKQ; ab125047, Abcam); CD163 (clone EDHul, AbD and ab183476, Abcam); HAMS56 (clone
HAMS56, DAKO); CD206 (HPA004114, MilliporeSigma); TGF-J (sc-146, Santa Cruz Biotechnology Inc.);
IL-6 (sc-1265, Santa Cruz Biotechnology Inc.); AE1/AE3 (clone AE1/AE3, DAKO).

ISH studies. ISH was developed for the detection of SARS-CoV. DNA fragments of N and S proteins
from the SARS-CoV strain from Hong Kong (AY278491) were used as templates to generate RNA probes.
The probes were labeled with digoxigenin (GENEWIZ Inc.). After deparaffinization and rehydration, the
sections were treated with microwave heating in an 800 W domestic microwave oven (NN-ST556M, Pana-
sonic) at medium power for 10 minutes in 0.01 M sodium citrate buffer. Hybridization was performed at
high stringency with 150 ng/ml of denatured probe at 45°C for 16 hours in 50 pl of hybridization mix
(50% formamide, 10% dextran sulfate in 2x saline sodium citrate [SSC]) in a moist chamber. Excess probe
was removed by washing twice in 2% SSC for 20 minutes at 45°C, followed by 2 washes in 1x SSC and
0.1x SSC for 20 minutes at 45°C. Immunological detection was conducted using the DIG Nuclear Acid
Detection Kit (Roche Diagnostics) according to the manufacturer’s instructions. Briefly, after incubation
with 1% blocking reagent for 30 minutes, the sections were incubated with sheep anti-digoxigenin alkaline
phosphatase conjugate (11093274910, Roche Diagnostics) diluted at 1: 500 for 2 hours at room tempera-
ture. After 3 separate washes with washing buffer (0.1 M maleic acid, 0.15 M NaCl [pH 7.5], 0.3% Tween
20), the signal was developed using 200 pl of a HNPP/Fast Red TR mix (1758888, Roche Diagnostics) in
the dark for 45 minutes. The sections were counterstained with DAPI. Tissue sections incubated with sense
RNA probe were used as a negative control.

Confocal microscopy. Confocal microscopy was performed using a Carl Zeiss LSM 700 confocal micro-
scope equipped with 4 lasers (Zeiss). ZEN (Zeiss) was used to assign colors to the 4 channels collected: Alexa
Fluor 568 and HNPP/Fast Red, which fluoresces when exposed to a 568-nm wavelength laser and appears
red; Alexa Fluor 488 (Molecular Probes), which appears green; Alexa Fluor 647 (Molecular Probes), which
appears cyan; and the differential interference contrast (DIC) image, which is in gray scale. The 4 channels
were simultaneously collected. To differentiate between individual cells, Hoechst 33258 (nuclear marker;
Molecular Probes) was used at 1 pg/ml and incubated for 5 minutes, followed by rinsing with water. The
colocalization of antigens was demonstrated by the addition of colors as indicated in the figure legend.
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Monocyte isolation, differentiation, and polarization of macrophages. Monocytes were purified from
peripheral blood mononuclear cells obtained from blood buffy coats (provided by Red Cross, Hong
Kong, China) or monkey peripheral blood, as we previously described (52). Monkey peripheral blood
was obtained in heparinized vacutainer collection tubes from healthy female rhesus monkeys. To gen-
erate M1 macrophages, monocytes were differentiated in RPMI 1640 medium (Thermo Fisher Scien-
tific) supplemented with GM-CSF (400 IU/ml), 2 mM glutamine, 10% decomplemented FCS, 100 IU/
ml penicillin, and 100 pg/ml streptomycin (Thermo Fisher Scientific) for 4 days, followed by exposure
to fresh medium supplemented with 5% FCS and containing GM-CSF and LPS (100 ng/ml) + IFN-y
(20 ng/ml) for an additional 72 hours. To generate M2 macrophages, monocytes were differentiated
in RPMI 1640 medium (Thermo Fisher Scientific) supplemented with M-CSF (50 ng/ml), 2 mM glu-
tamine, 10% decomplemented FCS, 100 TU/ml penicillin, and 100 pg/ml streptomycin for 4 days,
followed by exposure to fresh medium supplemented with 5% FCS and containing M-CSF (50 ng/ml)
+ IL-4 (20 ng/ml) for an additional 72 hours.

Quantification of cytokine levels, A panel of 13 cytokines, including IL-1p, IFN-o, IFN-y, TNF-a, MCP1,
1L-6, TL-8, TL-10, TL-12p70, IL-17A, TL-18, 1L-23, and IL-33 in monkey sera and in culture medium were
quantified using multiplexing laser bead technology (BioLegend). To assess the cytokine production of
macrophages, in vitro—polarized cells were washed 3 times with PBS and were subsequently activated with
SARS-CoV pseudotype virus in RPMI 1640 medium (Thermo Fisher Scientific) with or without admin-
istration of highly diluted and heat-inactivated (56°C) sera from macaques or SARS patients. FcyR-spe-
cific mouse monoclonal antibody (5 pg, clone 3G8, anti-hCD16, 16016682; clone FLI8.26, anti-hCD32,
16032981; and clone 10.1, anti-hCD64, 16064981 [BD Pharmingen]) was used for blockade of human
FeyR. The supernatant of these cultures was recovered after 20 hours of stimulation, and the cytokine
levels were measured and analyzed.

Statistics. All statistical analyses were performed using the 2-tailed Student’s ¢ test. P values less than
0.05 were considered statistically significant. Data are presented as the mean values £ SEM of at least 3
independent experiments unless otherwise indicated.

Study approval. The experiment was conducted in a Biosafety Level 3 animal facility. Handling and
experimental procedures, including injections, blood collection, virus challenge, and sacrificing were
approved and performed according to the animal welfare committee on the Use of Live Animals in
Teaching and Research of Institute of Laboratory Animal Science, Beijing, China. All study subjects gave
informed consent, and procedures were reviewed and approved by the University of Hong Kong Research
Ethics Committee.
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Papers reporting FI-RSV vaccine-enhanced ..«
disease (Am J Epidemiol 1969)

 Chin et al. (0,1 schedule; 4 mo. — 10 year; 43 <1
yr.)EosinophiliaCF response <6 mo (36%), 6-18 mo (55%),
2-9 yrs. (84%)Higher rate and severity of illness in
vaccinees (?higher virus load)Fulginiti et al. (0,1,2
schedule; 6 mo.-7 yrs.)7/51 (13.7%) vaccinees vs. 1/65
(1.5%) TPV recipients hospitalizedOf 19 with >4X CF
responses only 9 had NT responsesKapikian et al. (0,1,2
schedule; 5-65 mo. of age; only 2 <1yr.)9/13 vaccinees
with pneumonia vs. 4/47 nonvaccinated (5 & 0
hosp )Relatwely hlgh CF antibody and NT response, and
O eosinopiiiie ai- (0, 1,2 sduie] 2-7 mo. of
age)Peribronchial monc ic infiltrate with excess of
eosinophilsRelatively high CF antibody response in
vaccineesHigh lymphoproliferation index in vaccinees
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FI-RSV Vaccine-Enhanced Disease

Vaccine n* Infected (%) Hospitalized (%)**
Deaths***FI- RSV 31 20 (65) 16 (80)
2FI-PIV-1 40 21 (53) 1 (5) 0

* 1 injection (n=2); 2 injections (n=8); 3 injections (n=21) ** In
unpublished 1962/3 trial - 21/54 infected; 10/21 hospitalized*** 14 and
16 mo. of age; 3 injections starting at 2 and 5 mo. of age. Both had
bacterial pneumonia complicating RSV
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Kim et al. Am J Epidemiol 1969;89:422
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FI-RSV Immunization Results in a Discordance
Between Functional and Binding Antibody

Natural Infection Vaccination

Fusion
Inhibition

Fusion-Inhibiting
Antibody Activity
N
I
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9.3
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Murphy, Walsh et al JCM 1986; 24:197 & 1988; 26:1595
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Histopathology in FI-RSV Vaccine-Enhanced Disease




Immune Response Patterns Associated """
with FI-RSV Vaccine-Enhanced lliness

Antibodies with poor NT activity CD4+ Th2-biased response |
Immune complex deposition Allergic inflammation
A FI-RSV Live RSV
Cad c-tubulin
B IL-4
preimmune . & g\
sera Fe iy & pe: ‘ IFN-y . .
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Polack et al. J Exp Med 2002; 196:859 Graham et al. JI 1993;151:2032



Animal Models of RSV

e RodentsMiceimmunocompromisedPneumovirus of
miceCotton ratsGuinea pigsLarge
animalBovineOvineNonhuman
primatesChimpanzeesAfrican Green
monkeysBaboonsOtherFerretChinchilla
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Determinants of FI-RSV Vaccine Enhanced™ "
lliness in BALB/c Mice
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Potential Advantages of Cotton Rats Over Mice

e 3d old cotton rats >1 logl10 pfu more replication in nose than
adults with delayed viral clearanceMore prominent neutrophil
infiltrateSlightly more permissive than mice, particularly
neonates
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RSV Replication in Cotton Rat

Lung and Nose
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FI-RSV Enhanced Disease Endpoint in Cotton
Rats
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Problems with Rodent Models

Mice Cotton Rats

« Semi-permissiveRelatively high  Semi-permissivelarge inoculum
body temperatureType | IFN not directly to lungDoes not exhibit
inhibited by NS1/2Large inoculum iliInessLimited immunological
directly to lungBALB/c model assessment based on inbred strains
characteristics based largely on and reagentsDifficult to distinguish
two unusual T cells —a V(313.2 neutrophils from eosinophils
M282-90 CD8 and a V14 G184-

198 CD4

Caveats — 1) cannot assess histopathology in absence of viral
replication, 2) cannot reinfect after primary infection
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Bovine Model of bRSV

Lung Infection of
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Caveats - 1) bRSV IS not hRSV, 2) generally small group
sizes in each experiment, 3) Uses large inoculum into
lower airway, 4) limited immunological reagents
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Pfizer Lot 100 FI-RSV

* Bernett strain of RSV isolated in primary human embryonic kidney from throat
swab at NIH, May 1961 and passaged X3Passaged X10 and prod vet
monkey kidney cells3 early (day 4) and 11 late (day 7) sublot harve
combinedClarified by Millipore SM filtration72 hours at 36°C with fo
1/4000 wt/vol50,000 rpm pellet and 25-fold concentratlon in EMEM
salt solut
at 4°C with polymyxin, neomycin, streptomycm and bgnzethonium®™
preservativesIM delivery on a 0,1 or 0,1,2 or 0,1,4 month scheduleControl was
Parainfluenza | then trivalent Para 1,2,3

———
5« Vg

ot 10

 UNDER CONTRi

agram-NIH-PHDHEN

\Hectious Digease:
TED BY FEDERL
SUBATIONAL 12

NIH006423



Neutralizing Epitopes on RSV F

Pre-F5 defined
epitopes3 more being
mapped

Post-F2 shared
epitopes
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Dot Blot for Antigenicity

Pre-F Post-F

_alte alp -'__415 \B_-

Nitrocellulose Membrane

F-specific mAb Anti-Human

% x X

A

Sitell  SiteV Site @
Mota AM14 D25 5C4

NIH006425

Pre-F

Post-F



hilH-000

Antigenicity of RSV F Proteins and Virus Particles
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Pre-F Rapidly Flips to Post-F on RSV at 37°C in 0.025% Formaidehyde
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Conclusions

FI-RSV caused enhanced illness in children <24 mo. oldAntibody response had high
ratio of binding to functional antibody and resulted in immune complex deposition
and complement activation Animal models and human pathology suggest a Th2-
biased immune response was associated with enhanced diseaseMost NT-sensitive
epitopes are on pre-F conformationFI-RSV did not present pre-F epitopes
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Motavizumab Binding and Serum Competition
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Immunogenicity Goals for RSV Vaccines
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Biological Profile of Candidate RSV Vaccines

Neutralizing CD8 T cell Delivery Immune Replication
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Effect of Temperature on Antigenicity and Infectivity
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AM14 is a Quaternary Pre-F and
Trimer-Specific Human mAb

Gilman et al. PLoS Bathog. 2015 Jul 10;11(7):e1005035.
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FI-RSV Vaccine-Induced Antibody

% 4-fold Mean fold Post RSV mean
rise rise fold rise

NT with C 21 (12 of 16)
CF 165 (15 of 16)*

Binding antibody was induced out of proportion to neutralizing antibody
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History of FI-RSV Vaccine Enhanced
Disease in Clinical Trials

<1966 - Live and inactivated RSV given parenterally
without benefit, but no reported harm 1966-7 —
4 independent studies using Pfizer lot 100
formalin-inactivated RSV did not protect and
caused enhanced disease>1967 - Live

RSV IM, live-attenuated RSV IN given without
harm
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Murine Model of RSV
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Vaccine-Enhanced Disease
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Immunological Lessons from Respiratory
Syncytial Virus Vaccine Development
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Respiratory syncytial virus (RSV) has eluded active vaccination efforts for more than five decades and con-
tinues to cause substantial morbidity and mortality in infants, the immunocompromised, and older adults.
Although newer approaches of passive antibody-mediated protection show promise, vaccines aimed at elic-
iting fusion protein (F)-targeting antibodies have repeatedly failed to meet pre-established, modest-efficacy
goals. Newer candidates, including protein-based vaccines, live-attenuated viruses, and gene-based deliv-
ery platforms, incorporate structurally defined and stabilized versions of the prefusion form of the F glycopro-
tein and are advancing rapidly into critical efficacy studies in susceptible target populations. This review
discusses the storied history of RSV vaccine development, immunological lessons learned along the way,
and critical findings about protein structure that remodeled our understanding of protective immunity to

this important pathogen.

Introduction
Respiratory syncytial virus (RSV) was discovered in 1956 as chim-
panzee coryza agent (Blount et al., 1956) and associated with the
clinical syndrome of bronchiolitis in 1957 (Chanock and Finberg,
1957). Bronchiolitis may have been first described in western liter-
ature in 1826 (Parrish, 1826), and the pathology and clinical fea-
tures of bronchiolitis were reported in 1939 and 1941, respectively
(Adams, 1941, 1948; Goodpasture et al., 1939). RSV bronchiolitis
was associated with childhood asthma in 1959 and is the leading
cause of hospitalization in young infants (Beem et al., 1960; Hall
et al., 2013; Wittig and Glaser, 1959). It is ubiquitous and present
in all geographic locations and climates throughout the world (Shi
etal., 2017, 2019). RSV and metapneumovirus together account
for nearly half of all medically attended respiratory infections in
children less than one year of age (Lozano et al., 2012), and alarge
case-controlled study on the etiology of pneumonia implicated
RSV as the cause of approximately 31% of pneumonia cases in
African and Asian children, the greatest etiological fraction of all
pathogens (Pneumonia Etiology Research for Child Health
[PERCH] Study Group, 2019). RSV causes annual seasonal out-
breaks which occur primarily in winter months in temporal cli-
mates but year-round in tropical climates (Hall et al., 2013). Virtu-
ally all children are infected by their second year of life, and about
2%-3% will require hospitalization during primary infection, with
the peak age of severe disease being 1-3 months of age. Reinfec-
tion occurs throughout life, and severe disease with hospitaliza-
tion is not uncommon through age 5 (Hall et al., 1986). Infection
is usually restricted to the upper respiratory tract in older children
and adults, with relatively mild illness until compromised by old
age or immunodeficiency. In the frail elderly, infection rates are
about 5%-10% per year, with about a 0.1% incidence of severe
disease requiring hospitalization, similar to rates of influenza
(Falsey et al., 2005)

RSV infection and bronchiolitis in infants is characterized by ta-
chypnea and wheezing with chest wall indrawing as a sign of
distress. These clinical findings reflect viral tropism that includes

the differentiated, polarized, ciliated bronchiolar epithelium and
type | alveolar pneumocytes (Figures 1A and 1B). Lower respira-
tory tract infection (LRTI) with hypoxemia is common during pri-
mary infection because of infection and inflammation in the alve-
olus and small airways. Small infants, especially those born
prematurely or with bronchopulmonary dysplasia or congenital
heart disease, are particularly susceptible to severe disease.
This is due in part to airway obstruction from sloughed epithelium,
inflammatory cell debris, fibrin, and mucus. In young infants, in
whom the lung and airways are still developing, damaged epithe-
lium and inflammation may have lasting effects on lung function
and be manifested as childhood wheezing or early onset of
chronic obstructive pulmonary disease (COPD) in adults (Berry
et al., 2016; Taussig et al., 2003). LRTI by RSV may also be
complicated by high right-heart pressures because of inflamma-
tion around small vessels in the airway. This could explain why
congenital heart disease is a risk factor for severe RSV disease
and why morbidity in the elderly is usually expressed as an exac-
erbation of underlying cardiopulmonary disease.

Until 2016, RSV was taxonomically classified within a subfam-
ily of Paramyxoviridae but is now a member of the newly estab-
lished Pneumoviridae family. This change was based on the
distinct phylogeny of the polymerase (L) and the presence of a
conserved M2 gene involved in various aspects of transcription
regulation and virus morphology (Kiss et al., 2014; Rima et al.,
2017). RSV shares many general characteristics of paramyxovi-
ruses as a negative-sense, single-stranded RNA-enveloped
virus with a cytoplasmic replication cycle. RSV is distinct from
human metapneumovirus by the presence of additional
nonstructural genes, NS1 and NS2, at the 3’ end of its nega-
tive-sense RNA genome (Figure 1C). These proteins are entirely
devoted to interfering with the induction and effector functions of
type | interferons (Bitko et al., 2007; Spann et al., 2004, 2005;
Swedan et al., 2009). This feature of RSV has profound effects
on innate susceptibility to infection and reinfection and influ-
ences the induction and maintenance of adaptive immunity.
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Figure 1. Features of RSV Pathogenesis, Genome Organization, and Prefusion F Structure
[A and B) Red arrows indicate RSV-infected (A) ciliated bronchiolar epithelial cells and (B) type | pneumocytes following immunohistochemistry of the lung of an

infected infant.

(C) The genome of RSV is uniquely configured compared with that of human metapneumovirus (h(MPV) and members of the paramyxovirus family.
(D) RSV pre-F displayed on the right has a distinct shape from the F protein of human parainfluenza virus 5 (PIV5), shown on the left.

RSV Surface Proteins Are Key Antibody Targets

RSV displays three viral proteins on its surface: SH, F, and G
(Figure 2). SH is a pentameric ion channel similar to the M2 pro-
tein encoded by influenza virus (Gan et al., 2012), whichcan be a
target for antibodies with Fc-mediated effector functions
(Schepens et al., 2014). The G glycoprotein is a putative attach-
ment protein and is a transmembrane protein anchored at the N
terminus analogous to proteins with hemagglutination (H) and
neuraminidase (HN) properties on other paramyxoviruses. RSV
G also has an alternative initiation codon in the transmembrane
domain and therefore exists in both a membrane-anchored
and a secreted form (Roberls et al., 1994). G has highly variable
mucin domains at both ends of the molecule with high proline
content and extensive O-linked glycosylation that surround a
central conserved domain. The membrane-anchored version of
RSV G could be a target for neutralizing antibodies that bind epi-
topes in the central conserved domain around the cysteine-
noose structure (Jones et al., 2018; Plotnicky-Gilquin et al.,
1999). The heparin binding domains and the O-linked glycan do-
mains can bind C-type lectins, endowing the secreted form of G
with immunomodulatory functions (Chirkova et al., 2013; Feld-
man et al., 1999; Johnson et al., 2012). G-specific antibodies
that block G binding to airway epithelial cells or antigen-present-
ing cells could potentially reduce disease severity, as they do in
animal models (Boyoglu-Barnum et al., 2014; Chirkova et al.,
2015; Choi et al., 2012; Zhang et al., 2010).

The RSV F protein, which mediates fusion of the virus with the
host cell membrane, has two major conformational states: prefu-
sion and postfusion. The metastable prefusion F protein (pre-F)
undergoes a conformational change to mediate membrane

fusion and form a stable postfusion F structure (post-F). Anti-
bodies to F are directed at several domains designated antigenic
sites. Antigenic sites |-V are shared between pre-F and post-F,
but sites @ and V are displayed exclusively on the pre-F confor-
mation (Figure 3). Even among the shared sites, not all antibodies
bind equally to both conformations (Gilman et al., 2016; Phung
etal., 2019). Thisis particularly notable for site Ill and site |, which
are more pronounced on pre-F and post-F, respectively (Good-
win et al., 2018). Although RSV F is comparable to paramyxo-
virus F proteins in its organization, the prefusion conformations
have different shapes and domain structures (Figure 10). Unlike
the G protein, there is relatively little glycosylation on F and only
three glycans (amino acids 27, 70, and 500) in the mature
cleaved trimer. F is relatively conserved, and even between the
two subtypes A and B, there are only ~25 amino acid differences
in the 498 residues of the F ectodomain. Unlike the antigenic drift
demonstrated ininfluenza and other RNA viruses, the variationin
F is more of a toggling of the amino acid differences between
subtypes A and B. Most of these are conservative changes,
and there is no significant immunodominance pattern recog-
nizing one domain over another. Conformational instability of F
may be a feature that helps RSV avoid neutralization. As virus
is shed from infected cells, F tends to spontaneously flip into
the post-F conformation, which is 16 nm tall compared with
the 11-nm-tall pre-F conformation. This limits the amount of
functional pre-F on the viral surface but may also make pre-F
less accessible to neutralizing antibodies.

In contrast to F, the G protein exhibits significant sequence
variation in its mucin domains, and RSV subtyping by genotype
is typically based on G sequences. Although antibodies against
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either F or G are capable of blocking infection, F is often consid-
ered to be a more attractive target for intervention because of its
multiple highly neutralization-sensitive epitopes and relative
conservation between A and B subtype isolates. In RSV-experi-
enced individuals, studies have shown a positive correlation of
RSV-specific serum IgG and/or nasal IgA with protection from
infection and/or severe disease (Chu et al., 2014; Falsey, 2007;
Glezen et al., 1981; Habibi et al., 2015; Luchsinger et al., 2012;
Piedra et al., 2003). In RSV-naive infants, lower susceptibility to
disease has been shown among infants who receive higher
levels of antenatally transferred neutralizing antibody from their
mothers (Glezen et al., 1981; Stensballe et al., 2009). Given the
clear protective role of antibody, including the success of pas-
sive immunoprophylaxis with F-specific monoclonal antibodies,
the elicitation of neutralizing antibodies is the primary goal of
most active vaccination approaches.

T Cell Responses to RSV

CD8' T cells are important for the clearance of RSV-infected lung
epithelial cells, yetthe contribution of RSV-specific T cells to pro-
tection is less clear. Animal models of RSV infection have
demonstrated that T cells are capable of mediating both benefi-
cial and deleterious effects, but they have not been shown to
directly mediate immunopathology in human infection (Heidema
etal., 2007; Lukens et al., 2010). Infact, in infants hospitalized af-
ter primary RSV infection, the CD8" T cell response correlates
with recovery from disease, and relatively few CD8" T cells

Figure 2. Respiratory Syncytial Virus
Particle

RSV virions bud from infected cells as filamentous
particles exhibiting a well-organized scaffold of M
and M2-1 proteins, which house the single-
stranded RNA (ssRNA)-containing ribonucleo-
capsid. After RSV buds from the cell, the matrix
layer becomes fragmented, and the particles
become pleomorphic and eventually round. Pas-
sive antibody transfer and vaccination strategies
have largely focused on the three surface glyco-
proteins: F, G, and SH. F present on the surface of
viral filaments is usually in the active pre-F
conformation. As virions are shed from infected
cells, the metastable F flips spontaneously into the
post-F conformation over time, and spontaneous
rearrangement is accelerated by high tempera-
tures. G is a type 2 membrane protein and is
disordered with mucin-like O-linked glycan do-
mains on each end (green) surrounding a
conserved cysteine-noose structure centrally
(yellow). While F and G are targets of neutralizing
antibody, SH, a pentameric ion channel, can be a
target for antibodies with Fe-mediated effector
functions.

were observed in histological examina-
tion of the lung following lethal cases
of RSV, suggesting a protective role for
CD8* T cells (Johnson et al., 2007; Well-
iver et al., 2007). Children with T cell def-
icits experience prolonged viral shedding,
which can resolve following bone marrow
transplantation and engraftment of CD8*
T cells (El Saleeby et al., 2004). Following
allogeneic bone marrow or lung transplantation, individuals are
particularly susceptible to fatal disease, likely because they
lack CD8" T cells capable of clearing infection from the lung
(Ghosh et al., 2000; Kim et al., 2014; Neemann and Freifeld,
2015). The establishment of lung-resident RSV-specific T cells,
in particular, may facilitate viral clearance and mitigate disease
during the numerous reinfections with RSV throughout life as
evidenced by human challenge studies (Jozwik et al., 2015).
The elicitation of CD8" T cells and T helper 1 (Th1)-type CD4" re-
sponses to support both adaptive T and B cell responses is not
the primary goal of active vaccination but would likely promote
viral clearance and provide a second line of defense against
severe disease. Given the differences in risk factors associated
with severe disease between infants and the elderly, the optimal
balance of T cell and antibody responses may be age depen-
dent. Although this review is focused largely on the antibody
response, the role of RSV-specific CD4™ and CD8" T cells in
both protection and disease has been reviewed elsewhere
(Christiaansen et al., 2014; Schmidt and Varga, 2018).

Specific Challenges with RSV Vaccine Target
Populations

RSV vaccines aimed at protecting infants are currently under
development for pediatric or matemal administration, and prod-
ucts aimed at boosting pre-existing adaptive immune responses
to sufficiently protect the elderly are also undergoing clinical
testing. Each of these target populations has unique challenges
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Figure 3. Antigenic Site-Specific Antibodies Elicited by Pre-F or Post-F Antigens

Pre-F elicits antibodies to allthe antigenic sites that have been identified on the F protein. While post-F elicits antibodies to antigenic sites |, Il Ill, and IV, which can
sometimes recognize shared surfaces on the pre-F structure, it does not display sites © and V, which have been shown to elicit antibodies with high neutralizing
activity. Antibodies targating site | show preference for post-F and tend to have low neutralizing activity, while those that target site Ill show preference for pre-F

and have relatively potent neutralizing activity.

and considerations, and it is likely that distinct products tailored
toward inducing the most favorable immune profile for each
target population will be needed to achieve licensure.

RSV has the greatest impact during early life, particularly in the
first year of life, during which malaria is the only single pathogen
that accounts for higher global mortality (Lozano et al., 2012). In-
fant susceptibility has both physical and immunological under-
pinnings. Airway maturation and alveolarization are incomplete
at birth and can take months to years following parturition
(Schittny, 2017). Infants have narrow airways that are more easily
occluded by inflammatory infiltrates (Johnson et al., 2007). Early-
life deficiencies in both innate and adaptive immunity thought to
contribute to RSV disease are well documented (Lambert et al.,
2014; Ruckwardt et al., 2016). Interestingly, despite reduced
levels of B cell class-switching and somatic hypermutation, in-
fants are able to generate potent site lll-specific antibodies
with little to no somatic hypermutation (Goodwin et al., 2018). In-
fants have an inherent Th2 bias that impairs their ability to elicit
optimal CD8" and helper T cell responses. Immunity is further
impaired by viral subversion of type | interferon responses and
immune modulation by the secretory form of the G protein. Im-
mune responses to RSV exhibit a lack of durability and protective
memory despite relatively limited genetic variability of the virus
(Hall et al., 1991). The lack of immunological prowess during
the primary exposure in early life may leave a suboptimal imprint
on the adaptive immune response. The goal of direct immuniza-
tion in RSV-naive infants would be to elicit highly neutralizing an-
tibodies, supportive T helper responses, and sufficient CD8"
T cells to clear viral infection and diminish shedding. Preventing
Th2-biased immunity or the elicitation of poorly neutralizing anti-
bodies will be paramount to ensuring vaccine safety and elimi-

nating the threat of vaccine-enhanced disease, as discussed
below. Given the insufficiencies of the natural immune response,
significantly altering the parameters surrounding the initial expo-
sure to viral antigens may be required to elicit long-lasting RSV-
specific memory.

In addition to the physical and immunological challenges of in-
fants, maternally transferred antibodies have been found to sup-
press the induction of RSV-specific immunity, particularly in the
first few months of life (Murphy et al., 1986; Shinoff et al., 2008).
This leaves a window of susceptibility within the first few months
of life, as maternal antibody waning precedes the ability of in-
fants to fully harness the power of the germinal center response
and affect somatic hypermutation toward the generation of
higher avidity antibodies. The extension of protection through
maternally transferred antibodies is the goal of vaccines aimed
at immunizing pregnant women. This approach has historical
precedence, and maternal immunization has been effective in
mitigating both maternal and infant influenza and pertussis-
mediated respiratory consequences (Munoz and Jamieson,
2019). The major immunological challenge of maternal vaccina-
tion for RSV is to boost neutralizing antibody safely, because
cellular immunity is not conferred to the infant. Pregnancy natu-
rally evokes a period of immunological suppression to prevent
potentially adverse responses to the developing fetus. Nonethe-
less, an immunogenic vaccine delivered in the late second or
early third trimester could enhance vertical transfer of polyclonal
anti-RSV antibodies that could prevent disease during the highly
vulnerable first six months of life (Munoz, 2015).

Many of the greatest challenges for maternal vaccination
strategies are practical rather than biological. Successful
implementation of maternal vaccination programs will require
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an infrastructure that supports antenatal care and immunization
services for pregnant women in low- to middle-income coun-
tries, which bear the greatest burden of RSV disease (Krishnasw-
amy etal., 2019; Shi et al., 2017). Education and vaccine accep-
tance will be as critical as timing of vaccination during pregnancy
and in relation to the regional seasonality of RSV. In addition to
these obstacles, other endemic pathogens are known to alter
the efficiency of antibody transfer from mother to child. Two
notable examples of this are during HIV and malaria infection,
in which impaired transport of RSV antibodies can result in
cord-to-maternal titer ratios < 1.0 (Atwell et al., 2016; Jallow
et al.,, 2018). Whether protection of infants through maternal or
pediatric vaccine administration or passive delivery of mono-
clonal antibodies to neonates will be more effective is likely to
vary geographically.

Finally, protection from RSV disease at the opposite end of the
age spectrum presents its own unique set of challenges. These
challenges are, in part, due to immunosenescence, a hallmark
of immunity in older adults. Thymic involution and altered T cell
function result in paltry support for B-cell- and antibody-medi-
ated immunity. Although low serum antibody in the institutional-
ized elderly portends increased incidence of disease, many
other factors contribute to susceptibility in the elderly (Walsh
et al., 2004). Among them, COPD and functional disabilities fac-
tor heavily (Mehta et al., 2013). Boosting neutralizing antibodies
and promoting anti-viral T cell effector responses that facilitate
clearance are goals of RSV vaccines in the elderly, but achieving
these goals may require the use of adjuvants or novel gene-
based approaches. The outcome of several subunit vaccine tri-
als in the elderly has been disappointing, and leveraging our
knowledge of glycoprotein structure, as discussed below, will
be a critical step toward eliciting protective immunity in adult
populations.

Other important goals for vaccination are to prevent severe dis-
ease in young children, avoid hospitalization, and prevent infec-
tion in immunocompromised persons to avoid mortality. Although
the burden of disease is lower in school-aged children, they have
been implicated as a primary source of transmission to infants
and the elderly (Munywoki et al., 2014). Vaccination of this popu-
lation could prevent RSV infection of more vulnerable populations
(Polettietal., 2015). Other high-risk populations include the immu-
nocompromised and transplant recipients, but these populations
are not being targeted by active vaccination strategies.

Past and Present RSV Vaccine Strategies

In the subseguent sections, we will discuss the results of early at-
tempts at RSV vaccination and lessons learned about RSV immu-
nity in the process. The fledgling field began with a major misstep,
a formalin-inactivated vaccine that caused enhanced respiratory
disease (ERD) upon natural infection. This is the 50th anniversary
of the publications describing the FI-RSV vaccine-associated
ERD, and consequences of that event are still foremost consider-
ations in the development of new vaccine approaches and immu-
nological strategies. Although many of the initial vaccine attempts
were not successful, each taught us an important lesson about
protective immunity to RSV. The field has advanced cautiously,
with critical findings about RSV virology and protein structure
transforming live-attenuated and subunit vaccine approaches,
and refining the selection of monoclonal antibodies used for pas-
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sive prophylaxis. Past and present approaches are outlined in
Figure 4, along with the anticipated or actual outcomes of these ef-
forts. The field is rapidly changing, and a list of current candidate
vaccines and antibodies is maintained by PATH at https:/
vaccineresources.org/details.php?i=1562.
Formalin-Inactivated RSV
Shortly after RSV was discovered, vaccine development efforts
were initiated using the technology available at the time, namely
live-attenuated or inactivated whole-virus vaccine approaches.
Early efforts were complicated by difficulty growing the virus to
high titer and maintaining viability. In pivotal studies in the
1960s, a whole inactivated virus vaccine was tested in infants
in a small pilot study, then extended into four studies with
different age cohorts and geographic locations (Chin et al.,
1969; Fulginiti et al., 1969; Kapikian et al., 1969; Kim et al.,
1969). The youngest cohort included infants who were immu-
nized between two and seven months of age with up to three
doses of FI-RSV between 1965 and 1966 (Kim et al., 1969). Dur-
ing the subsequent winter season, RSV infections occurred in 20
of the 31 infants who had received the “lot 100" FI-RSV vaccine
in the study; 16 of the 20 required hospitalization, and two infants
died from severe RSV disease (Kim et al., 1969). Comparing out-
comes of different age cohorts suggested that the children who
were youngest at the time of vaccination were most at risk for se-
vere disease associated with FI-RSV vaccine, implying that the
aberrant responses associated with immunopathology were
induced by primary immunization in RSV antigen-naive infants.
Although children previously infected with RSV before exposure
to FI-RSV were not protected from subsequent RSV infection,
vaccine ERD was not as evident. Similarly, intramuscular vacci-
nation of RSV-naive infants with a low dose of live RSV was not
sufficiently immunogenic to afford protection from infection but
did not result in enhanced disease (Belshe et al., 1982). There-
fore, establishing T cell memory with the right phenotype and
B cell memory with the right specificity are key priorities for
safe vaccines targeting young infants. Since then, studies based
on serum and tissue from the clinical trials and supported by an-
imal models have elucidated distinct immunological patterns
associated with the FI-RSV ERD syndrome, one involving
T cells and the other involving antibodies.

Children vaccinated with FI-RSV had evidence of robust CD4"
T cell proliferation, and tissue sections demonstrated the pres-
ence of eosinophils in addition to neutrophils, lymphocytes,
and mononuclear cell infiltrates after RSV infection (Kim et al.,
1976). Similarly, animal studies in mice, nonhuman primates,
and cattle have shown that priming with FI-RSV followed by
airway challenge with live virus results in a Th2-biased T cell
response with eosinophilia and excess mucus production (De
Swart et al., 2002; Graham et al., 1993b; Kalina et al., 2005).
This is consistent with findings that a family history of atopy
and a variety of Th2-related cytokine and receptor genetic poly-
morphisms are risk factors for severe RSV disease (Choi et al.,
2002; Gentile et al., 2003; Hoebee et al., 2003; Puthothu et al.,
2006; Trefny et al., 2000). Therefore, induction of responses
that involve IL-4, IL-5, IL-9, and IL-13 should be avoided when
vaccinating antigen-naive infants. Because neonates tend to
be naturally Th2 biased, the method of antigen delivery is partic-
ularly important in this age group. Live-attenuated virus vaccines
have been shown to be safe in antigen-naive infants, and in
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Figure 4. RSV Vaccine Approaches

Several vaccine approaches are being pursued for pediatric, maternal, and elderly target populations. Ongoing clinical trials use lessons learmed from early
attempts involving FI-RSV and from passive prophylaxis studies. The primary goal is the elicitation of potently neutralizing antibody, which may be aided by
appropriately targeted T cell responsesin infants and the elderly. *Numerous VLP and nanoparticle approaches incorporate either pre-F or post-F with the goal of
enhancing immune responses through multimerization. **Actual outcomes from the FI-RSV vaccine and large-scale clinical efficacy studies are shown in bold.

animalmodels, priming with live virus or gene-based vectors that
induced CD8" and Th1 CD4" T cells prevented subsequent Th2-
biased responses from FI-RSV. Although there is still some con-
troversy about the role of Th2-biased CD4" T cell responses and
the fidelity of animal models in understanding FI-RSV-associ-
ated ERD, the association of allergic inflammation with severe
RSV disease in the pathogenesis of natural infection suggests
that primary vaccination of neonates should avoid these re-
sponses.

Although FI-RSV was made from whole virus, the antigenic
content was never documented. The vaccine was prepared by
growing RSV in Vero cells, concentration by centrifugation, inac-
tivation with 0.025% formalin, and formulation with aluminum
salts. Given that the virus was inactivated and washed prior to
formulation, the secreted form of G would have been removed
leaving only the membrane-anchored form, and the quantity

and composition of G in the lot 100 FI-RSV vaccine used in chil-
dren have not been demonstrated. Although early experimentsin
murine models suggested that G might play a role in the Th2-
biased CD4" T cell response (Hancock et al., 1996; Johnson
and Graham, 1999; Johnson et al., 1998; Openshaw et al.,
1992), subsequent studies showed that G was not required for
vaccine-associated ERD in mice (Johnson et al., 2004a). Instead,
an MHC class Il epitope in G that is recognized by a V14" CD4"
T cell, which is inherently biased toward IL-4 production, caused
the increased eosinophilia after prior immunization with G (John

sonetal., 2004b). Itis also important to note that these and other
studies of enhanced disease in semi-permissive animal models
of infection should be interpreted with caution, as appropriate
controls to determine the role of viral replication and possible
contaminants should be included (Piedra et al., 1993; Shaw
et al., 2013). It is unclear how well these findings can be
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extrapolated to ERD in human infants. The allergic inflammation
associated with prior FI-RSV priming in animals cannot be attrib-
utable to a specific RSV epitope or antigen but is rather a more
general phenomenon related to obligate MHC class Il antigen
presentation followed by airway challenge. In mice, the presence
of RSV-specific CD8" T cells during vaccination regulates the
differentiation of CD4" T cells, resulting in a dominant Thi
CD4* T cell response (Srikiatkhachorn and Braciale, 1997). As
noted, live RSV given nasally or parenterally does not cause
ERD, suggesting that the aberrant T cell responses associated
with FI-RSV immunization are related to antigen presentation in
general and not antigen specific.

Serology from children immunized with FI-RSV showed that
substantial binding antibody responses could be measured by
complement fixation or ELISA, but neutralizing or fusion-inhibit-
ing activity was weak (Kim et al., 1969; Murphy et al., 1986; Mur-
phy and Walsh, 1988). This was associated with immunohisto-
chemical evidence in tissue of immune complex deposition
and complement fixation (Delgado and Polack, 2004; Polack
et al., 2002). Therefore, future vaccines should avoid inducing
an antibody with poor functional activity, which may lead to
high viral loads, immune complex formation, and immunopa-
thology. In contrast to T-cell-mediated allergic inflammation,
there is evidence that the poorly functional antibody responses
associated with FI-RSV-associated ERD is related to antigenicity
of the vaccine, specifically the conformational state of the F
glycoprotein. The untriggered, metastable pre-F trimer sponta-
neously flips to post-F as virion filaments bud from infected cells
(Ke et al., 2018). This process is accelerated when the matrix
layer becomes fragmented and the virus assumes a polymorphic
shape and eventually becomes round. The pace of F rearranging
into the nonfunctional post-F conformation increases with
increasing temperature, and this process results in a non-infec-
tious virion. Heating virus to 37°C for more than 24 h inactivates
virtually all virions in a liquid suspension and drives the unidirec-
tional rearrangement of all F into the postfusion state (Killikelly
et al., 2016). Therefore, FI-RSV-induced antibody responses to
the post-F molecule that had binding activity but low neutraliza-
tion potency and a propensity to form immune complexes, a pro-
file which should be avoided.

The failure of the FI-RSV vaccine to protect infants and,
further, that it caused vaccine-enhanced illness in RSV-naive in-
fants has shaped the field of RSV vaccines. The FI-RSV vaccine
studies serve as a cautionary tale and highlight important im-
mune responses to avoid in the antigen-naive population (Th2-
biased CD4"* T cell responses and binding antibodies with low
neutralization potency) and have taught us about the impact of
immunological priming on subsequent natural infection. Further-
more, research using animal models for RSV vaccines and infec-
tion studies demonstrates the utility and caveats of using semi-
permissive animal models to study a virus distinctly specialized
for infecting humans.

Live-Attenuated and Gene-Based Vaccination

Clinical trials using live-attenuated RSV delivered intranasally
began shortly after the tragic failure of formalin-inactivated virus.
The rationale for this approach is based on the tenet that limited
viral replication in the respiratory tract and intracellular process-
ing and presentation of viral antigens would both promote natu-
rally balanced B and T cell responses and avoid the circum-

NIH-000523 Att

stances that led to vaccine-enhanced disease. This approach
is well suited to antigen-naive infants. It offers needle-free deliv-
ery and the opportunity to generate responses directly in the res-
piratory mucosa, where immune suppression mediated by
maternally transferred 1gG is limited. Because RSV buds from
the apical surface of epithelial cells, the F and G glycoproteins
on the surface of de novo viral particles preserve their native
glycosylation patterns and conformational integrity, including
the retention of the pre-F-exclusive immunogenic antigenic
sites. Stimulation of T and B cell responses in induced lymphoid
tissue in the lung and lung-draining lymph nodes also has the po-
tential to promote tissue-resident responses and offer a more
robust barrier to progression of infection from the upper to the
lower airway.

Evaluation of live-attenuated vaccines began with biologically
derived attenuated viral strains. Viruses altered by cold-passage
(cp) or mutagenesis techniques were laboriously derived and
tested. One of these, cp-52, had a natural deletion of the G
and SH proteins (Karron et al., 1997). These vaccines were re-
placed by a newer generation of mutant viruses rescued using
reverse genetics, which allowed for precise manipulation and
incorporation of mutations known to improve genetic stability
and progressively attenuate viral replication (Karron et al.,
2013). Despite this major advance, recombinant live-attenuated
vaccines have met similar clinical stumbling blocks as their bio-
logically derived predecessors: inability to strike a viable balance
between attenuation and immunogenicity. Over nearly four de-
cades of testing, multiple live-attenuated candidates have
advanced through sequential testing in seropositive adults and
children before progressing into seronegative children over the
age of six months and finally into younger seronegative cohorts
(Karron et al., 2013). Minimal shedding in seropositive adults and
children is needed to ensure sufficient attenuation, but attenu-
ated viruses need to replicate and provide the innate stimuli
required to be immunogenic in RSV-naive infants or children.
Conversely, insufficient attenuation has led to the induction of
symptoms of respiratory tract infection in young infants. Despite
these limitations, there has been no evidence of enhanced dis-
ease resulting from live-attenuated vaccines, even in very young
infants unlike FI-RSV.

The newest generation of recombinant live-attenuated vac-
cines has capitalized on knowledge of RSV virology. Under-
standing how the M2-2 protein regulates the switch from tran-
scription of genes to replication of the genome informed one
approach, and the importance of NS2 inhibiting type | interferon
induction and effector mechanisms to evade innate immunity
has informed other approaches. In conjunction with stabilizing
mutations that eliminate the risk of viral reversion, deletion of
the regulatory M2-2 protein has been used to uncouple viral tran-
scription and replication, favoring transcription and higher anti-
gen expression (McFarland et al.. 2018). Other mutations, such
as deletion of the immune evasion gene NS2, are also being
combined with stabilizing mutations to fine-tune immunogenicity
(Luongo et al., 2013). The expression of NS1 and NS2 virulence
genes can also be diminished by codon deoptimization (Meng
et al., 2014). Each set of mutations must be empirically tested,
and the in vivo response can be complicated by age- and
host-dependent susceptibility factors. Itis unknown if these stra-
tegies can alter the context of vaccine antigen presentation
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enough to shift the paradigm of natural infection toward the gen-
eration of more durable adaptive responses, as these vaccines
still possess some of the immunomodulatory features of wild-
type RSV. Ultimately, immune responses superior to natural
infection will be needed to confer protective and durable immu-
nity. Some new live-attenuated virus vaccine approaches are uti-
lizing F proteins that are less likely to flip from pre-F to post-F to
improve thermostability (Rostad et al., 2018; Stobart et al., 2016).
Expression of stabilized pre-F in the context of parainfluenza
vectors are being explored in preclinical studies, and other
live-attenuated platforms are being used to deliver RSV antigens
in the context of vectors like Sendai virus, further disassociating
them from the immunomodulatory context of natural infection
and capitalizing on the increased potency of pre-F specific
neutralizing antibodies (Jones et al., 2012; Liang et al., 2017;
Liu et al., 2017; Russell and Hurwitz, 20186).

DNA- and RNA-based vaccine approaches also offer the in-
duction of both B- and T-cell-mediated adaptive immunity and
are currently in preclinical testing, while several vector-based
candidates have advanced to phase | and phase Il clinical trials.
MVA and adenovirus vector delivery of RSV vaccine antigens
provide innate stimuli and high-level gene expression that could
boost the elicitation of CD8" T cells and Th1 CD4" T cells
balanced with potently neutralizing antibodies, particularly
when used to deliver pre-F. These approaches are moving for-
ward for pediatric target groups, capitalizing on immunological
lessons learned from live-attenuated vaccines about promoting
safe immune responses in antigen-naive infants. Overcoming
the barrier of maternal antibody, balancing attenuation with
immunogenicity, and surpassing the shortcomings of immunity
to natural infection remain significant challenges for infant vacci-
nation. In the elderly, gene-based approaches will need to over-
come the restrictions of live-attenuated vaccines and provide a
substantial boost to pre-existing antibody and T cell responses.
Subunit and Nanoparticle Vaccination
Not far behind live-attenuated modalities, the 1990s marked
several attempts to actively vaccinate small cohorts of healthy an-
tigen-experienced children or the elderly with F subunit vaccines.
Purified fusion proteins, Lederle-Praxis products PFP-1 and
PFP-2, commonly elicited a more than 4-fold boost in ELISA-bind-
ing antibody in these small studies (Belshe et al., 1993; Falsey and
Walsh, 1996, 1997, Paradiso et al., 1994; Tristram et al., 1993).
Similar boosts in neutralizing antibody were less frequent, and
the vaccines uniformly demonstrated an inability to protect from
respiratory infection with modest protection from symptoms.
Larger studies with purified F followed in the 2000s. Due to the
metastable properties of pre-F, these F protein products without
stabilizing mutations manufactured by Sanofi, Novartis, GlaxoS-
mithKline, Medlmmune, and Novavax have similar antigenic,
morphological, and physical properties to the post-F protein.
The furthest progressed, sf9 insect cell-produced Novavax nano-
particle was not effective in preventing medically attended RSV
LRTI in a large phase Ill study in older adults (https://ir.novavax.
com/news-releases/news-release-details/novavax-announces-
topline-rsv-f-vaccine-data-two-clinical-trials). A second large
phase lll study testing the product for maternal immunization
failed to meet its primary efficacy endpoint for protection of infants
up to 90 days of age (https:/ir.novavax.com/news-releases/
news-release-details/novavax-announces-topline-results-phase-
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3-preparetm-trial). In phase ll, a Sanofi product containing post-F,
G, and M induced a 4-fold increase in neutralizing activity in fewer
than half of vaccinees at 1 month post-vaccination and did not
progress into phase lll trials. MEDI7510, an adjuvanted purified
post-F subunit manufactured by Medlmmune, failed to protect
elderly recipients in a phase Il study and has similarly been termi-
nated (Falloon et al., 2017). Because of the presence of antigenic
site Il on both pre-F and post-F, post-F vaccines elicit antibodies
that compete with palivizumab in vaccinated subjects. Measuring
palivizumab-competing antibody (PCA) is considered by some to
be a surrogate for functional antibody responses because of the
clinical efficacy of palivizumab. However, most antibodies that
compete with palivizumab binding do not have the level of neutral-
izing activity conferred by palivizumab, and the usefulness of this
metric has not been established. Because of the close proximity
of antigenic sites, antibodies to adjacent sites can contribute to
these readouts and confound interpretation of PCA data (Phung
et al., 2019). The late-phase failures of these three vaccines high-
light our lack of ability to predict protective immunity to RSV and
to elicit appropriately targeted adaptive immune responses.

All of the above vaccine development efforts were initiated prior
to solving the RSV pre-F structure in 2013. Defining the atomic
level structure in its pre-triggered, prefusion conformation re-
sulted in the discovery of new highly neutralization-sensitive anti-
genic sites (@ and V) exclusive to the apex of pre-F and allowed
mapping the epitopes of other neutralizing monoclonal antibodies
(mAbs) such as MPES (site lll) (Corti et al., 2013; McLellan et al.,
2013b; Mousa et al., 2017). It was subsequently demonstrated
that most RSV neutralizing activity in human serum and the
most potent neutralizing mAbs target pre-F-exclusive surfaces
(Gilman et al., 2016; Goodwin et al., 2018; Magro et al., 2012;
Ngwuta et al.,, 2015). Building upon this discovery, mutations
were introduced to stabilize the prefusion conformation for use
as an immunogen, which was named DS-Cav1 (Mclellan et al.,
2013a). The immunogenicity of pre-F for neutralizing activity in
nonhuman primates was 80 times greater than that for post-F,
and in a phase | clinical trial, immunization of healthy adults with
150 ng of DS-Cav1 boosted neutralizing activity on average 12-
to 15-fold above baseline (Crank et al., 2019). This is in striking
contrast to the 2- to 5-fold increases in neutralization typically
seen with post-F subunit vaccines. In line with the potent induc-
tion of neutralizing antibody, the DS-Cavl subunit vaccine
demonstrated clear proof of the elicitation of responses to pre-F
exclusive antigenic sites (Crank et al., 2019). Further refinements
and approaches for stabilizing pre-F have quickly advanced into
phase | and Il testing by GlaxoSmithKline, Janssen, and Pfizer.
Larger clinical studies of pre-F candidate vaccines will be needed
to determine the efficacy of this approach on the basis of induc-
tion of potent neutralizing activity. Stabilizing RSV F in the prefu-
sion conformation has also improved the immunogenicity for
neutralizing activity in chimeric viruses (Liang et al.. 2015, 2017),
virus-like particles (McGinnes Cullen et al., 2015), and live-atten-
uated virus vaccines (Rostad et al., 2018) and when displayed on
self-assembling nanoparticles (Marcandalli et al., 2019).

Although vaccine development for RSV has primarily focused
on the F proteins, subunit vaccines including G and SH are also
in development (Figure 4). As noted above, most of RSV's diver-
sity occurs in the G protein, which is highly glycosylated. Neutral-
izing antibodies to the G primarily target the cysteine noose
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because large glycan regions shield the other protein domains
(Figure 2). An early candidate G subunit vaccine was found into
be modestly immunogenic in humans and elicited a greater
than 2-fold increase in neutralizing antibodies in 33%-70% of
vaccinees in the 100 and 300 pg dose groups (Fower et al.,
2001). Another G subunit vaccine is currently in clinical evalua-
tion by Beijing Advaccine Biotechnology. SH protein present
on the viral envelope is another potential antibody target. In an-
imal models, SH does not elicit neutralizing antibodies, but
rather, protection is mediated by binding antibodies through
FC-mediated mechanisms (Schepens et al., 2014). Immunovac-
cine is evaluating a vaccine that displays the ectodomain of the
SH protein formulated with DepoVax or alum (Langley et al,,
2018). It is unclear whether G- or SH-based vaccine strategies
will be efficacious alone, but these studies demonstrate that
there are other potential target antigens beyond F that may
contribute to the efficacy of RSV vaccines. Although immunolog-
ical studies have taught us that the presentation of structurally
stabilized F protein can be optimized to elicit a favorable anti-
body profile, there is much to learn about the contribution and
optimization of immunity to other viral determinants.

The postfusion and structurally undefined F subunit vaccines
associated with modest increases in neutralizing antibody titers
have failed to achieve efficacy endpoints in large phase Il clinical
trials, teaching us that a larger increase in neutralizing activity will
be needed to impede RSV disease. The definition of the pre-F
structure, along with demonstrations that preserving the structure
of pre-F during vaccination leads to substantially higher neutral-
izing activity in preclinical, and now clinical studies, have been
transformative. These findings provide hope that next-generation
protein and nanoparticle vaccines based on the preservation of
pre-F will perform better in clinical evaluation. Efficacy studies
to validate the idea that the improvement in neutralizing titers
will translate to protection from disease are the next crucial step.
Passive Monoclonal Antibody
Development of mAbs for prevention of RSV has advanced more
rapidly and successfully than vaccines and has been instrumental
in informing RSV vaccine development efforts. The initial proof of
concept came from the development of passively administered
polyclonal RSV immune globulin (RSV-IGIV or RespiGam) to pro-
tect premature infants from severe RSV disease (Groothuis et al.,
1993). This was based in part on the early findings that the level of
neutralizing activity transferred to infants was inversely correlated
with severity of RSV disease (Glezen et al., 1981). Studies inanimal
models also suggested that passively administered polyclonal
serum could prevent LRTI, reducing lung pathology and iliness
(Graham et al., 1993a, 1995; Prince et al., 1985). Because bron-
chopulmonary dysplasia and prematurity were the major risk fac-
tors for severe disease, and prematurity limited the amount of
maternally transferred antibody, it was reasoned that supplying
neutralizing activity would be a safe way of preventing RSV infec-
tion. RSV-IGIV successfully prevented severe RSV disease in pre-
mature infants and children with bronchopulmonary dysplasia (the
PREVENT Study Group, 1997; Groothuis et al., 1995). Subse-
quently, murine neutralizing monoclonal antibodies were discov-
ered and mapped to one of two major antigenic sites (Il and V)
on post-F, which was the only protein reagent available at the
time. The site Il mAb 1129 was humanized and later became pal-
ivizumab (Beeler and van Wyke Coelingh, 1989; Johnson et al.,
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1997). Palivizumab was evaluated in a series of clinical trials and
shown to effectively reduce RSV disease severity and was
licensed foruse in 1998 (the IMpact-RSV Study Group, 1998). Clin-
ically, it is given as immunoprophylaxis to premature infants
monthly during the period of risk based on regional RSV season-
ality. The success of palivizumab has been an important factor in
how the current generation of maternal RSV vaccines have been
designed. The goal is to achieve sufficient levels of F-specific
neutralizing antibody in pregnant women, so children will acquire
passive immunity sufficient to protect them through at least
6 months of age and cover the time when airways and the immune
system are still actively evolving. A second-generation mAb, mo-
tavizumab, which was engineered for higher potency than its
parental palivizumab, was also highly effective (O'Brien et al.,
2015) but did not achieve licensure.

Since the licensure of palivizumab, mAbs to alternative anti-
genic sites on F have also been evaluated. Medimmune devel-
oped a mAb originally named MEDI8897 and generically nirsevi-
mab, which is a derivative of the D25 antibody used to obtain the
pre-F structure (Kwakkenbos et al., 2010; MclLellan et al.,
2013b). It has been engineered to increase potency and extend
antibody half-life (Domachowske et al., 2018; Zhu et al., 2017). In
a phase llb efficacy trial, nirsevimab was recently reported to
have achieved the primary endpoint of reduction of medically at-
tended LRTIs and secondary endpoint of reduction of LRTI hos-
pitalizations and was granted prime eligibility status by the Euro-
pean Medicines Agency and breakthrough status by the US
Food and Drug Administration (FDA). This mAb recognizes site
@ on the apex of the pre-F molecule and was nearly 100 times
more potent than palivizumab before engineering. The increased
potency and extension of antibody half-life through engineering
the Fc domain to contain amino acids that increase neonatal
Fc receptor (FcRn)-mediated recycling allow it to be given as a
single dose at birth for protection through an entire RSV season.

Other attempts at development of mAbs have been less suc-
cessful. A site IV-specific mAb, RSHZ19, was developed in the
1990s but failed to meet its primary objectives and was discontin-
ued (Johnson et al., 1999). Although the reason for the failure is
not known, RSHZ19 had a lower affinity and faster off rate than
palivizumab and was tested at a relatively low dose in the clinical
trial. A more promising site IV mAb with an extended half-life YTE
modification (MK-1654) is in early phase clinical development (Ali-
prantis et al., 2018). REGN2222, or suptavumab, a potent mAb
specific targeting site V on pre-F, reportedly had substantial effi-
cacy against subtype A, but no efficacy against RSV subtype B in
a trial that failed to meet its endpoint (Mazur et al., 2018). This may
be due to the inability to neutralize currently circulating subtype B
viruses, which possess a mutation noted in the published patent
to abrogate binding of this antibody (Gurnett-Bander et al., 2018).
This failure illustrates viral escape as a major vulnerability for mAb
prophylaxis. Recent RSV surveillance efforts have demonstrated
that despite the high sequence conservation of the F protein,
circulating isolates may contain mutations in one or more key anti-
genic site (Lu et al., 2019), which may significantly affect the effi-
cacy of a single mADb. Further studies would be needed to deter-
mine the effect of these mutations on immune protection afforded
by polyclonal responses induced by vaccination.

The site Il mAb palivizumab has demonstrated considerable
success, while other mAbs to sites IV and V have failed. However,
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the success of nirsevumab, which targets site @, and the
advancement of the MK-1654 site IV mAb provides evidence
that protection is not a site-specific phenomenon and more likely
related to neutralizing potency. Although potent neutralizing
mAbs can be found to antigenic sites exclusive to pre-F or on
the shared surfaces of pre-F and post-F, the pre-F exclusive sites
evoke the greatest frequency of high-potency mAbs. In order for
antibodies to neutralize, they must bind the native, functional pre-
fusion conformation, and all known neutralizing sites on F are
present on pre-F (Figure 3). Thus, it is logical that stabilized
pre-F is a better immunogen than post-F, which only presents
a fraction of the neutralization-sensitive surfaces present on
pre-F. A major lesson learned from the development and clinical
testing of RSV-specific mAbs is that designing immunogens that
display multiple antigenic sites and induce polyclonal responses
will help avoid escape and achieve cross-subtype immunity.
Likewise, defining and preserving neutralization-sensitive sites
on the immunogen will improve the potency of the neutralizing
response and increase chances that a protective threshold of
neutralization will be attained. Understanding the importance
of F conformation and the importance of F-specific antibody
neutralization for protection of infants has been transformative
for RSV vaccine development.

Future Prospects for RSV Vaccines and Antibody-
Mediated Prevention

A major focus of recent RSV vaccine development has been on
the importance of conformation-dependent antigenicity of the
RSV F glycoprotein and the potential for F-specific antibodies
to provide protection against severe RSV disease. Other recent
reviews cover the broader landscape of RSV vaccine develop-
ment (Mazur et al., 2018; Villafana et al., 2017). Just as there
are many mechanisms for RSV to cause illness depending on
the size, genotype, and pre-existing conditions of the host, there
are many ways to achieve effective immunity, and the type of im-
munity needed for each target population may be different. In-
duction of high serum-neutralizing activity by immunizing with
a structurally defined immunogen may provide safe and effective
protection for a large portion of RSV-mediated disease. Howev-
er, induction of G-specific antibodies that contribute to neutrali-
zation and reduce RSV immunopathology may improve the
outcome for some individuals. Elicitation of tissue-resident
CD8" T cells or SH-induced antibody that can provide Fc-asso-
ciated cellular immunity may add another level of protection.
Directly inducing mucosal responses through alternative delivery
methods could reduce the duration of shedding and diminish
transmission that would benefit not only the infected individual
but the community at large. It will be important for ongoing and
future clinical trials to measure immunological, clinical, and
epidemiological endpoints to increase our understanding of pro-
tective immunity and correlates of protection and optimize vac-
cine approaches for each targeted high-risk group.

Concluding Remarks

During the next 5 years, there will be significant advances in the
availability of options for protecting all the major target popula-
tions for RSV vaccines. Efficacy studies evaluating infants
treated by passive immunoprophylaxis from maternal vaccina-
tion or delivery of new higher potency mAbs directly to the infant
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should be completed. There will also be advances in immunizing
antigen-naive infants with live-attenuated viruses, chimeric
viruses, or gene-based vectors. In addition, data should be avail-
able from studies using protein-based or gene-based ap-
proaches delivering pre-F trimers, proteins displayed on self-
assembling nanoparticles, or virus-like particles. The field will
continue to build upon the immunological discoveries derived
from vaccine and mAb failures, and occasional successes, to
advance RSV vaccine development. New challenges await vac-
cines that demonstrate efficacy, and efforts to educate pregnant
women and mothers of young infants about the impact of RSV
and promote vaccine acceptance may be essential components
of vaccination programs. Support and infrastructure to deploy
and administer vaccines in the developing world, where RSV ex-
erts its largest toll, will also be critical. Despite these challenges,
there is a good chance, as we approach the 70th anniversary of
the discovery of RSV in 2026, that multiple options will be avail-
able to reduce the RSV disease burden.
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