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3.3 List of abbreviations 

BCIP/NBT-plus  5-Bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium-plus 
Biosampling ID  B162 followed by 5 characters (e.g., B1620001A) 
BL   Baseline 
CD   Cluster of differentiation 
CEF Cytomegalovirus (CMV), Epstein-Barr virus (EBV), and influenza virus 
CEFT CMV, EBV, influenza, and tetanus toxin 
Ci-xxx   Control item-xxx, assay function control in ELISpot assay and FC analysis 
CoA   Certificate of analysis 
CSV   Comma-separated values 
DFR   Distribution-free resampling 
DiTi   Disposable tip 
DMSO   Dimethyl sulfoxide 
EDA-001 tool  ELISpot data analysis tool-001 
Effectors  Cells pipetted onto ELISpot plates 
Effector cell type Type of effectors to be used in ELISpot. These can be either bulk PBMCs or PBMCs 

depleted of CD4+ or CD8+ cells as CD8+ and CD4+ effectors, respectively. 
ELISpot   Enzyme-linked immunosorbent spot assay 
FACS   Fluorescence-activated cell scanning 
FC   Flow cytometry 
FL   Full length 
FOR   Form 
GC(L)P   Good clinical (laboratory) practice 
HAN   Preparation instruction 
HSA   Human serum albumin 
Hu   Human 
IBC   Immune biomarker coordinator 
IFN    Interferon gamma 
IMP   Investigational medicinal product 
IRV   Intra-replicate variability 
LN   Liquid nitrogen 
LNP   Lipid nanoparticle 
MACS   Magnetic activated cell sorting 
MHC   Major histocompatibility complex 
n/a   Not applicable 
NE   Not evaluable 
NR   No response 
PAP   Prüfablaufprotokoll (test procedure protocols) 
PBMC   Peripheral blood mononuclear cell 
PBS   Phosphate-buffered saline 
PR    Positive response 
QA   Quality assurance 
QC   Quality check 
RA   Risk analysis 
RBD   Receptor-binding domain 
RNA   Ribonucleic acid 
RT   Room temperature (according to SOP-050-004) 
S protein  SARS-CoV-2 spike protein 
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Sample ID Biosampling ID followed by vial specific coding (e.g., B1620001A_1WB_1PB). 
Sample ID will be communicated via the IBC to the study director 

SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2 
SME Subject matter expert 
SOP Standard operating procedure 
Subject ID 8-digit study participant ID with 3 parts (e.g., 276-xx-yyyy; 3 digits for the country, 

for instance Germany: 276; 2 digits for the site, 4 digits for the study participant, 
knowing that the numbering will be incremented at study level) 

TNTC   Too numerous to count 
V1/V5/V8/V9  Visit 1/Visit 5/Visit 8/Visit 9 
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924 samples are expected in total. Study participant enrollment started in 
Q2 2020. 

Sample ID A biosampling ID is assigned to each sample by the Biosampling unit upon 
arrival. Sample identifier for each sample will be documented in 
FOR-020-010A Sample Tracking Sheet by the Biosampling unit and obtained 
together with the PBMCs. Thus, identification of the sample and the 
biosampling ID is possible by comparing the ID of the label on the vial with 
the sample tracking sheet. 

Storage conditions Liquid nitrogen (gaseous phase) 

 

7.4.1 Sample transfer 

In brief, the amount of PBMCs available to be used for this analytical study was communicated by the IBC 
(Immune Biomarker Coordinator) on behalf of the contractee to the study director. Samples were requested 
via the “sample_request_tracker” provided by BioNTech’s Biosampling unit. After approval by the 
contractee’s representative the requested cryovials were transferred from the Biosampling unit to the test 
facility. The Biosampling unit provided a Sample Tracking Sheet (FOR-020-010A) containing all required 
information such as study subject ID, biosampling ID, sample ID including aliquot identifier, number of vials, 
and number of cells per vial. Checked out samples were transferred to the test facility by lab personnel of 
the test facility either in a CryoPod or on dry ice. 

 

7.4.2 Interim storage of samples 

After sample transfer, samples were stored in a liquid nitrogen tank of the test facility until further use. On 
the day of analysis, the predetermined number of cryovials of one sample was taken out of storage. To 
ensure that the correct samples were taken, two trained persons of the test facility checked whether the 
sample ID(s) and the amount of cryovials matched with information given by the study director for planned 
analysis (FOR-010-019). All transferred and stored vials were transferred on dry ice and used completely for 
analysis. 
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7.5 Control item 

Cryopreserved PBMCs from healthy volunteers meeting specific acceptance criteria were used in ELISpot 
assays and FC analyses as control item (assay function controls). The control items are characterized and 
released for use in analytical studies as detailed in method specific data sheets for each Ci. 

7.5.1 Usage in ELISpot analysis 

The control item measured in each analytical run fulfilled the following criteria: ≥15 spots for CEF or CEFT 
and ≥500 spots for anti-CD3. The control item used in ELISpot was only taken into consideration in case of 
absence of any positive response for test samples on a given plate (also no response in cells stimulated with 
anti-CD3). 

For detailed information see analytical study plan (GA-RB-022-01A, v02, Chapter 7.3). 

 

7.6 Peptide pools 

All samples were tested with 3 different peptide pools (stimuli) if enough cell material was available. 

1. SARS-CoV-2 RBD   MAT-01011 
2. SARS-CoV-2 FL-S Protein Pool 1  MAT-01013 
3. SARS-CoV-2 FL-S Protein Pool 2  MAT-01034 

The test facility received the peptide pools directly from the vendor in lyophilized form. Lyophilisate was 
dissolved in DMSO according to the corresponding HAN-050-019, aliquoted in micronic tubes of 8 μL each 
and frozen at -80°C until further use up to 30 days in advance. On the day of analysis, peptide pools were 
diluted with medium as described in the analytical study plan (GA-RB-022-01A, v02). All steps were 
witnessed and confirmed by a second trained person. 
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7.7 Assay procedure 

An overview of the assay procedure is shown in Figure 1. 

 

Figure 1: Assay procedure for each sample (objects highlighted in orange, process and work steps highlighted in green) 

 

7.7.1 Sample allocation 

Blood samples, used for isolation of PBMCs tested in this study, were collected prior to vaccination 
(Visit 1 = baseline sample (BL)) and at Visit 5 on Day 29. For follow up analyses, samples were taken at Visit 8 
on Day 85 and Visit 9 on Day 184. 

Sample allocation to this analytical study are communicated to the study director via the IBC. The BL and 
the sample taken on the Visit 5 were analyzed together in the same run using CD4/CD8 ELISpot. If not 
enough cells were available, Bulk PBMC ELISpot was performed instead. Follow up analyses of V8 and/or V9 
were each analyzed in one run using the CD4/CD8 ELISpot format. 
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7.7.4 IFN  ELISpot 

Regardless of which effector cell type was used, the assay procedure was identical. The analytical method 
included in brief: 

Blocking: ELISpot plates pre-coated with antibodies specific for IFN  were washed and blocked with 
blocking medium for at least 30 minutes. 
Seeding of effector cells and control item onto ELISpot plates: After discarding the blocking medium, 
bulk PBMCs or CD4+/CD8+ cells were pipetted into the ELISpot plates according to the predefined 
plate layout (Figure 3). For bulk PBMCs, 300,000 cells were pipetted into each well while for the 
CD4/CD8 assay format 300,000 cells of the negative fraction and 30,000 cells of the positive fraction 
of the other cell type were pipetted into each well (e.g., 300,000 CD4+-depleted cells plus 
30,000 CD8+ cells). For the control item 300,000 cells per well were used. Consecutively the cells 
were stimulated with peptides. 
Overnight incubation (≥18 hours) of effector cells and control items with peptides originating from 
the vaccine antigens, along with appropriate controls at 37°C and 5% CO2. 
Development of ELISpot plates: After incubation, the cells were discarded and the plates developed 
with an alkaline phosphatase conjugated secondary anti-IFN  antibody for 2 hours. After washing 
away unbound antibody, BCIP/NBT substrate was added and incubated for 6 minutes. The 
enzymatic reaction was stopped by discarding the substrate and washing the plates under running 
tap water. 
Drying of ELISpot plates over night at room temperature. 
Analysis of developed ELISpot plates using an AID ELISpot Reader, including scanning, counting and 
review by a trained operator. 

Two custom-made Tecan Freedom EVO liquid handling platforms were used for blocking, seeding and 
development of ELISpot plates. The ELISpot EP platform (device number GER-0562-0003) was used for 
blocking and seeding of plates, whereas the ELISpot UPGR platform (device number GER-0562-0004) was 
used for the development of plates. 

The following controls were included in each analytical run for the analyzed sample(s): 

Sample function control: Anti-CD3 antibody was used to determine the general functional status of 
T cells being tested in the ELISpot assay. This control should generate at least 500 spots, otherwise the 
negative data cannot be considered as negative. 
Negative control (PBMCs only): PBMCs incubated with medium alone will be used to determine 
possible spontaneous IFN  secretion. 
Assay function control: Control item Ci-xxx (see Chapter 7.5). 
 

In addition, a mixture of viral antigens was optional to compare the functional status of T cells in response 
to recall antigens as follows: 

CEF: A mixture of MHC-class I restricted peptides originating from cytomegalovirus (CMV), Epstein-Barr virus 
(EBV), and influenza virus, which are expected to stimulate IFN  secretion from CD8+ T cells in the majority 
of donors. The peptides included in this pool are short peptides which mainly stimulate CD8+ T cells. 

CEFT: A mixture of MHC-class II restricted peptides originating from CMV, EBV, influenza virus, and tetanus 
toxin, which are expected to stimulate IFN  secretion from CD4+ T cells in the majority of donors. 
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As not every donor reacts to CEF and CEFT, these controls are not considered for data analysis of a sample. 
They only provide additional information (in case of a positive response) on functional status of CD8+ and 
CD4+ T cells tested at different time points. These controls were only seeded if sufficient cell material was 
available. 

 

Figure 3: Exemplary plate layout CD4/CD8 ELISpot 

 

7.7.5 ELISpot plate scan 

Developed and dried plates were scanned and analyzed using the AID Classic Robot ELISpot Reader equipped 
with the AID ELISpot 7.0 software (version 7.0). The spot count was performed automatically using the most 
suitable out of five predefined count setting in which the negative control (PBMCs only) shows the least 
background. If no count setting matches an individual one can be defined. The results of the counted plates 
were approved by a checking step using the quality control (QC) function of the software. In the QC step, 
artifacts, overdeveloped areas, etc. were excluded from counting. Furthermore, a plausibility check of the 
given spot counts was done to confirm the chosen count setting. The spot count and QC step were carried 
out by dedicated study personnel authorized by the study director. 

 

7.7.6 Data analysis 

After the plates were scanned and spot count data were generated by the AID reader, the software ELISpot 
Data Analysis-001 Tool (EDA-001 tool) was used for statistical analysis and calling read-out in each analysis. 
The main inputs for the EDA tool were spot count data and csv-files containing the corresponding plate 
layout, as well as sample information and target information (for details see document EDA-001-04 on 
software specification for the EDA tool). 

In brief, the EDA tool determines statistically relevant differences between an experiment group (duplicate 
wells of a certain stimulus on a sample) and a defined negative group (quadruplicate wells of background 
control). 

The intra-replicate variability (IRV) of each group is calculated as: (sample variance)/(median+1). 
An IRV threshold of 10 is used in this study as recommended by Moodie et al. 2010. Replicates with an IRV 
>10 were flagged, but not excluded from the statistical analysis. 

A minimum spot count threshold of 7 spots/300,000 PBMCs being tested is used for an experiment group 
response to be defined as positive as described below. This threshold was set based on the technical report 
R-20-0120. 
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Each experiment group is compared to its relevant negative group using the distribution-free resampling 
(DRF) method with a null hypothesis of less than or equal to two-fold difference between negative and 
experiment group proposed by Moodie et al. 2010 (DFR(2x)). 

As result of the statistical test, the EDA tool returns an individual call for each experiment group being tested 
that has one of the following values: 

- No response (EDA call: 0): 
The experiment group is either statistically not different from its respective negative control 
 or is significantly different from its respective negative control but fails the minimum spot count 
threshold. Additionally, in both scenarios, the positive control passes the positive spot count 
threshold. 

- Positive response (EDA call: 1): The experiment group is statistically significant different from its 
respective negative control and passes the minimum spot count threshold and the IRV threshold. 

- Possibly positive response (EDA call: 0.5): The experiment group is statistically significant different 
from its respective negative control and passes the minimum spot count threshold, but fails the IRV 
threshold. 
In this case the study director made the final call for that experiment group. In case both wells of 
the non-homogenous experiment group showed ≥7 spots, hence fulfilling the criterion for being a 
positive response, this replicate was called as “positive response”. If not, the experiment group was 
called as “not evaluable”. 

Not evaluable (EDA call: NE): In addition to the cases described above a not evaluable call was issued for 
experiment groups not fulfilling the criteria of being called a positive response in case the positive control 
(sample stimulated with anti-CD3 antibody) did not show a minimum average spot count of ≥500. A low spot 
count response in the positive control can occur due to poor sample quality or low T-cell content in the 
sample. The positive control spot count threshold was set to 500, in order to avoid false negative results. 
Data from previous experiments in the test facility (e.g., pilot runs) demonstrated that weak responses can 
be missed, even if the positive control contains an average of 300 spots. 

Data analysis using the EDA tool was carried out according to the study plan by the study director or a subject 
matter expert (SME). 

For more detail on how each call is made, see the decision tree below (Figure 4). 
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8.3 IFN  ELISpot BNT162b2 

According to the sponsor’s request the results of peptide pool RBD, SARS-CoV-2 FL-S-Protein Pool 1 and 
SARS-CoV-2 FL-S-Protein Pool 2 are reported in this analytical study interim report. Valid ELISpot data of 
84 study participants were available on 02MAR2021 and have been included in this report. 

Samples of 80 study participants were analyzed in CD4/CD8 ELISpot format. Both samples from Visit 1 and 
Visit 5 of each study participant were tested for CD4+ and CD8+ T-cell responses in the same run and on the 
same ELISpot plate. 

The measured CD4+ and CD8+ T-cell responses to RBD are summarized in Table 9 and Table 10, the responses 
to SARS-CoV-2 FL-S-Protein Pool 1 are summarized in Table 11 and Table 12, and the responses to 
SARS-CoV-2 FL-S-Protein Pool 2 are summarized in Table 13 and Table 14. A summary of all responses and 
the corresponding mean spot counts are shown in Table 15. 

One study participant (subject ID 276-02-0118) was analyzed in a bulk PBMC ELISpot and showed no 
responses before administration of vaccine (V1) and positive responses for all three tested peptide pools 
after administration of BNT162b2 (V5). Furthermore, samples of 3 study participants were analyzed but 
could not be evaluated (subject ID 276-01-0272 and 276-02-0214 due to deviation D-20-0634, 276-02-0195 
due to insufficient cell amount) marked as “not done”). 

In addition, follow up data from samples collected at Visit 8 and Visit 9 were analyzed for 25 of the study 
participants described above. Data are summarized in Section 8.3.1. 

Table 9: Summarized CD4+ T-cell responses to SARS-CoV-2 RBD of samples taken from BNT162b2-vaccinated study participants 
(n=80) 

NR = no response, PR = positive response, NE = not evaluable 

Responses 
CD4+ effectors 

Visit 5 
NR PR NE 

Vi
si

t 1
 NR 8 63 1 

PR 0 5 0 
NE 0 1 2 

 

Table 10: Summarized CD8+ T-cell responses to SARS-CoV-2 RBD of samples taken from BNT162b2-vaccinated study participants 
(n=80) 

NR = no response, PR = positive response, NE = not evaluable 

Responses 
CD8+ effectors 

Visit 5 
NR PR NE 

Vi
si

t 1
 NR 29 44 1 

PR 0 4 0 
NE 1 0 1 
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Table 11: Summarized CD4+ T-cell responses to SARS-CoV-2 FL-S Protein Pool 1 of samples taken from BNT162b2-vaccinated study 
participants (n=80) 

NR = no response, PR = positive response, NE = not evaluable 

Responses 
CD4+ effectors 

Visit 5 
NR PR NE 

Vi
si

t 1
 NR 1 74 1 

PR 0 0 0 
NE 0 2 2 

 

Table 12: Summarized CD8+ T-cell responses to SARS-CoV-2 FL-S Protein Pool 1 of samples taken from BNT162b2-vaccinated study 
participants (n=80) 

NR = no response, PR = positive response, NE = not evaluable 

Responses 
CD8+ effectors 

Visit 5 
NR PR NE 

Vi
si

t 1
 NR 12 64 0 

PR 0 1 1 
NE 0 1 1 

 

Table 13: Summarized CD4+ T-cell responses to SARS-CoV-2 FL-S Protein Pool 2 of samples taken from BNT162b2-vaccinated study 
participants (n=80) 

NR = no response, PR = positive response, NE = not evaluable 

Responses 
CD4+ effectors 

Visit 5 
NR PR NE 

Vi
si

t 1
 NR 0 69 1 

PR 0 4 0 
NE 0 4 2 

 

Table 14: Summarized CD8+ T-cell responses to SARS-CoV-2 FL-S Protein Pool 2 of samples taken from BNT162b2-vaccinated study 
participants (n=80) 

NR = no response, PR = positive response, NE = not evaluable 

Responses 
CD8+ effectors 

Visit 5 
NR PR NE 

Vi
si

t 1
 NR 18 44 1 

PR 1 14 0 
NE 0 1 1 
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LIST OF ABBREVIATIONS
aa Amino acid
BD Becton Dickinson
BNT162b BNT162 RNA vaccine utilizing nucleoside modified messenger RNA
CD Cluster of differentiation
COVID-19 Coronavirus disease 2019
DMSO Dimethyl sulfoxide
DS&BA Data Science and Biomarker Analysis Unit
FACS Fluorescence-activated cell sorting
HCS Human convalescent sample
ICS Intracellular cytokine staining
IL Interleukin
IFN Interferon gamma
JPT Jerini Peptide Technologies
ns Not significant
OLP Overlapping peptide
PBMC Peripheral blood mononuclear cell
QA Quality assurance
RBD Receptor-binding domain
R&D Research and development
S protein SARS-CoV-2 spike protein
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
SOP Standard operating procedure
Th1/Th2 Type 1/2 helper T cells
V Visit
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1 SUMMARY
Within the clinical trial BNT162-01, a continuous immune monitoring program was
performed to analyze subjects’ immune responses against vaccine-encoded antigens 
specific to the SARS-CoV-2 spike (S) protein and/or receptor-binding domain (RBD).

The objective of this study was to assess the T helper type 1 (Th1; IFN and IL-2) and 
Th2 (IL-4) cytokine profile of T cells specific to defined proteins/protein domains of 
SARS-CoV-2 as a result of two immunizations with doses ranging between 1 to 30 μg 
BNT162b2 using intracellular cytokine staining (ICS).

Peripheral blood mononuclear cell (PBMC) fractions isolated from blood of study 
subjects collected at baseline (pre-vaccination) and 29±3 days after the primary 
immunization with BNT162b2 were analyzed. This interim report includes data for a
total of 79 study subjects at Day 29:

Adults aged 18 to 55 years per dose cohort: 1 μg (n=8), 3 μg (n=9), 10 μg 
(n=11), 20 μg (n=11), and 30 μg (n=11).
Older adults aged 56 to 85 years per dose cohort: 10 μg (n=11), 20 μg (n=9),
and 30 μg (n=9).

The functionality and polarization of vaccine-induced SARS-CoV-2 S-specific T cells 
were assessed by intracellular accumulation of cytokines IFN , IL-2, and IL-4 in 
response to stimulation with overlapping peptides representing the full-length 
sequence of the vaccine-encoded RBD and the wild-type SARS-CoV-2 S protein. For 
bench-marking, PBMCs from 18 virologically confirmed, convalescent COVID-19
patients were used.

To assess the persistence of cell-mediated immune responses, PBMCs collected at 
43±4 days, 85±7 days, and/or 184±9 days after the primary immunization (21, 63, 
and/or 162 days post-boost, respectively) were analyzed. This interim report includes 
data for a total of 41 subjects with sufficient PBMC material available at Days 43, 85, 
and 184:

Adults aged 18 to 55 years per dose cohort: 10 μg (n=2), 20 μg (n=11), and
30 μg (n=10).
Older adults aged 56 to 85 years per dose cohort: 10 μg: (n=4), 20 μg (n=7),
and 30 μg (n=7).

Two doses of BNT162b2 (dose range 1 to 30 μg), induced vaccine-specific T-cell 
responses in both age groups analyzed. Testing for SARS-CoV-2 S protein-specific 
T-cell responses was performed with two different peptide pools – S pool 1 comprising 
overlapping peptides from the N-terminal region of the S protein (which is not 
equivalent to structural domains) and S pool 2 comprising C-terminal regions of the 
S protein. S-specific CD4+ T-cell responses analyzed in 79 subjects vaccinated with 
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BNT162b2 are characterized by a Th1 cytokine profile secreting IFN , or IL-2, or both
at Day 29.

Almost no Th2 cytokine IL-4 secreting T cells were detectable in response to S peptide 
sub-pool stimulations (mean fractions: 0.01% and 0.02% of antigen-specific circulating 
CD4+ T cells in the 20 and 30 μg adult cohort, respectively; separate stimulation with 
S protein sub-pool 1 and sub-pool 2). S-specific CD8+ T cells secreted IFN in 65 of 
the 79 analyzed subjects at Day 29 (adults: 43 of 50 subjects and older adults: 22 of 
29 subjects) and also IL-2 secreting CD8+ T cells were detectable. Fractions of 
S-specific IFN + CD8+ T cells targeting the N-terminal domain of the S protein reached 
up to 1.24% of total peripheral blood CD8+ T cells in the 20 and 30 μg adult cohort and 
up to 1.57% in the 30 μg older adult cohort on Day 29. Pre-existing CD8+ T-cell 
responses against the C-terminal region of the S protein were detected in 17 of 
79 vaccinated subjects (range: 0.07 – 5.59% IFN -producing CD8+ T cells). In 5 of 
17 subjects, these pre-existing responses were slightly amplified upon vaccination.

Overall, the mean fractions of S-specific CD4+ and CD8+ T cells were substantially 
higher at Day 29 (e.g., the S protein pool 1 IFN CD8+ response of 30 μg vaccinated 
subjects was 12.5-fold higher) than that observed in 18 patients who recovered from 
COVID-19. Importantly, for the clinically targeted 30 μg dose cohort, the cytokine 
responses elicited after vaccination with BNT162b2 in older adults was mostly identical 
in response pattern and intensity with that of the 18 to 55 years of age cohort. For the 
majority of study subjects, the strong S-specific IFN + and IL-2+CD8+ and Th1 CD4+

T-cell responses contracted by Day 43 (3 weeks post-boost) and plateaued at a lower 
level towards Day 85 (9 weeks post-boost). This observation held true for all dose
cohorts analyzed with varying response magnitudes between individuals. For the adult 
subjects, the cell-mediated immune responses remained detectable until Day 184
(23 weeks post-boost). Day 184 PBMC material from the older adult subjects was not 
yet available at the time of this interim report. The impact of a SARS-CoV-2 infection 
on the persistence of vaccine-induced immune responses cannot be evaluated since 
the study subjects were not monitored for an infection on a regular basis during the
course of this study.

BNT162b2-induced T-cell responses, especially for CD8+ T cells, were not limited to 
the RBD, and pronounced and distinct T cell recognition of non-RBD regions of the 
S protein were observed indicating a polyvalent immune recognition of multiple 
independent MHC I and II epitopes across the entire S protein.
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2 GENERAL INFORMATION

2.1 Sponsor and Test Facility

BioNTech SE
An der Goldgrube 12
55131 Mainz
Germany

2.2 Participating Sponsor Personnel

Responsible person:
(as defined in SOP-100-024)

Dr. Isabel Vogler
Director Immunogenicity Testing

Author: Dr. Isabel Vogler
Director Immunogenicity Testing

Experimenter:
planning, execution, documentation, final analysis

Dr. Jasmin Quandt
Scientist Immunogenicity Testing

Experimenter:
planning, final analysis

Dr. Isabel Vogler
Director Immunogenicity Testing

Experimenter:
planning, execution, documentation, analysis

Rebecca Schulz
Research Specialist Immunogenicity 
Testing

Experimenter:
planning, execution, documentation, analysis

Belinda Mehlhase
Research Specialist Immunogenicity 
Testing

Experimenter:
execution, documentation

Silvia Wessel
Research Associate Immunogenicity 
Testing

Experimenter:
planning, execution, documentation, analysis

Cora Ecker
Research Specialist Immunogenicity 
Testing

Experimenter:
planning, execution, documentation, analysis

Kathrin Schmoldt
Research Specialist Immunogenicity 
Testing

Experimenter:
Execution, documentation, analysis

Magdalena Fierek
Research Specialist Immunogenicity 
Testing

Experimenter:
Execution, documentation, analysis

Petra Adams-Quack
Specialist Flow Cytometry Core Facility

Experimenter:
execution

Louisa-Marie Schmid
Intern
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2.3 Study Dates

Start of experiments: 22 JUL 2020

Completion of experiments: 25 FEB 2021

2.4 Guidelines and Regulations

All experiments are executed in accordance with the existing standard operating 
procedures and described processes from BioNTech SE. Applicable documents are 
listed below.

SOP-010-098 Zellzählgerät CASY TTT
SOP-010-103, Geräteanweisung BD FACSVerse - Flow Cytometry Core 
Facility
SOP-030-041 Auftauen von Zellen
SOP-030-100 Aufarbeitung von PBMCs und Plasma aus Vollblut -
Biosampling
SOP-100-003 Archiving of Paper-Based Documents

2.5 Changes and Deviations

Not applicable. There is no formal R&D plan available.

2.6 Documentation and Archive

Study plans and reports are stored and archived according to SOP-100-003.

Raw data and evaluated data are saved at

Test item sequence lists (delivery list) of peptide preparations including purity, 
amount and peptide content were saved at:
\\biontech.int\Projects\BioNTechRNA\RN9391R00_CoV-
VAC\06_Biomarker\00_Overview\02_Summary_of_analyses\01_Documents\
JPT\Bestellung in Apr2020

Raw data (FACS data) were saved at:
\\isicfs101\rndrawdata\WKSBNT950\9391
Experimental data were saved at:
\\biontech.int\Projects\BioNTechRNA\RN9391R00_CoV-VAC\06.1_
Biomarker_clinical_data\ICS with respective batch folders
…… BNT162b2_batch11_10μg_30μg_11082020
Flow Cytometry analysis files were saved at:
\\biontech.int\Projects\BioNTechRNA\RN9391R00_CoV-VAC\06.1_ 
Biomarker_clinical_data\ICS\BNT162b2_batchX_X\FACS data
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Files transferred to DS&BA Unit for each analyzed batch were saved at:
\\biontech.int\Projects\BioNTechRNA\RN9391R00_CoV-VAC\06.1_ 
Biomarker_clinical_data\ICS\BNT162b2_batchX_X\FACS data\post_box
Lab book entries can be found in lab book #1966 (pages 90-102, 128-179, and 
191-200), #2021 (pages 1-2, 14-24, 55-65, 78-105, 128-139, and 152-200),
#2022 (pages 1-4, 136-147, 172-200) and #2165 (pages 1-7, 46-139)
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3 INTRODUCTION

3.1 Background

Within the clinical trial BNT162-01, a continuous immune monitoring program was
performed to analyze participants’ immune responses against vaccine-encoded 
antigens specific to the SARS-CoV-2 S protein or RBD including enzyme-linked 
immunosorbent assay (ELISA), ex vivo enzyme-linked immunosorbent spot (ELISpot),
and intracellular cytokine staining (ICS).

3.2 Objectives

The objective of this study was to assess the Th1 (IFN and IL-2) and Th2 (IL-4) 
cytokine profile of T cells specific to defined proteins/protein domains of SARS-CoV-2
as a result of immunization with BNT162b2. In the presented third version of this report,
subject cohorts of both young and older individuals immunized with BNT162b2 were
monitored for the persistence of T-cell responses until Day 184 after first vaccination.

3.3 Study Design

Peripheral blood mononuclear cell (PBMC) fractions isolated from blood of study 
subjects collected at baseline (pre-vaccination) and 29±3 days after the primary 
immunization (post-vaccination) with BNT162b2 were analyzed by ICS (this interim 
report: n=79 in total; adults: 1 μg cohort: n=8, 3 μg cohort: n=9, 10 μg cohort: n=10, 
20 μg cohort: n=11, and 30 μg cohort: n=11; older adults: 10 μg cohort: n=11, 20 μg 
cohort: n=9, and 30 μg cohort: n=9). In addition, PBMCs collected at 43±4 days, 
85±7 days, and 184±9 days after the primary immunization were analyzed by ICS to
monitor the persistence of the cell-mediated immune responses (this interim report: 
n=41 in total; adults: 10 μg cohort: n=0, 2, and 2; 20 μg cohort: n=11, 11, and 10; and 
30 μg cohort: n=9, 10, and 10 at 43 days, 85 days, and 184 days, respectively). Study 
subjects with insufficient PBMC material for all cell-based assays were not analyzed 
by ICS. For bench-marking, PBMCs from recovered COVID-19 patients were used.
PBMCs isolated from healthy volunteer leukapheresis samples served as in-house 
reference samples (intra- and inter-assay controls). Assay control sample bridging was 
performed in one experiment.

PBMCs were stimulated with overlapping peptides representing different portions of 
the wild-type sequence of the SARS-CoV-2 S protein; namely N-terminal pools 
‘S pool 1’ (amino acids [aa] 1-643) and ‘RBD’ (aa 1-16 fused to aa 327-528 of the 
S protein), and the C-terminal ‘S pool 2’ (aa 633-1273), and stained with fluorescently 
labeled antibodies detecting lineage markers (CD3, CD4, and CD8) and cytokine-
specific antibodies (IFN , IL-2, and IL-4). After the staining procedure, cells were 
analyzed on a flow cytometer to measure the frequency of vaccine antigen-specific 
Th1 and Th2 CD4+ T cells as well as cytotoxic CD8+ T cells. Lastly, the results 
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generated with pre- and post-primary vaccination samples of each subject were 
compared individually to identify the induction, expansion, and persistence of cellular 
immune responses and to characterize their Th1 and Th2 balance after vaccination in 
adult and older adult cohorts.
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4.5 Methods

4.5.1 Sample Preparation

PBMCs were thawed according to SOP-030-041 and cell numbers were determined 
according to SOP-010-098 using the cell counter CASY TTT. Prior to peptide 
stimulations, PBMCs were rested for 4 hours at 37°C in OpTmizer medium 
supplemented with 2 μg/mL DNase I.

4.5.2 Peptide Stimulation

Stimulation of PBMCs was performed using pools of synthetic peptides representing 
different portions of the wild-type sequence of SARS-CoV-2 S protein, namely 
N-terminal pools ‘S pool 1’ (aa 1-643) and ‘RBD’ (aa 1-16 fused to aa 327-528 of the 
S protein), and the C-terminal ‘S pool 2’ (aa 633-1273). The peptide pools consisted
of 15-mer overlapping peptides covering the whole length of the respective S protein 
portion with 11 aa overlap. The last peptide for the S pool 2 is a 17-mer.

After resting, PBMCs were harvested by centrifugation, resuspended in PBS, and 
counted using the cell counter CASY TTT. After counting samples were spun again 
and cell number was adjusted in OpTmizer medium to 10×106 PBMCs/mL. Afterwards 
PBMCs were restimulated in a round-bottom 96 well plate at 1×106 PBMCs/well with
S pool 1, S pool 2 and RBD peptide pool (2 μg/mL/peptide; JPT Peptide Technologies) 
in the presence of GolgiPlug (BD) for 18 hours at 37°C. Negative controls were treated 
with DMSO-containing medium, positive controls were stimulated with anti-CD3 
antibody (final dilution of 1:1,000) and CEFX pepmix (2 μg/mL/peptide).

4.5.3 Intracellular Cytokine Staining

ICS is a flow cytometry-based assay to detect the production and accumulation of 
cytokines intracellularly upon cell stimulation. After antigen-specific stimulation of 
PBMCs, protein transport inhibitors were added to retain the produced cytokines within 
the cells. Cells were then stained for viability (fixable viability dye eFluor™ 780; working 
concentrations were titrated lot specifically ranging between 1:5,000 – 1:2,000). In 
order to discriminate between antigen-specific CD4- and CD8-T-cell responses, 
fluorescently labeled antibodies for CD4, CD8, and CD3 were used for staining of 
extracellular surface markers (in flow buffer comprising D-PBS [Gibco] supplemented 
with 2% FBS [Sigma], 2 mM EDTA [Sigma-Aldrich]), and Brilliant Stain Buffer Plus [BD 
Horizon™, according to the manufacturer’s instructions] or in Brilliant Stain Buffer [BD 
Horizon™]) for 20 minutes at 4°C (see Table 4-10). Next, PBMCs were fixed and 
subsequently permeabilized using the Cytofix/Cytoperm kit according to the 
manufacturer’s instructions (BD Biosciences). Intracellular staining of CD4, CD8, CD3,
and of produced cytokines was performed in Perm/Wash buffer supplemented with 
Brilliant Stain Buffer Plus (according to the manufacturer’s instructions) for 30 minutes 
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and CD8 cytokine-producing T cells (IFN , IL-2, and IL-4). The gating strategy used is 
shown in Figure 9.1.

A performance qualification check (PQC) was performed daily using CS&T beads to 
monitor the performance of the BD FACS Verse flow cytometer.

4.5.5 Data Transfer to DS&BA

Respective data (sample information .xlxs-formatted file and data .XML-formatted file 
exported from FlowJo analysis workspaces) were transferred to the DS & BM Unit,
processed, and uploaded to a Spotfire data platform. Stimulation-specific cytokine 
production was background corrected by subtraction of values obtained with DMSO-
containing medium samples (representing the negative assay controls).

4.5.6 Statistical Analysis

All statistical analyses were performed using GraphPad Prism software version 9.0.0.
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Figure 5.6: S-specific CD4+ T cells producing the indicated cytokines (IFN , IL-2, and IL-4) as a fraction of 
total circulating CD4+ T cells (1 to 30 μg adult cohorts)

Numbers located above the circles are the arithmetic mean fractions. HCS: human convalescent sample; pre: 
baseline before first vaccination, post: 29±3 days after first vaccination. HCS samples were analyzed using the IFN
PE Cy7 ICS panel.
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Figure 5.7: S-specific CD4+ T cells producing the indicated cytokines (IFN , IL-2, and IL-4) as a fraction of 
total circulating CD4+ T cells (10 to 30 μg older adult cohorts, 56-85 years of age)

Numbers located above the circles are the arithmetic mean fractions. HCS: human convalescent sample; pre: 
baseline before first vaccination, post: 29±3 days after first vaccination. HCS samples were analyzed using the IFN
PE Cy7 ICS panel.

The CD4+ T cell cytokine production elicited by S protein pool 1 and pool 2 (covering 
the wild-type SARS-CoV-2 S protein) stimulations was more pronounced than the IFN
and IL-2 recall responses toward the RBD peptide pool (Figure 5.8 for adult and
Figure 5.9 for older adult subjects), which only comprises one domain of the entire 
S protein. As for the S protein pool 1, no pre-existing RBD-specific CD4+ T-cell 
responses were detectable.
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Figure 5.8: RBD-specific CD4+ T cells producing the indicated cytokines (IFN , IL-2, and IL-4) as a fraction
of total circulating CD4+ T cells (1 to 30 μg adult cohorts)

Numbers located above the circles are the arithmetic mean fractions. HCS: human convalescent sample; pre: 
baseline before first vaccination, post: 29±3 days after first vaccination. HCS samples were analyzed using the IFN
PE Cy7 ICS panel.

Figure 5.9: RBD-specific CD4+ T cells producing the indicated cytokines (IFN , IL-2, and IL-4) as a fraction 
of total circulating CD4+ T cells (10 to 30 μg older adult cohorts, 56-85 years of age)

Numbers located above the circles are the arithmetic mean fractions. HCS: human convalescent sample; pre: 
baseline before first vaccination, post: 29±3 days after first vaccination. HCS samples were analyzed using the IFN
PE Cy7 ICS panel.

5.2 Characterization of vaccine-induced CD8+ T-cell responses

Vaccine-induced, S-specific CD8+ T cells secreted IFN in the majority of analyzed 
subjects in response to S protein pool 1 and pool 2 stimulation (adults: 43 of 
50 subjects and older adults: 22 of 29 subjects) and lower levels of IL-2 secreting CD8+

T cells were detectable. Fractions of S-specific IFN + CD8+ T cells targeting the 
N-terminal domain of the S protein reached up to 0.96% of total peripheral blood CD8+
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T cells in the 30 μg adult cohort and up to 1.57% in the 30 μg older adult cohort. The 
mean fraction of S-specific CD8+ T cells was substantially higher in both age groups 
tested than that observed in 18 patients who recovered from COVID-19 (Figure 5.10
for adult and Figure 5.11 for older adult subjects). Pre-existing CD8+ T-cell responses 
against the C-terminal region of the S protein were detected in 17 of 79 vaccinated 
subjects (range: 0.07 – 5.59% IFN -producing CD8+ T cells). These pre-existing 
responses were slightly amplified upon vaccination in 5 of 17 cases. No pre-existing 
CD8+ T-cell responses against S protein pool 1 were detectable.

Figure 5.10: S-specific CD8+ T cells producing the indicated cytokines (IFN and IL-2) as a fraction of total 
circulating CD8+ T cells (1 to 30 μg adult cohorts)

Numbers located above the circles are the arithmetic mean fractions. HCS: human convalescent sample. pre: 
baseline before first vaccination, post: 29±3 days after first vaccination, HCS samples were analyzed using the IFN
PE Cy7 ICS panel.
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Figure 5.11: S-specific CD8+ T cells producing the indicated cytokines (IFN and IL-2) as a fraction of total 
circulating CD8+ T cells (10 to 30 μg older adult cohorts, 56-85 years of age)

Numbers located above the circles are the arithmetic mean fractions. HCS: human convalescent sample. pre: 
baseline before first vaccination, post: 29±3 days after first vaccination, HCS samples were analyzed using the IFN
PE Cy7 ICS panel.

Stimulation with the entire S protein comprising peptide pools 1 and 2 yielded 
substantially stronger CD8+ IFN and IL-2 cytokine responses after vaccination than 
stimulation with the smaller RBD peptide pool. As for CD4+ T cells, no pre-existing
CD8+ responses against the RBD were detectable (Figure 5.12 for adult and 
Figure 5.13 for older adult subjects).
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Figure 5.12: RBD-specific CD8+ T cells producing the indicated cytokines (IFN and IL-2) as a fraction of 
total circulating CD8+ T cells (1 to 30 μg adult cohorts)

Numbers located above the circles are the arithmetic mean fractions. HCS: human convalescent sample. pre: 
baseline before first vaccination, post: 29±3 days after first vaccination, HCS samples were analyzed using the IFN
PE Cy7 ICS panel

Figure 5.13: RBD-specific CD8+ T cells producing the indicated cytokines (IFN and IL-2) as a fraction of 
total circulating CD8+ T cells (10 to 30 μg older adult cohorts, 56-85 years of age)

Numbers located above the circles are the arithmetic mean fractions. HCS: human convalescent sample. pre: 
baseline before first vaccination, post: 29±3 days after first vaccination, HCS samples were analyzed using the IFN
PE Cy7 ICS panel
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In addition to the data presentation provided above, CD4 and CD8 cytokine data 
obtained on Day 29 were plotted for all vaccinated subjects from the 1 to 30 μg adult
cohorts as Box-Whisker plots. These data plots can be found in the appendix
(Figure 9.2 and Figure 9.3). A Box-Whisker Plot for the older adult cohorts can be 
found in Section 5.3.

5.3 Comparison of vaccine-induced T-cell responses in two age 
groups

Vaccine-induced S-protein-specific CD4+ T-cell responses among subjects from the 
different age groups were directly compared (adult cohorts: 18 to 55 years and older 
adult cohorts: 56 to 85 years). No significant differences in cytokine responses
following S pool 1 and S pool 2 stimulations were observed (Figure 5.14). For all dose
cohorts, in particular the 30 μg dose cohort, CD4 cytokine responses elicited by 
immunization with BNT162b2 show the same intensity in adults and older adults.
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Figure 5.14: S-specific CD4+ T cells producing the indicated cytokines (IFN , IL-2, and IL-4) as a fraction of 
total circulating CD4+ T cells (10 to 30 μg cohorts, 18-55 years (y) vs. 56-85 years of age)

Data are plotted for vaccinated subjects (cohorts: 10, 20, and 30 μg for both age groups) from Day 29, with data 
points for subjects with a pre-existing S pool 2 T-cell response excluded in the lower row (20 μg cohort: n=1). 
18-55 y: green-filled plots, 56-85 y: gray-filled plots; HCS: human convalescent sample (n=18); Mann-Whitney test, 
ns = not significant; Box-Whisker plots indicating the min and max values, lines in the boxes indicate the median 
values, + indicates the mean values.

Similar to the CD4 responses described above, for the 30 μg dose cohort the CD8 
cytokine responses after immunization with BNT162b2 in older adults was comparable 
to those of the 18-55 years of age group (Figure 5.15). The IFN responses against 
the S pool 1 of the older adults even exceeded that of the younger adult group. 
However, the significance indicated here was mostly driven by 2 strong-responding 
study subjects (1.51 and 1.57% IFN producing CD8+ T cells). Whereas there are no 
significant differences observed for the 10 μg dose cohorts, the adult outperforms the 
older adult group in the 20 μg dose cohort for the responses against S pool 2.
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Figure 5.15: S-specific CD8+ T cells producing the indicated cytokines (IFN and IL-2) as a fraction of total 
circulating CD8+ T cells (10 to 30 μg cohorts, 18-55 years (y) vs. 56-85 years of age)

Cytokine data are plotted for vaccinated subjects (cohorts: 10, 20, and 30 μg for both age groups) from Day 29, 
with data points for subjects with a pre-existing S pool 2 T-cell response excluded in the lower row (cohort 20 μg 
adult: n=4, cohorts 10 μg, and 30 μg adults: n=3 each;10 μg older adults: n=2, 20 μg older adults and 30 μg older 
adults: n=1 each). 18-55 y: green-filled plots, 56-85 y: gray-filled plots; HCS: human convalescent sample (n=18); 
Mann-Whitney test, ns = not significant, * p<0.05, *** p<0.001; Box-Whisker plots indicating the min and max values, 
lines in the boxes indicate the median values, + indicates the mean values.

Data generated for combined SARS-CoV-2 S protein pool 1+2 stimulations as well as 
positive control stimulations (CEFX and anti-CD3) are not shown. Data can be found 
in the appendix.

5.4 Persistence of cell-mediated immune responses

To assess the persistence of cell-mediated immune responses in subjects vaccinated 
with two doses of BNT162b2, PBMCs were collected at Day 43 (3 weeks after the 
boost), Day 85 (9 weeks after the boost), and/or Day 184 (23 weeks after the boost)
after the first vaccination. S-specific CD4+ and CD8+ T-cell responses were analyzed
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by ICS in a subset of 23 adult subjects (18 to 55 years of age) and 18 older adult 
subjects (56 to 85 years of age) across dose cohorts 10 to 30 μg.

For the majority of analyzed subjects, the strong S-specific, Th1-biased cytokine 
response of CD4+ T cells started contracting by Day 43 and reached a lower stable
plateau by Day 85 (Figure 5.16 and Figure 5.17). This observation held true for all dose
cohorts and both age groups analyzed with varying response magnitudes between 
individuals. For the adult cohort, Th1 CD4+ T-cell cytokine responses were still clearly 
detectable at Day 184, representing the 6 month time stamp after the first vaccination 
(Figure 5.16). PBMC material from the older adults at Day 184 was not yet available 
at the time of this interim report.

The same dynamics of contraction by Day 43 and stabilization on a lower plateau by 
Day 85 was also observed for CD8+ T cell cytokine responses (Figure 5.18 and
Figure 5.19). For CD4+ T cells, S-specific CD8+ T-cell responses were still clearly 
detectable up to half a year after the first vaccination in the adult cohort (Figure 5.18).
Day 184 analysis for the older adult age group is pending as mentioned above. 
Interestingly, some of the particularly strong vaccine-induced and pre-existing S pool 2
CD8+ T-cell responses did not contract as strongly and remained at a consistently high 
level throughout the entire observation period. Moreover, for some of the older adult 
subjects, the peak of the CD8+ T-cell IFN response seemed to be reached later on 
Day 43 compared to the adult cohorts. This could suggest an age-related delay in 
mounting a fulminant cytotoxic T-cell response after vaccination.
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6 CONCLUSION
Vaccination with different dose levels of BNT162b2 elicited de novo SARS-CoV-2
S protein-specific T-cell responses in 77 of the 79 tested study subjects, including but 
not exclusive to the RBD. Vaccine-induced, S-specific CD4+ T cells secreted IFN , or
IL-2, or both, and only minor amounts of the Th2 cytokine IL-4 in response to wild-type
SARS-CoV-2 S protein peptide pools. The lack of strong IL-4 responses and the 
detection of fulminant IFN and IL-2 production indicates a favorable Th1 profile. 
Fractions of S-specific IFN + CD8+ T cells targeting the N-terminal domain of the 
S protein reached up to 0.96% of total peripheral blood CD8+ T cells in the 20 and 
30 μg adult cohorts and up to 1.57% in the 30 μg older adult cohort at Day 29. For 
CD4+ as well as for CD8+ T cells, cytokine production in response to peptide pools 
comprising the entire wild-type SARS-CoV-2 spike protein (pool 1 and 2 combined) 
vastly exceeded the responses to the RBD peptide pool. This indicates that the T-cell 
responses elicited by BNT162b2 are directed against multiple epitopes spanning the 
full length of the S protein including but not limited to the RBD. Moreover, the mean 
fractions of S-specific CD4+ and CD8+ T cells within total circulating T cells obtained 
by BNT162b2 vaccination were substantially higher (e.g., the S protein pool 1 IFN
CD8 response of 30 μg vaccinated subjects was 12.5 fold higher) than that observed 
in 18 patients who recovered from COVID-19. Moreover, for the clinically targeted 
30 μg dose cohort the cytokine responses elicited after vaccination with BNT162b2 in 
older adults was mostly identical in response pattern and intensity with that of the 18
to 55 years of age cohort.

The analysis of CD4 and CD8 T cell cytokine responses at later time points for up the 
6 months after the first immunization reflected the classical dynamics of cellular 
immune response following an infection or an effective vaccine. After reaching a peak 
post-boost, the cytokine responses contracted and plateaued at lower, but still clearly 
detectable frequencies. For the adult age group these responses persisted up to 
6 months. A possible impact of a SARS-CoV-2 infection on the persistence of vaccine-
induced immune responses cannot be excluded, since the study subjects were not 
monitored for an infection on a regular basis throughout the course of this the study.

BNT162b2 induced poly-functional and pro-inflammatory CD4+/CD8+ T-cell responses 
in almost all subjects covering epitopes of the entire SARS-CoV-2 spike protein, with
a Th1 polarization of the helper response characterized by the production of IFN and 
IL-2 and only minor amounts of IL-4.
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7 DOCUMENT HISTORY
Third version – minor editorial changes, such as the correction of typing errors, are not 
listed.

Reason(s) for change(s) compared to previous version:

Section Version 02 Version 03 Reason for change
Title page, 
2.1, 2.4, 
and 4.4 

BioNTech RNA 
Pharmaceuticals 
GmbH

BioNTech SE BioNTech RNA Pharmaceuticals 
GmbH was integrated into 
BioNTech SE on 01 JAN 2021

4.3

BioNTech RNA 
Pharmaceuticals 
GmbH

BioNTech 
Manufacturing GmbH

Parts of BioNTech RNA 
Pharmaceuticals GmbH were 
transferred to BioNTech 
Manufacturing GmbH

4.3, 5, 6, 
and
Appendix

n=74 subjects in 
total
adults: n=46
older adults: n=28

n=79 subjects in total
adults: n=50
older adults: n=29

Update of this report with available 
ICS data for adult and older adult 
cohorts (Day 1 and Day 29 after first 
vaccination)

4.3, 5, 6, 
and
Appendix

n/a

For 1 subject, data set 
was removed (276-01-
0300, 10 μg older adult 
cohort). Data sets were 
replaced tor 2 subjects 
(276-01-0299, 10 μg
older adult cohort; 276-
01-0303, 30 μg older 
adult cohort)

Monensin was used as Golgi 
Inhibitor instead of Brefeldin A
leading to a reduced viability of the 
PBMCs after overnight stimulation 
and a reduced frequency of 
cytokine-producing T cells. 
Experiments were repeated for 
2 subjects. For subject 276-01-0300 
PBMC material was not sufficient to 
repeat the experiments.

4.3, 5, and 
6 n/a

Follow-up data for 
n=41 subjects in total
adults: n=23
older adults: n=18

Update of this report with available 
ICS data for later time points;
Day 43±4 days (3 weeks after the 
boost), Day 85±7 days (9 weeks 
after the boost) and Day 184±9 
(23 weeks after the boost, adult 
cohort only) after the first vaccination

4.4 n/a

The FBS supplier was 
corrected from 
Biochrom to Sigma

Incorrect documentation of FBS 
supplier. The change has no impact 
on the provided data and conclusion.

Appendix HV-T097 n=7 
batches

HV-T097 n=18 batches Update with additional viability, 
thawing recovery, and ICS data for 
the internal assay control sample 
due to the additional ICS batches 
measured
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Second version – minor editorial changes, such as the correction of typing errors, are 
not listed.

Reason(s) for change(s) compared to previous version:

Section Version 01 Version 02 Reason for change

4.1

SARS-CoV-2 spike 
protein pool 1:
SARS COV 2_FL-S-
PROTEIN_1 to SARS 
COV 2_FL-S-
PROTEIN_106

SARS-CoV-2 spike 
protein pool 2:
SARS COV 2_FL-S-
PROTEIN_107 to SARS 
COV 2_FL-S-
PROTEIN_315

SARS-CoV-2 spike 
protein pool 1:
SARS COV 2_FL-S-
PROTEIN_1 to SARS 
COV 2_FL-S-
PROTEIN_158

SARS-CoV-2 spike 
protein pool 2:
SARS COV 2_FL-S-
PROTEIN_159 to SARS 
COV 2_FL-S-
PROTEIN_315

The wrong pooling 
information was provided by 
the peptide supplier JPT. 
The wrong pooling 
information had no impact on 
the conclusions drawn in 
version 01 of this R&D 
report.

4.3, 5, 6,
and
Appendix

n=36 subjects (adults)
n=74 subjects in total
adults: n=46
older adults: n=28

Update of this report with 
available ICS data for adult 
and older adult cohorts

4.5.3 n/a
BSB and BSB Plus was 
included in ICS staining 
procedure

In order to assure optimal 
staining conditions, reduce 
staining artifacts, and reduce 
unspecific background 
signals BSB and BSB Plus 
was included into the flow 
cytometric staining mixes for 
ICS. This was especially 
relevant when investigating 
older study subjects as a 
more frequent general 
immune activation was 
observed presenting itself in 
higher cytokine background 
signals.

4.3 and 
Appendix n/a Addition of in-house 

reference sample data
Request from MHRA

Appendix n/a

Graphical representation 
of CD4+ and CD8+ T cell 
cytokine frequencies as 
Box-Whisker-Plots

Request from MHRA

8 REFERENCES
BioNTech R&D study report, uID R-20-0235, version 02. Analysis of the Th1/2 cytokine 
profile of BNT162b1-specific CD4+ and CD8+ T cells from participants in the 
BNT162-01 trial (interim report for 95 subjects).
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9 APPENDIX
Appendix 1: Gating strategy

Figure 9.1: Gating strategy for flow cytometry analysis
Flow cytometry gating strategy for identification of IFN , IL-2, and IL-4 secreting T cells in study subject PBMC 
samples. a, CD4+ and CD8+ T cells were gated within single, viable lymphocytes. b, c, Gating of IFN , IL-2, and 
IL-4 in CD4+ T cells (b), and IFN and IL-2 in CD8+ T cells (c).
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Appendix 2: S-specific CD4 cytokine data plotted as Box-Whisker plots

Figure 9.2: S-specific CD4+ T cells producing the indicated cytokines (IFN , IL-2, and IL-4) as a fraction of 
total circulating CD4+ T cells (1 to 30 μg adult cohorts)

Cytokine data are plotted for all vaccinated subjects from Day 29 in response to S pool 1 (upper row), S pool 2
(middle row), and RBD peptide pool (lower row) stimulations. HCS: human convalescent sample (n=18); Box-
Whisker plots indicating the minimum and maximum values, lines in the boxes indicate the median values, 
+ indicates the mean values
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Appendix 3: S-specific CD8 cytokine data plotted as Box-Whisker plots

Figure 9.3: S-specific CD8+ T cells producing the indicated cytokines (IFN and IL-2) as a fraction of total 
circulating CD8+ T cells (1 to 30 μg adult cohorts)

Cytokine data are plotted for all vaccinated subjects from Day 29 in response to S pool 1 (upper row), S pool 2
(middle row), and RBD peptide pool (lower row) stimulations. HCS: human convalescent sample (n=18); Box-
Whisker plots indicating the minimum and maximum values, lines in the boxes indicate the median values, 
+ indicates the mean values
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Appendix 16: Frequency of cytokine-producing CD4+ T cells in reference 
samples in response to CEFX and anti-CD3 stimulation

Figure 9.4: Frequency of cytokine-producing CD4+ T cells (IFN , IL-2, and IL-4) as a fraction of total 
circulating CD4+ T cells in response to CEFX and anti-CD3 stimulation

PBMCs from healthy volunteers (HV-T050 (n=8 batches) and HV-T097 (n=18 batches)) served as in-house 
reference assay controls and were stimulated in parallel to study subjects’ PBMC samples. One reference sample 
row was included on each assay plate to control for intra- and inter-assay variability. The PBMC material available 
from 1 donor was not sufficient to cover all subject screenings in this report. Hence, a bridging experiment to a 
second PBMC (HV-T097) donor was performed during the reported study dates. Bar charts show arithmetic means 
with 95% CI in response to CEFX and anti-CD3. Circles and triangles depict individual data points from one assay 
plate, respectively. Numbers located above the bars are the arithmetic mean fractions. No significant differences in 
the frequency of cytokine-producing CD4+ T cells were obtained among paired samples (P1 = plate 1, P2 = plate 2, 
paired t-test (two-tailed), ns= not significant). Due to technical errors, the following data points had to be excluded 
from the analysis: for HV-T050, one anti-CD3 staining batch for P1 and P2; for HV-T097, one anti-CD3 staining 
batch for P1 and P2. For IL-4 responses, 1 batch for P1 and 2 batches for P2 were excluded for HV-T097.
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Appendix 17: Frequency of cytokine-producing CD8+ T cells in reference 
samples in response to CEFX and anti-CD3 stimulation

Figure 9.5: Frequency of cytokine-producing CD8+ T cells (IFN and IL-2) as a fraction of total circulating 
CD8+ T cells in response to CEFX and anti-CD3 stimulation

PBMCs from healthy volunteers (HV-T050 (n=8 batches) and HV-T097 (n=18 batches)) served as in-house 
reference assay controls and were stimulated in parallel to study subjects’ PBMC samples. One reference sample 
row was included on each assay plate to control for intra- and inter-assay variability. The PBMC material available 
from 1 donor was not sufficient to cover all subject screenings in this report. Hence, a bridging experiment to a 
second PBMC (HV-T097) donor was performed during the reported study dates. Bar charts show arithmetic means 
with 95% CI in response to CEFX and anti-CD3. Circles and triangles depict individual data points from one assay 
plate, respectively. Numbers located above the bars are the arithmetic mean fractions. No significant differences in 
the frequency of cytokine-producing CD4+ T cells were obtained among paired samples (P1 = plate 1, P2 = plate 2, 
paired t-test (two-tailed), ns= not significant). Due to technical errors, the following data points were excluded from 
the analysis: for HV-T050, one anti-CD3 staining batch for P1 and P2; for HV-T097, one anti-CD3 staining batch 
for P1 and P2.
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Appendix 18: Thawing recovery and viability of reference samples

Figure 9.6: Thawing recovery and viability of PBMCs from reference samples
PBMCs from healthy volunteers (HV-T050 (n=8 batches) and HV-T097 (n=18 batches)) served as in-house 
reference assay controls and were processed in parallel to study subjects’ PBMC samples for each performed 
assay run. The PBMC material available from 1 donor was not sufficient to cover all subject screenings in this report.
Bar charts show arithmetic means with 95% CI for PBMC recovery (upper panel) and viability (lower panel) after 
thawing and resting. Circles depict individual measurements. The recovery rates after thawing and resting as well 
as PBMC viability were comparable between the different batches for both healthy volunteer donors.
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1 SUMMARY
BioNTech has developed an RNA-based vaccine against SARS-CoV-2 within the 
clinical trial BNT162-01. In order to assess immunogenicity of the vaccine candidates,
peripheral blood T cells of the study participants were analyzed for CD4+ and CD8+

T cells specific for the SARS-CoV-2 spike protein (S protein). This analysis was 
performed using ex vivo interferon (IFN ELISpot on blood samples collected on pre-
Dose 1 and on Day 29, (i.e., 7 d post-Dose 2). In a subset of study participants who 
received 10, 20, and 30 μg BNT162b2, blood samples were also collected on Day 85 
(i.e., 63 d post-Dose 2) and Day 184 (i.e., 162 d post-Dose 2) and analyzed. The
ELISpot assay was performed under GCP conditions within the analytical study 
GA-RB-022-01A by the Biolytics-GCP test facility, providing an expert call on the 
presence or absence of T-cell responses, as well as spot count data for each vaccine 
target in each sample. The spot count data were further processed and normalized 
based on T-cell fitness/content of each sample, in order to enable accurate
interpretation of the immunogenicity of BNT162b1 and BNT162b2.

As of 02 March 2021, evaluable CD4+ and CD8+ T-cell response data were available 
from 97 participants that received BNT162b1, 70 younger participants aged 18 to 
55 years at dose levels of 1, 3, 10, 20, 30, 50, or 60 μg (note: Dose 2 was not given in 
the 60 μg dose group), and 27 older participants aged 56 to 85 years at dose levels of 
10, 20, or 30 μg, as well as 76 participants that received BNT162b2 in Cohorts 1 to 10 
at dose levels of 1, 3, 10, 20, or 30 μg in 47 younger participants, or 10, 20, or 30 μg 
in 29 older participants.

BNT162b1 induced strong RBD-specific CD4+ T-cell responses in the majority of study 
participants given both Dose 1 and Dose 2 (86 of 88 [97.7%]), including all older 
participants (27 of 27 [100%]); CD8+ responses were induced in 47 of 61 (77.0%)
younger participants and in 21 of 27 (77.7%) older participants. In contrast, T-cell 
responses were detected less often and were lower in magnitude in 9 younger 
participants who received only Dose 1 in the 60 μg dose group, indicating the 
importance of a booster dose.

BNT162b2 induced strong SARS-CoV-2 S protein-specific CD4+ T-cell responses 
measured at Day 29 in all of the dosed younger or older participants (76 of 76 [100%]);
CD8+ T-cell responses were induced in 45 of 47 (95.7%) younger participants and 24
of 29 (82.8%) older participants. Despite the slightly lower CD8+ immunogenicity rate 
in older participants, the magnitude of BNT162b2-induced responses was comparable 
to those induced in younger participants who received 30 μg BNT162b2. These T-cell 
responses were directed against different parts of the antigen including non-RBD 
sequences, indicating the induction of multi-epitopic responses by BNT162b2 in both 
age groups.

Dosing twice with BNT162b1 or BNT162b2 led to a substantial increase in incidence 
and magnitude of T-cell responses in both age groups, and across all dose levels for 
BNT162b1. While the magnitude of CD4+ T-cell responses induced by BNT162b2 was 
also similar across different dose levels, the magnitude of CD8+ T-cell responses was 
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2 GENERAL INFORMATION

2.1 Sponsor and Test Facility

BioNTech SE 
An der Goldgrube 12
55131 Mainz
Germany

2.2 Participating Sponsor Personnel

Responsible person: 
(as defined in SOP-100-024)

Dr. Evelyna Derhovanessian
Director Immune Monitoring Development & Coordination

Author 1: Dr. Rolf Hilker
Associate Director Bioinformatics Research & Development

Author 2: Dr. Evelyna Derhovanessian
Director Immune Monitoring Development & Coordination

Author 3: Julian Sikorski
Associate Director Data Engineering

Experimenter:
1. ELISpot data analysis
2. Software & algorithm 

development, automated 
analysis

3. Data processing

1. Dr. Evelyna Derhovanessian
Director Immune Monitoring Development & Coordination

2. Dr. Rolf Hilker
Associate Director Bioinformatics Research & Development

3. Julian Sikorski
Associate Director Data Engineering

2.3 Study Dates

Start of data analysis: 01 JUL 2020

Data cut-off for this report (V03): 02 MAR 2021

Completion of data analysis: data analysis ongoing

2.4 Guidelines and Regulations

All experiments have been executed in accordance with the existing standard 
operating procedures and described processes of BioNTech SE. Applicable 
documents are listed below.

SOP-100-024 Planning and Reporting
SOP-080-009 Validation of Computerized Systems (EDA)
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SOP-081-001 Software Development under GxP
SOP-100-070 Validation of Computerized Systems (SURE, planned)

2.5 Changes and Deviations

Not applicable. There is no formal R&D plan available.

2.6 Documentation and Archive

Study plans and reports are stored and archived according to SOP-100-003.

Evaluated data are saved at BioNTech’s servers:

ELISpot EDA files and Certificates of Analysis including expert call in .xlsx 
format (for SAS Import):

\\biontech.int\Projects\BioNTechRNA\RN9391R00_CoV-VAC\06.1_ 
Biomarker_clinical_data\99_data_postbox\Elispot

Fast Track SURE tool results:

\\biontech.int\Projects\BioNTechRNA\RN9391R00_CoV-VAC\06.1_ 
Biomarker_clinical_data\SURE

Final results of process:

\\biontech.int\Projects\BioNTechRNA\RN9391R00_CoV-VAC\06.1_ 
Biomarker_clinical_data\99_data_postbox\Elispot

Raw data are saved at:

This work does not deal with raw data, as it is based on processed data from another 
workflow. The corresponding raw data and resulting process data are described in 
GA-RB-022-01A analytical study interim report version 01.
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3 INTRODUCTION

3.1 Background

BioNTech SE is developing an RNA-based vaccine against SARS-CoV-2 within the 
clinical trial BNT162-01. In order to assess immunogenicity of the vaccine, the T-cell 
populations in the blood of the healthy volunteers participating in the clinical trial were 
analyzed for both CD4+- and CD8+-specific T cells against the SARS-CoV-2 spike 
protein vaccine targets. This analysis was performed with an ELISpot assay under 
GCP conditions within the analytical study GA-RB-022-01A by the BioNTech Biolytics-
GCP unit. The resulting spot counts of the ELISpot assay were evaluated with the 
ELISpot Data Analysis tool (EDA-001). This tool performs a statistical test to identify 
positive immune responses in each tested sample. In the next steps, these results 
were checked by subject matter experts, and a final immunogenicity call (expert call) 
was made for each analyzed sample.

Prior to final analysis and interpretation of the ELISpot data and in order to ensure
meaningful comparison of spot counts across different participants treated in different 
dose groups, possible differences in sample quality, T-cell fitness, and T-cell content 
of different samples, reflected in their response to anti-CD3 stimulation, had to be taken 
into account. To this end, a new method implemented in a new software tool was
developed. The tool is called “Fast Track Subject Response Evaluation” (“Fast Track 
SURE”). It normalizes the spot counts with respect to the sample positive control 
(sample stimulated with anti-CD3 mAb), which reflects T-cell fitness. In a second step, 
SURE compares the response strength of both visits and performs a classification of 
the response for each sample/visit pair. Finally, the normalized background is 
subtracted from the normalized experiment spot count to account for varying 
background when comparing samples. In a final step, the fitness-normalized spot 
counts (generated from 3.3×105 cells) were extrapolated to 1×106 cells, for better 
comparability with published data (usually reported for 1×106 cells).

Since “Fast Track SURE” is under development, Computer Software Validation (CSV) 
of SURE is planned and currently in the starting phase. It will be conducted according 
to SOP-081-001 and SOP-100-070 (see Section 2.4).

3.2 Objectives

The objective of this study was to further process the ex vivo IFN ELISpot data 
generated from the BNT162-01 clinical trial by the BioNTech Biolytics-GCP unit to 
enable:

a) statistical comparison of ELISpot results from different visits of the same 
participant, after normalization of the spot counts against the positive control.

b) comparison of ELISpot results between participants from the different dose 
groups, using normalized spot count data.

c) accurate interpretation of the immunogenicity of BNT162b1 and BNT162b2 
vaccine candidates.09

01
77

e1
96

97
16

7d
\A

pp
ro

ve
d\

Ap
pr

ov
ed

 O
n:

 2
3-

M
ar

-2
02

1 
06

:3
4 

(G
M

T)
 

Page 495

FDA-CBER-2021-5683-1148780



R&D Report R-20-0244 Version 03 Page 11 of 39

Strictly Confidential

3.3 Study Design

This study analyzes the ELISpot result data from participants vaccinated with 
BNT162b1 (97 participants) or BNT162b2 (76 participants) in the BNT162-01 clinical 
trial. The data flow after release of the ELISpot data from the Biolytics-GCP unit (see 
interim report GA-RB-022-01A) until generation of processed spot counts for
interpretation of BNT162b1 and BNT162b2 immunogenicity is shown in Figure 1 and 
described in Section 4.5.1.

After generation of the ELISpot assay results, “Fast Track SURE” performed a fitness 
normalization and participant response evaluation for all participants (see Figure 1 and 
Sections 4.5.2 and 4.5.3). Then, the normalized background was subtracted from the 
normalized experiment spot count to account for varying background when comparing 
samples. In a final step, the fitness-normalized spot counts (generated from 
3.3×105 cells) were extrapolated to 1×106 T cells, (Figure 1 and Section 4.5.4) for 
better comparability with published data (usually reported for 1×106 cells).

This final result allows direct use of the data in summarizing and continual analyses.
The immunogenicity rate and processed (i.e., normalized and extrapolated) spot count 
data for vaccine candidates BNT162b1 and BNT162b2 were further analyzed for dose-
response relationships (Section 5).
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Figure 1: ELISpot data analysis Process UML version 2
The UML encompasses all steps of ELISpot data generation, data processing, and data analysis until the final result table is generated. The direct export of the SCOUT DB has been 
performed since 11 November 2020 and the replacement of the “Unique Target ID” was not necessary anymore from 9 December 2020 on due to an update to the EDA output.
DS&BA = Data Science & Biomarker Analysis, BFX = Bioinformatics, R&D = Research & Development.
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4 MATERIALS AND METHODS

4.1 Test Data

The following sources were used as test data: 

Ex vivo ELISpot analysis data from BNT162-01 clinical trial participant samples

Identification BNT162-01 ELISpot results including expert call
Description Results of samples from participants in the clinical trial BNT162-01 

examined in the GCP-compliant analytical study GA-RB-022-01A
using a standardized procedure that contains a qualified ex vivo
ELISpot method. These results have been statistically evaluated 
with EDA-001 and assessed by an expert.

Storage at \\biontech.int\Projects\BioNTechRNA\RN9391R00_CoV-
VAC\06.1_ Biomarker_clinical_data\99_data_postbox\Elispot

 
Test data preparation
BNT162-01 participants’ ELISpot result data including expert call acquired until 
11 NOV 2020 were copied from the above mentioned network drive to one local PC 
with the correct environment setup for running “Fast Track SURE”. After this date, the 
data has been directly exported from the SCOUT DB to the aforementioned PC.
Results were copied back to the network folder mentioned in Section 2.6 as “Fast Track 
SURE tool results” after a manual plausibility check using the Notepad++ “compare” 
plugin.

4.2 Control Data

Not applicable.

4.3 Test System

The test system for the “Fast Track SURE” fitness normalization and subject response 
evaluation for this report was a DEV environment on a local PC.

4.4 Materials

Data processing before and after “Fast Track SURE” was done in SAS 9.4.

“Fast Track SURE” software was maintained in the GitLab version control system of 
BioNTech SE at:

https://gitlab-rnddev.biontech.de/bioinformatics-research-development/eda_helper/-
/tree/master/exVivoTool
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Also required was the “analysis_bnt.py” module from the BNT_Utils GitLab repository 
at:

https://gitlab-rnddev.biontech.de/bioinformatics-research-development/bnt_utils.

The computer to run “Fast Track SURE” was required to have Python 3
(https://www.python.org/) and Stan (https://mc-stan.org/, a statistical modeling and 
high-performance statistical computation platform) via PyStan 
(https://pystan.readthedocs.io/en/latest/index.html).

Some additional Python packages were required and the below listed versions were 
used:

- matplotlib version 3.2.2
- numpy version 1.18.5
- pandas version 1.0.5
- scikit-learn version 0.23.1
- pystan version 2.19.1.1
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4.5 Methods

4.5.1 Data Processing

The original BioNTech Biolytics-GCP data were obtained for each sample (one visit,
one participant). In order to generate a cumulative dataset, original copies of the EDA 
files and electronic Certificates of Analysis (CoAs) were transferred from the postbox 
folder to the DS&BA file share. Data integrity was maintained by generating a 
checksum for the original files for each analytical run and setting the files to read-only.
The checksum match was verified after each data transfer. For both EDA files and 
electronic CoAs, the data was pooled separately, generating a cumulative dataset for 
each data type. Subsequently, expert calls and comments from the CoAs were added 
to the EDA data. Finally, an export file for fitness normalization and subject response 
evaluation (SURE) process was generated directly from the BioNTech Data Science & 
Biomarker Analysis (DS&BA) team’s SCOUT DB by the BioNTech Bioinformatics R&D 
team as shown in Figure 1.

The export was directly stored on a local computer with the environment set up for 
running “Fast Track SURE”. “Fast Track SURE” processed the cumulative EDA results 
including the expert call. Additionally, “Fast Track SURE” received the previous 
cumulative “Fast Track SURE” output as second input containing the “Fast Track 
SURE” results for the already analyzed participants (except for the first run). “Fast 
Track SURE” then performed a fitness normalization and subject response evaluation 
for all new participants in the cumulative input tables. The normalized background was 
subtracted from the normalized experiment spot count to account for varying 
background when comparing samples. “Fast Track SURE” produced the normalized 
and evaluated results in a zip archive file accompanied by an md5 cheksum. These
were copied back to the network storage (see transfer back from bioinformatics (BFX)
R&D team to DS&BA team in Figure 1).

In a final step, the results were merged with cohort and dose information and the spot 
counts were extrapolated to a T-cell number of 1×106 (Figure 1 and Section 4.5.4).

4.5.2 Fitness Normalization of ELISpot Spot Counts

A normalization method was developed to account for varying sample quality in the 
ex vivo ELISpot assay reflected in the number of spots in response to stimulation with 
anti-CD3 mAb.

The dependency of the experiment spot counts to the positive control spot counts was 
modeled in a log-linear fashion with a Bayesian model including a noise component. 
The likelihood of the model was defined as:

,

where is the normalized spot count of the sample, is a stable factor (normally 
distributed) common among all positive controls , is a sample specific 
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component (normally distributed), and is the noise component, of which is Cauchy 
distributed and is Student’s-t distributed.

This model was the result of the following considerations:

1. The functional dependency of has to be modeled, which is the 
probability of .

2. The spot count formation was expected to be a Poisson process.
3. The observed spot counts for a sample were used to infer its Poisson rate .
4. was introduced to model a general difference between the anti-CD3 positive 

control and the samples.
5. was introduced to model that each sample was a different batch and had a

spot count rate independent of the other samples.
6. To model the noise of the system in a robust fashion, was chosen to be 

Cauchy distributed, because it is heavy-tailed

For a robust normalization, each sample was drawn 10,000 times from the model, and 
the median of these instances was assigned as fitness-normalized spot count value. 
As a reference value to normalize to, a spot count of 1,200 was chosen for the sample 
positive control, because it corresponds to the TNTC (Too Numerous To Count) value,
which is the readout limit of the ELISpot measuring device. In other words, the mean 
spot count of each sample was normalized as if 1,200 spots had been counted for its 
respective positive control.

As an example, when the drawing from the posterior distribution was 
performed for a sample with a mean spot count of 68 and a weak positive control spot 
count of 696 (indicating poor sample fitness), the distribution of the draws shown in 
Figure 2 resulted from the model. The median spot count of this example after 
normalization was 110. This example shows that the model works in the expected 
fashion: The TNTC value (1,200) was ~1.7 times the mean spot count value of the 
weak positive control. The normalized spot count value of the sample was ~1.6 times 
its mean spot count value prior to normalization. Thus, both normalization factors were 
close to each other and reflected the expected nearly linear relationship. As a result, 
the normalized spot count of 110 reflects the unbiased result to be expected from a 
sample with high T-cell fitness.

This method was applied to the ex vivo ELISpot results of all samples from BNT162-01 
study participants who received BNT162b1 or BNT162b2 (only Cohorts 1 to 10) that 
were analyzed in the analytical study GA-RB-022-01A until 02 MAR 2021 as part of 
the “Fast Track SURE” software.
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Figure 2: Example of the distribution of sampled spot counts
A fictive example with a mean spot count of 68 and a positive control spot count of 696 was normalized to 

. The x-axis shows the spot count and the y-axis shows the fraction of draws within each bin. The 
median spot count after normalization is 110.

4.5.3 Subject Response Evaluation

This section describes the SURE algorithm, which was performed based on the fitness-
normalized ex vivo ELISpot data. After all random draws were performed according to 
Section 4.5.2, the 10,000 data points for each sample from the pre-Dose 1 visit were
taken together with the 10,000 random draws for the corresponding post-vaccination 
sample. Then their adjusted mutual information (MI) was computed. The adjusted MI 
is a measure of the statistical dependence of two random variables and in this case 
has a range from 0 to 1, where a value toward 1 means both random variable sets are 
very different (see Figure 3, left plot), while a value toward 0 means that both random 
variable sets are very close or identical (see Figure 3, right plot). The adjusted MI was 
used because it accounts for the fact that the MI is generally higher for two clusterings 
with a larger number of clusters, regardless of whether there is actually more 
information shared.
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Figure 3: Each example image is a visual comparison of the density of the fitness-normalized spot counts 
of two visits for the same antigen (based on 10,000 random draws each)

Left: Spot counts showing a de-novo response. Visit 1 (pre-Dose 1) data show no immune response, while Visit 5
(Day 29 = 7 days post-Dose 2) data shows a positive immune response. The adjusted mutual information (MI) is 
very high at 0.946. Right: Data from both visits show a stable positive immune response with an adjusted MI of 
0.021. The horizontal bar on top of each distribution visualizes the range from the 0.025 up to the 0.975 quantile.

In the final step of the SURE algorithm, the data from both visits (pre- and post-
vaccination) were classified according to Table 1. The adjusted MI is the decisive 
metric to reliably classify any alteration of the T-cell response of an individual after 
immunization with the vaccine candidate based on the sample analysis with the ex vivo
ELISpot method.
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5 RESULTS

5.1 Summary Fitness Normalization of T-cell Responses

As demonstrated in Figure 4, the model is robust for negative ex vivo ELISpot analysis 
results (low to no spot counts, indicating no T-cell response) and samples with high 
T-cell fitness/T-cell content. Only the spot counts of samples with lower T-cell 
fitness/T-cell content (spots of the positive control decreasing from 1,000) and spot 
counts ≥25 spots were notably adjusted by the normalization. For the majority (75.5%)
of the 388 data points from 97 participants who received BNT162b1 and 79% of the 
912 data points from 76 participants who received BNT162b2 reported here (Day 1
and Day 29), the absolute number of spot counts was only marginally altered by the 
fitness normalization (i.e., spot count change was <5 spots, see Figure 5). For only 
15.7% of BNT162b1 and 11% of BNT162b2 data points the original spot count was 
changed by >50 spots. Note that for 2 participants, anti-CD3 was not pipetted to the 
plates; thus, ELISpot data could not be normalized because the sample positive control 
was missing. The four outliers from Figure 5a are found on the far right in Figure 4a:
These have low T-cell fitness and a notable response that should be much stronger, if 
the samples had better fitness. Hence, the normalization algorithm is suitable for its 
intended purpose.
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Figure 4: T-cell fitness normalization dependence – BNT162b1 and BNT162b2
CD4+ and CD8+ T-cell data from two time points (Day 1 and Day 29) in response to stimulation with the RBD PepMix in participants who received BNT162b1 (a) or in response to 
two pools of the S protein and the RBD pool in participants who received BNT162b2 (b) are shown. Dependence of non-normalized mean spot count (gray) and positive control spot 
count (light green) to the difference of the non-normalized mean spot count to the fitness-normalized spot count (blue bars) sorted by this difference. As expected, the normalization 
did not significantly change spot count values of samples of good quality (1,200 spots in positive control, left to middle) or samples with varying fitness and very low to no spots (no 
T-cell responses, middle to middle right). In contrast, samples with higher spot counts and lower fitness were normalized as intended (toward the right end of plot).
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Figure 5: Frequency of spot count normalization magnitude – BNT162b1 and BNT162b2
CD4+ and CD8+ T-cell data from two time points (Day 1 and Day 29) in response to stimulation with the RBD PepMix 
in participants who received BNT162b1 (a) or in response to two pools of the S protein and the RBD pool in 
participants who received BNT162b2 (b) are shown. The bins define the magnitude of increase of the original mean 
spot count to the fitness-normalized spot count. In 75.5% (a) and 79% (b) of the experiments, the normalization did 
not alter the spot count values significantly (first bar on the left). 15.7% (a) and 11% (b) of the experiments required 
a larger correction, which is >50 spot counts (third bar from the left). Finally, 4 (a) and 0 (b) outliers required a strong 
correction of the spot counts >500 spots (sixth bar from the left).
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the 20 μg dose group, and 1 participant from the 30 μg dose group) could not be 
normalized. The immunogenicity data from these participants have been included in 
the statistics reported here; however, the spot count data are excluded from Figures 
or analyses concentrating on spot count data.

5.2.2.1 CD4+ T-cell Responses

Of 88 participants who received Dose 1 and Dose 2 (1 to 50 μg dose groups), 
86 (97.7%) including all older participants and participants who received ≥3 μg 
BNT162b1) mounted RBD-specific CD4+ T-cell responses (Figure 6a). In addition to 
equal immunogenicity rate in both age groups, older participants mounted T-cell 
responses at equal magnitude as younger participants (Figure 7). While the magnitude
of responses varied between individuals, participants with the strongest CD4+ T-cell 
responses to RBD had more than 10-fold of the memory responses observed in the 
same participants when stimulated with cytomegalovirus (CMV), Epstein-Barr virus 
(EBV), influenza virus, and tetanus toxoid-derived immunodominant peptide panels 
(Figure 6b). No CD4+ T-cell responses were detectable at baseline, except for 
2 participants with a low number of pre-existing RBD-reactive CD4+ T cells, which 
increased after vaccination (normalized mean spot count from 64 to 1,519 in the 50 μg 
dose group and 31 to 181 in the 20 g dose group). For 5 participants the baseline data 
were not evaluable (see Table 2). Thus in 97.5% of participants with CD4+ T-cell 
responses and evaluable baseline data (79 out of 81) RBD-specific CD4+ T-cell 
responses were induced de novo by vaccination and were not present at baseline.

In 5 of 9 participants in the 60 μg dose group (55.6%), who received Dose 1 only, both 
immunogenicity rate and response strength were lower compared to the other dose 
groups, indicating the importance of booster dose.

Of note, while at 1 μg BNT162b1, the CD4+ immunogenicity rate was lower (9 of 
11 participants [81.8%]), the magnitude of vaccine-induced T-cell responses in some 
participants was almost as high as with 50 μg BNT162b1 (Figure 6a).
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Figure 6: Frequency and magnitude of BNT162b1-induced CD4+ and CD8+ T-cell responses
PBMCs obtained on Day 1 (pre-Dose 1) and on Day 29 (7 days post-Dose 2 for the 1 μg to 50 μg dose groups, or 
28 days after Dose 1 for the 60 μg dose group) were analyzed in ex vivo IFN ELISpot (see GA-RB-022-01A). 
Common pathogen T-cell epitope pools CEF (CMV, EBV, and influenza virus human leukocyte antigen (HLA) class I
epitopes) and CEFT (CMV, EBV, influenza virus, and tetanus toxoid HLA class II epitopes) served to assess general 
T-cell reactivity, cell culture medium served as negative control. Each dot represents the normalized mean spot 
count from duplicate wells for 1 study participant, after subtraction of the medium-only control. a, Ratios above post-
vaccination data points are the number of participants with detectable CD4+ or CD8+ T-cell response within the total 
number of tested participants per dose group. b, RBD-specific CD4+ and CD8+ T-cell responses in all participants
dosed twice (n=61 younger participants (adults), n=27 older participants) with a positive response to RBD and their 
baseline CEFT- and CEF-specific T-cell responses. Note: CD4 and CD8 data from 1 younger participant from the 
10 μg dose group, from 1 younger participant from the 30 μg dose group, and from 4 younger participants from the 
20 μg dose group could not be normalized and hence have not been included in the plots. Horizontal lines represent 
the median of each group.

09
01

77
e1

96
97

16
7d

\A
pp

ro
ve

d\
Ap

pr
ov

ed
 O

n:
 2

3-
M

ar
-2

02
1 

06
:3

4 
(G

M
T)

Page 511

FDA-CBER-2021-5683-1148796



FDA-CBER-2021-5683-1148797



FDA-CBER-2021-5683-1148798



R&D Report R-20-0244 Version 03 Page 29 of 39

Strictly Confidential

5.3.2 Vaccine-induced T-cell Responses

CD4+ and CD8+ T-cell responses in BNT162b2 vaccinated participants were 
characterized prior to vaccination with Dose 1 (Day 1 = Visit 1) and Day 29 (7 days 
after Dose 2 = Visit 5). ELISpot analysis was performed using two peptide pools 
corresponding to the full-length wild-type S protein: S protein Pool 1 (S Pool 1, 
covering amino acids (aa) 1-643) and S protein Pool 2 (S Pool 2, covering aa 633-
1273), as well as a peptide pool covering the whole length of the BNT162b1-encoded 
RBD sequence (aa 1-16 fused to aa 327-528 of the S protein). For visualization and 
interpretation of the data, the sum of the normalized, background-subtracted, 
extrapolated mean spot counts for the two S protein pools was used in Figure 8.

5.3.2.1 CD4+ T-cell Responses

Of 76 participants (47 younger participants and 29 older participants) who received
dosing twice, all 76 (100%) mounted CD4+ T-cell responses to the SARS-CoV-2
S protein (Figure 8a). In addition to an equal immunogenicity rate in both age groups, 
older participants mounted T-cell responses at an equal magnitude as younger 
participants (Figure 9). While the magnitude varied between individuals, participants
with the strongest CD4+ T-cell responses to this antigen had more than 10-fold the 
memory responses observed in the same participants when stimulated with CMV, 
EBV, influenza virus, and tetanus toxoid-derived immunodominant peptide panels 
(Figure 8b). For all participants with evaluable baseline data (n=74), de novo CD4+

T-cell responses to the S protein were induced by the vaccine and were absent in the 
baseline sample. In the majority of the participants (n=67, 90.5%) de-novo responses 
were poly-epitopic and were directed against both S Pool 1 and S Pool 2 of the 
S protein (Figure 10).
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Figure 8: Frequency and magnitude of BNT162b2-induced CD4+ and CD8+ T-cell responses against 
full-length S protein

PBMCs obtained on Day 1 (pre-Dose 1) and on Day 29 (7 days post-Dose 2) were analyzed in ex vivo IFN ELISpot
(for details see GA-RB-022-01A). Common pathogen T-cell epitope pools CEF (CMV, EBV, and influenza virus 
human leukocyte antigen (HLA) class I epitopes) and CEFT (CMV, EBV, influenza virus, and tetanus toxoid HLA 
class II epitopes) served to assess general T-cell reactivity; cell culture medium served as negative control. Each 
dot represents the sum of normalized mean spot count from duplicate wells stimulated with two peptide pools 
corresponding to the full-length wild-type S protein for 1 participant, after subtraction of the medium-only control. a, 
Ratios above post-vaccination data points are the number of participants with detectable CD4+ or CD8+ T-cell 
responses within the total number of tested participants per dose group. b, S protein-specific CD4+ and CD8+ T-cell 
responses in all participants with a positive response to S protein (n=46 younger participants (adults), 29 older 
participants for CD4+ and n=43 younger participants, 24 older participants for CD8+ T-cell responses) and their 
baseline CEFT- and CEF-specific T-cell responses. Note: CD4 data from 1 younger participant from the 20 μg dose 
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Figure 10: Frequency and magnitude of BNT162b2-induced CD4+ and CD8+ T-cell responses against 
different peptide pools

PBMCs obtained on Day 1 (pre-Dose 1) and on Day 29 (7 days post-Dose 2) were analyzed in ex vivo IFN ELISpot
assays (for details see GA-RB-022-01A). Each dot represents the normalized mean spot count from duplicate wells 
stimulated with S Pool 1 (left panels), S Pool 2 (middle panels), or RBD (right panels), for 1 participant, after 
subtraction of the medium-only control. (a) CD4+ and (b) CD8+ T-cell response data are shown. Ratios above post-
vaccination data points are the number of participants with detectable CD4+ or CD8+ T-cell responses within the 
total number of tested participants per dose group. Note: CD4 data from 1 younger participant from the 20 μg dose 
group and CD8 data from 2 younger participants from the 20 μg dose group could not be normalized and hence 
have not been included in the plots. Horizontal lines represent the median of each group.
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5.3.3 Durability of BNT162b2-induced CD4+ and CD8+ T-cell 
Responses

In a subset of 24 participants across the dose groups 10 to 30 μg, samples collected 
at Day 85 and Day 184 (63 and 162 days post-Dose 2, respectively) were analyzed in 
order to determine the durability of T-cell responses induced by BNT162b2. On 
Day 184 and after an initial contraction, both CD4+ and CD8+ T-cell responses were 
detectable in the majority of participants, across the three dose levels tested. Kinetics 
of CD4+ and CD8+ responses observed in 4 older participants vaccinated with 10 μg 
BNT162b2 were comparable to younger participants, with S protein-specific CD4+

T cells still detectable in all 4 participants 162 days after Dose 2. BNT162b2 induced 
CD4+ and CD8+ responses were either higher than or in the range of recall antigen 
memory responses (Figure 11).
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Figure 11: Durability of BNT162b2-induced T-cell responses
PBMCs obtained on Day 1 (before Dose 1), Day 29, Day 85, and Day 184 (7, 63, and 162 days post-Dose 2,
respectively), were analyzed in ex vivo IFN ELISpot (for details see GA-RB-022-01A). Common pathogen T-cell 
epitope pools CEF (CMV, EBV, and influenza virus human leukocyte antigen (HLA) class I epitopes) and CEFT 
(CMV, EBV, influenza virus, and tetanus toxoid HLA class II epitopes) served to assess general T-cell reactivity, 
cell culture medium served as negative control. Each dot represents the sum of normalized mean spot count from 
duplicate wells stimulated with two peptide pools corresponding to the full-length wild-type S protein for one study 
participant, after subtraction of the medium-only control. Ratios above post-vaccination data points are the number 
of participants with detectable CD4+ or CD8+ T-cell responses within the total number of tested participants per 
dose group and time point.
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6 CONCLUSION
A standardized process was implemented to accurately evaluate and interpret the 
ex vivo IFN ELISpot data generated in the BNT162-01 trial. Using this semi-
automated process, ELISpot results from different visits of the same participant and
data from different participants could be compared after normalization of the spot 
counts against the positive control. This allowed an accurate interpretation of the 
immunogenicity of the vaccine candidates BNT162b1 and BNT162b2.

BNT162b1 induced strong RBD-specific CD4+ T-cell responses in the majority of 
participants vaccinated with two doses (86 of 88 [97.7%]), including all older 
participants (27 of 27 [100%]); CD8+ responses were induced in 47 of 61 (77.0%)
younger participants and in 21 of 27 (77.7%) older participants. In contrast, T-cell 
responses were detected less often and were lower in magnitude in 9 younger 
participants who received Dose 1 only (60 μg dose group), indicating the importance 
of a booster dose.

Similarly, high immunogenicity rates were observed for BNT162b2. This vaccine 
induced strong SARS-CoV-2 S protein-specific CD4+ T-cell responses in all of the 
vaccinated younger or older adult participants (76 of 76 [100%]); CD8+ T-cell 
responses were induced in 45 of 47 (95.7%) younger participants and 24 of 29 (82.8%) 
older participants at Day 29. Despite the slightly lower CD8+ immunogenicity rate in 
older adults, the magnitude of vaccine-induced responses was comparable to those 
induced in younger participants who received 30 μg BNT162b2. These T-cell 
responses were directed against different parts of the antigen including non-RBD 
sequences, indicating the induction of multi-epitopic responses by BNT162b2 in both 
age groups. BNT162b2-induced CD4+ and CD8+ T-cell responses remained detectable 
on Day 184 (162 days post-Dose 2) in almost all participants vaccinated with >10 μg 
at levels higher than, or in range of recall antigen memory responses.

RBD- and S protein-specific CD4+ T-cell responses observed after vaccination were
induced de novo by BNT162b1 in 97.5% of participants and by BNT162b2 in 100% of 
participants. RBD- and S protein-specific CD8+ T-cell responses observed after 
vaccination were induced de novo by BNT162b1 in 95.5% of participants and by 
BNT162b2 in 96.6% of participants.
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7 DOCUMENT HISTORY
Third version – minor editorial changes, such as the correction of typing errors, are not 
listed.

Reason(s) for change(s) compared to previous version:

Section Version 02 Version 03 Reason for change

3.3, 4.1, 
4.4

Manual copy of SURE 
input and creation of 
“Unique Target ID”

Direct export from 
SCOUT DB without 
adaption

Update of Bioinformatics 
data analysis process

5.1 65 participants for 
BNT162b2 included

76 participants for 
BNT162b2 included

Update of data basis

5.3.1
Table 3 included samples 
collected on Day 1 and 
Day 29 only

Data available from 
samples collected on 
Day 85 and Day 184 
have been added to 
Table 3

Availability of new ELISpot 
data from samples collected 
on Day 85 and Day 184

5.3.3. n.a.

Section added to 
describe data generated 
on samples from Day 85
and Day 184

Availability of new ELISpot 
data from samples collected 
on Day 85 and Day 184

All

“Prime/priming” or 
“boost/booster” were used 
to describe first and 
second dose,
respectively, given to 
participants

“Dose 1” and “Dose 2” 
have been used instead

Consistency with the
language used in the 
BNT162-01 clinical trial 
report (CTR)

All “Subject” was used to 
describe a trial participant

“Participant” has been 
used instead

Consistency with the
language used in the 
BNT162-01 CTR

All “Cohort” was used to 
describe dose groups

“Dose group” has been 
used instead

Clarity and to be consistent 
with the language used in 
the BNT162-01 CTR

Second version – minor editorial changes, such as the correction of typing errors, are 
not listed.

Reason(s) for change(s) compared to previous version:

Section Version 01 Version 02 Reason for change

5.2 n=62 adult subjects with 
evaluable ELISpot data

n=70 adult subjects and 
n=27 older adult 
subjects with evaluable 
ELISpot data 

Availability of new ELISpot
data from the reported 
cohorts; addition of new 
cohorts of older adult 
subjects

5.3 n=39 adult subjects with 
evaluable ELISpot data

n=47 adult subjects and 
n=29 older adult 

Availability of new ELISpot
data from the reported 
cohorts; addition of new 
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Section Version 01 Version 02 Reason for change
subjects with evaluable 
ELISpot data

cohorts of older adult 
subjects

5.3.1 Data from 276-02-0160
included in the report

Data from 276-02-0160
excluded

No information available on 
lack of booster vaccination in 
this subject at the time of 
preparation of the first 
version

5.3.2

SARS-CoV-2 spike 
protein pool 1:
SARS COV 2_FL-S-
PROTEIN_1 to SARS 
COV 2_FL-S-
PROTEIN_106

SARS-CoV-2 spike 
protein pool 2:
SARS COV 2_FL-S-
PROTEIN_107 to SARS 
COV 2_FL-S-
PROTEIN_315

SARS-CoV-2 spike 
protein pool 1:
SARS COV 2_FL-S-
PROTEIN_1 to SARS 
COV 2_FL-S-
PROTEIN_158

SARS-CoV-2 spike 
protein pool 2:
SARS COV 2_FL-S-
PROTEIN_159 to SARS 
COV 2_FL-S-
PROTEIN_315

The wrong pooling 
information was provided by 
the peptide supplier JPT. 
The wrong pooling 
information had no impact on 
the conclusions drawn in 
version 01 of this R&D 
report.

Appendix n/a

Box plot representation 
of CD4+ and CD8+ T cell 
data for BNT162b1 
(Appendix 1) and 
BNT162b2 (Appendix 2)

Request from MHRA
reviewer

8 REFERENCES
GA-RB-022-01A GC(L)P Analytical Study Interim Report (Biolytics-GCP), Version 
03
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9 APPENDIX
Appendix 1: BNT162b1-induced CD4+ and CD8+ T-cell response data plotted as 
Box-Whisker plots

Figure 12: Magnitude of BNT162b1-induced CD4+ and CD8+ T-cell responses
PBMCs obtained on Day 1 (pre-Dose 1) and on Day 29 (7 days post-Dose 2 for the 1 μg to 50 μg dose groups, or 
28 days after Dose 1 for the 60 μg dose group) were analyzed in ex vivo IFN ELISpot (see GA-RB-022-01A). Cell
culture medium served as negative control. Normalized mean spot count data from duplicate wells after subtraction 
of the medium-only control are shown (same data as in Figure 6a). Box-Whisker plots indicating the minimum and 
maximum values, lines in the boxes indicate the median values, + indicates the mean values, no boost = no Dose 2
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Appendix 2: BNT162b2-induced CD4+ and CD8+ T-cell response data plotted as 
Box-Whisker plots

Figure 13: Magnitude of BNT162b1-induced CD4+ and CD8+ T-cell responses
PBMCs obtained on Day 1 (pre-Dose 1) and on Day 29 (7 days post-Dose 2 for the 1 μg to 50 μg dose groups, or 
28 days after Dose 1 for the 60 μg dose group) were analyzed in ex vivo IFN ELISpot (see GA-RB-022-01A). Cell
culture medium served as negative control. Normalized mean spot count data from duplicate wells after subtraction 
of the medium-only control are shown (same data as in Figure 8a). Box-Whisker plots indicating the minimum and 
maximum values, lines in the boxes indicate the median values, + indicates the mean values
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