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Protective immunity must develop

coincidentally with vaccine

efficacy onset

80% of vaccinees develop spike-

binding antibodies at day 10 after

the first dose

100% of vaccinees develop spike-

specific T cells at the same time

point

Lack of neutralizing antibodies

suggest they are not necessary to

prevent COVID-19
Kalimuddin et al. show that spike protein-binding antibodies and spike-specific

T cells, but not neutralizing antibodies, could explain the onset of vaccine efficacy

after the first dose of BNT162b2 vaccination. Their findings provide insight into the

components of the adaptive immune response necessary for protection against

COVID-19.
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Early T cell and binding antibody responses
are associated with COVID-19
RNA vaccine efficacy onset

Shirin Kalimuddin,1,2,6 Christine Y.L. Tham,2,3,6 Martin Qui,2,6 Ruklanthi de Alwis,2,3,6 Jean X.Y. Sim,1

Joey M.E. Lim,2 Hwee-Cheng Tan,2 Ayesa Syenina,2,3 Summer L. Zhang,2 Nina Le Bert,2

Anthony T. Tan,2 Yan Shan Leong,2,3 Jia Xin Yee,2,3 Eugenia Z. Ong,2,3 Eng Eong Ooi,2,3,5,7,8,*

Antonio Bertoletti,2,4 and Jenny G. Low1,2,3
Context and significance

RNA vaccines have shown efficacy

in preventing coronavirus disease

2019 (COVID-19) as early as

12 days after the first dose.

Vaccine efficacy onset presents a

unique opportunity to define the

necessary elements of immunity

against COVID-19. Kalimuddin

et al. tracked the serological and

T cell responses longitudinally in

20 healthcare workers after the

first Pfizer/BioNTech BNT162b2

vaccine dose. Anti-spike

immunoglobulin G (IgG) and IgA

antibodies and spike-specific

T cells were detectable at day 10

after the first dose; neutralizing

and receptor-blocking antibodies

remained mostly undetectable at

this time point. These results

suggest that binding antibodies
SUMMARY

Background: RNA vaccines against coronavirus disease 2019 (COVID-
19) have demonstrated �95% efficacy in phase III clinical trials.
Although complete vaccination consisted of 2 doses, the onset of pro-
tection for both licensed RNA vaccines was observed as early as 12 days
after a single dose. The adaptive immune response that coincides with
this onset of protection could represent the necessary elements of im-
munity against COVID-19.
Methods: Serological and T cell analysis was performed in a cohort of
20 healthcare workers after receiving the first dose of the Pfizer/Bio-
NTech BNT162b2 vaccine. The primary endpoint was the adaptive im-
mune responses detectable at days 7 and 10 after dosing.
Findings: Spike-specific T cells and binding antibodies were detectable
10 days after the first dose of the vaccine, in contrast to receptor-block-
ing and severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2)
neutralizing antibodies, which were mostly undetectable at this early
time point.
Conclusions: Our findings suggest that early T cell and binding anti-
body responses, rather than either receptor-blocking or virus neutral-
izing activity, induced early protection against COVID-19.
Funding: The study was funded by a generous donation from The Hour
Glass to support COVID-19 research.
and T cell responses are

responsible for early protection

against COVID-19 and call for

circumspection on the prevailing

notion that neutralizing

antibodies are absolutely

required for protection.
INTRODUCTION

The pandemic spread of severe acute respiratory syndrome-coronavirus-2 (SARS-

CoV-2) has caused well over 100 million cases of coronavirus disease-19 (COVID-

19) and 2million deaths. The arrival of efficacious vaccines has beenmuch welcomed

to aid in curtailing this global health crisis. Vaccination also provides a unique oppor-

tunity to understand the adaptive immune responses necessary for protection

against COVID-19. The identification of the constituents of immunity against

COVID-19 could be pivotal in expediting the licensing of new efficacious vaccines

to supply the urgent global demand.

The first vaccine to be licensed for emergency use was BNT162b2 by Pfizer/BioNTech.

The Phase III clinical trial of this 2-dose RNA vaccine has shown�95% efficacy.1 Howev-

er, intention-to-treat Kaplan-Meier analysis showed a dramatic reduction in and flat-

tening of the cumulative number of COVID-19 cases in the vaccinated compared to
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the placebo arm, starting as early as 12 days after the first vaccine dose. Subsequent an-

alyses have also shown that vaccine efficacy is as high as 92.6% at day 14 after the first

dose of BNT162b2.2 Given that the incubation period for COVID-19 can be as short as

2 days,3 vaccine-induced adaptive immune responses that protect against COVID-19

should thus be measurable in �95% of vaccinated individuals as early as 10 days after

the first dose. Since immunogenicity of BNT162b2 was not characterized at this time

point,4 we investigated the early vaccine-induced adaptive immune responses to

glimpse the factors necessary for protection against COVID-19. The primary endpoints

of our study were the serological and T cell immune responses in study participants at

day (D) 7 andD10 after 1 dose of BNT162b2. These endpoints were comparedwith pre-

vaccination and pre-second dose immune responses.
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RESULTS

We enrolled 20 healthcare workers (HCWs) with no known history of COVID-19. The

demographic features of the study participants are shown in Table S1.

SARS-CoV-2 spike (S) protein-binding immunoglobulin G (IgG), IgA and IgM anti-

bodies were increased at D10 but not at D7, compared to baseline. The proportion

of study participants that showed at least a 4-fold increase in geometric mean me-

dian fluorescence intensity (GMFI) for anti-S IgM antibodies was 50% (10/20) at

D10 (Figure 1A). Those that showed a similar level of increase in IgA and IgG at

D10 were 85% (17/20) and 80% (16/20), respectively (Figures 1B and 1C). All of

the participants were positive for these 3 classes of antibodies at D21, just before

administration of the second BNT162b2 dose. In contrast to binding antibodies,

0% and only 20% (4/20) of study participants at D7 and D10, respectively, had anti-

bodies that blocked S protein binding to human angiotensin-converting enzyme 2

(hACE2) (Figure 1D). Similarly, 0% and only 15% (3/20) of participants at D7 and

D10, respectively, had antibodies that neutralized live SARS-CoV-2 virus at a 50%

reduction in plaque reduction neutralization test (PRNT50) titer R10 (Figure S1A).

The presence of virus binding but not neutralizing antibodies suggests that humoral im-

munitymay, at least inpart, bedependentonFc-mediated functions.We thusmeasured,

in a subset of serum samples with sufficient volumes, the extent of S-specific antibody-

dependent cellular cytotoxicity (ADCC) induced by the antibodies produced from vacci-

nation.We found a significant elevation in the percentage of CD107a+ cells (a marker of

natural killer [NK] cell degranulation) at D10 compared to D0 (Figure S1B); significant

elevation in interferon (IFN)-g+ cells (a marker of NK cell cytokine release) was not de-

tected until D21 (Figure S1C). These findings suggest that Fc-mediated functions may,

at least in part, contribute to the early vaccine-induced protection against COVID-19.

We next measured T cell responses after a single dose of BNT162b2. The kinetics of

induction of S-specific T cells was tested by measuring the frequency of activated

CD8+ (CD69+4-1BB+) and CD4+ (OX40+4-1BB+) T cells following peptide stimula-

tion (Figures S2A and S2B). The frequency of vaccinated individuals with CD8+

and CD4+ T cells activated by S peptide pools increased sequentially from D7 to

D10. Peak activated CD8+ T cell response was observed in the majority at D21,

whereas activated CD4+ T cell levels mostly plateaued from D10 to D21 (Figure 2A).

The ability of T cells to produce IFN-g after S peptide pool activation was also

analyzed. IFN-g secretion in peptide-stimulated whole blood was detected in 90%

(18/20) at D7 and 95% (19/20) at D10, and in 89% (16/18) at D21 (Figure 2B). Like-

wise, T cell responses were also detected using IFN-g ELISpot, the results of which
Med 2, 682–688, June 11, 2021 683
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Figure 1. Early humoral responses following 1st dose of vaccine

(A–C) Antibody responses in serum following dose 1 of vaccine were characterized in study participants at pre-dose, and at days (D) 7, 10, and 21 post-

vaccination. SARS-CoV-2 S-specific IgM (A), IgA (B), and IgG (C) were measured using a bead-based immunoassay and binding data reported as median

fluorescence intensity (MFI). Data were fitted with a locally weighted scatterplot smoothing (LOESS) regression analysis (blue, purple, and red lines for

IgM, IgA, and IgG, respectively). IgM, IgA, and IgG data for the study population at each of the time points is presented as geometric mean MFI (GMFI).

Percentage of response in the study healthcare population was calculated using a positive threshold of a R4-fold increase in GMFI over pre-dose.

(D) Inhibition of RBDbinding to hACE2 receptor was testedusing the commercial cPASS kit at 1:20 serumdilution,with a positive antibody response defined as RBD-

hACE2 binding inhibition >20%. Pie charts show the percentage of study participants with positive RBD-hACE2 antibody response at each study time point.
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showed a similar trend. An increased magnitude of spot-forming units (SFUs)/106

cells from baseline to D7 (median 8 SFU/106 cells) and D10 (median 28 SFU/106 cells)

was observed, indicating an expansion in the frequency of SARS-CoV-2 S-specific

T cells (Figure 2C). These T cells contracted by D21 (median 13 SFU/106 cells) to

levels similar to those at D7.

Phenotypic analysis of the T cells producing IFN-g was performed with intracellular

cytokine staining (ICS) in participants (n = 6) with a sufficient quantity of blood.

Consistent with the peak IFN-g detection at D10 (Figures 2B and 2C), a clear popu-

lation of ex vivo CD4+ T cells producing IFN-g were visualized in 33% (2/6) of study

participants (Figure S2C). Upon waning of the IFN-g response at D21, however,

ex vivo CD8+ or CD4+ T cells producing IFN-g were no longer visualized over the

background level. However, in vitro expansion of peripheral blood mononuclear

cells (PBMCs) collected at D21 and stimulated by S peptide pools for 10 days re-

sulted in the expansion of S-specific IFN-g producing CD4+ and CD8+ T cells (n =

3; Figure S2D).
684 Med 2, 682–688, June 11, 2021



Figure 2. Induction of SARS-CoV-2 spike-specific T cell responses following 1st dose of vaccine

(A) The frequency of antigen-specific stimulation measured by activation-induced markers (AIM+) CD69+4-1BB+ expression in CD8 T cells (left) and

OX40+4-1BB+ expression in CD4 T cells (right). Summarized graph represents the percentage of activation after the background subtraction of cells

without SARS-CoV-2 spike (S) stimulation.

(B) The amount of IFN-g secreted upon whole-blood stimulation with the SARS-CoV-2 S-peptide pool after deduction with the respective DMSO control.

(C) The frequency of IFN-g SFU reactive to the SARS-CoV-2 S-peptide pool after subtraction against the negative control.

The black line indicates themedian responses at different time points in (A)–(C), and n = 20 unless indicated on the figure.Whole-blood IFN-g assay and other T cell

assays were only performed in 18 and 19 individuals, respectively, on D21 due to the lack of samples. The pie graph below the axis in (A–(C) represents the

summarized number of positive responses (red) defined as having a T cell response compared to D1. Statistical comparisons were performed using nonparametric

ANOVA, Friedman test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and N.S. indicates not significant. See also Figure S2.
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These data show that RNA vaccination induced early and functionally efficient SARS-

CoV-2 S-specific T cells (both CD8+ and CD4+) that temporally coincided with the

onset of vaccine efficacy. Notably, the S-specific T cell response detected at D10

was quantitatively and qualitatively similar to S-specific memory T cells present in in-

dividuals who recovered from asymptomatic SARS-CoV-2 infection (Figure S2E).

Finally, we found no correlation between either inhibition of receptor-binding

domain (RBD)-hACE2 binding or neutralizing antibody titers with total IgG and

IFN-g production in PBMCs (Figures S1D–S1G).

DISCUSSION

BNT162b2 is the first RNA vaccine to be licensed, at least for emergency use. This

vaccine, along with another RNA vaccine developed byModerna (mRNA-1273), pro-

vided greater than expected efficacy in preventing COVID-19, the onset of which
Med 2, 682–688, June 11, 2021 685
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began at�D12 after the first dose.1 The adaptive immune responses associated with

the onset of vaccine efficacy thus provides a unique opportunity to glimpse the con-

stituents of correlates of protection against COVID-19.

Efforts to identify the correlates of protection are being made by measuring the

adaptive immune response longitudinally in convalescent COVID-19 cases, which

has been shown to contain a spectrum of both humoral and cellular responses.5–7

Without a sizeable proportion of cases with repeat episodes of COVID-19, however,

teasing apart these adaptive immune responses to identify the elements minimally

required for protection will be challenging. Similar challenges apply to identifying

breakthrough infection among vaccinated subjects, given the high level of vaccine

efficacy. Hence, identifying elements of the adaptive immune response that develop

coincidentally with vaccine efficacy onset offers at least a partial solution to this

epidemiological conundrum in defining the correlates of protection.

We were able to detect anti-S antibodies at D10, with the percentage of IgG and

IgA seroconversion approaching that of vaccine efficacy starting at D12. What is

evident, however, is that the total antibodies developed at this early time point

were either not able or were at levels insufficient to neutralize SARS-CoV-2 infec-

tion. This finding does not imply that neutralizing antibodies would not prevent

COVID-19. Instead, it suggests that they are not absolutely required for protection

against COVID-19. The protection coming from the humoral immune response

could instead be mediated by Fc-related functions, namely ADCC, complement

activation, and phagocytosis.8

We were able to detect S-reactive CD4+ and CD8+ T cells as early as D7 and D10.

This early expansion of T cells may protect against SARS-CoV-2 infection at D7

and D10 and thus reduce disease onset from D12, given the COVID-19 incubation

period of 2–7 days.3 Experimental SARS-CoV-2 infection in rhesus macaques have

shown that T cells are indispensable for protection, especially with suboptimal

neutralizing antibodies.9 The presence of S-reactive T cells, among other SARS-

CoV-2 proteins, could also be associated with protection against COVID-19 despite

seronegativity.10 Cellular immune response may thus be an important component of

the early protection offered by RNA vaccines against COVID-19.

In conclusion, our findings provide insights into the elements of the RNA vaccine-

induced adaptive immune responses that prevent COVID-19 and calls for circum-

spection on the prevailing view that neutralizing antibodies are required for

immunity.
Limitations of study

The onset of protection from COVID-19 after vaccination was extrapolated from

aggregate data from other studies. It is possible the actual timing of onset of protec-

tion may vary between individuals. This limitation is, however, unlikely to alter our

conclusions as data from other studies have confirmed that the majority of vaccinees

do not develop significant levels of neutralizing antibodies even at time points as

late as D21 after RNA vaccination,4 well after protection against COVID-19 is defin-

itively induced.11
STAR+METHODS

Detailed methods are provided in the online version of this paper and include the

following:
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-human IFN-g coating antibody Mabtech Cat# 3420-3-1000; RRID:AB_907282

Anti-human IFN-g biotin Mabtech Cat# 3420-6-1000; RRID:AB_907272

Anti-human CD3 BV605 Biolegend Cat# 317322; RRID:AB_2561911

Anti-human CD8 APC-Cy7 BD Cat# 557834; RRID:AB_396892

Anti-human IFN-g PE R&D systems IC285P; RRID:AB_357309

Anti-human CD8 V500 BD Cat# 560774; RRID:AB_1937325

Anti-human HLA-DR Pe-Cy7 BD Cat# 335795; RRID:AB_399973

Anti-human CD38-V450 BD Cat# 561378; RRID:AB_10689627

Anti-human CD69 AF700 Biolegend Cat# 310922; RRID:AB_493775

Anti-human CD134 (OX40) PerCP-Cy5.5 Biolegend Cat# 350010; RRID:AB_10719224

Anti-human CD137 (4-1BB) APC BD Cat# 550890; RRID:AB_398477

Goat anti-Human IgG Fc PE ThermoFischer 12-4998-82

Anti-6xHis-PE Abcam ab72467

Goat Anti-Human IgM-Biotin SouthernBiotech 2020-08

Goat Anti-Human IgA-Biotin SouthernBiotech 2050-08

Streptavidin-PE SouthernBiotech 7105-09L

Mouse Anti-Human CD107A-BV421 BD 562623

Mouse Anti-Human IFNg-AF647 BD 554702

Bacterial and virus strains

SARS-CoV-2 - BetaCoV/Singapore/2/2020 Clinical Isolate EPI_ISL_406973

Biological samples

Blood from individuals who received the Pfizer/
BioNTech BNT162b2 vaccine

Singapore General Hospital (SGH) N/A

Chemicals, peptides, and recombinant proteins

Streptavidin-ALP Mabtech Cat# 3310-10-1000

KPL BCIP/NBT Phosphotase substrate SeraCare Cat# 5420-0038

Recombinant human IL-2 R7D systems Cat# 202-1L-050

Yellow Live/Dead fixable dead cell stain Invitrogen Cat# L34959

15-mer SARS-CoV-2 overlapping Spike
peptides

Mimotopes N/A

BD Cytofix/Cytoperm fixation BD Biosciences Cat# 51-2090 KZ

SARS-CoV-2 Spike Protein, His Tag AcroBiosystems SPN-C52H4

xMAP Antibody Coupling Kit Luminex 40-50016

Luminex MagPlex-C Microspheres, Region 033 Luminex MC10033-01

Luminex MAGPIX Performance Verification Kit
(IVD)

Luminex MPXIVD-PVER-K25

Luminex MAGPIX Calibration Kit (IVD) Luminex MPXIVD-CAL-K25

Luminex MAGPIX Drive Fluid, 4 Pack Luminex MPXDF-4PK-1

Brefeldin A Solution (1,000X) Biolegend 420601

GolgiStop Protein Transport Inhibitor BD 554724

Critical commercial assays

Ella immunoassay Protein simple SPCKB-PS-002574

cPASSTM SARS-CoV-2 Neutralization Antibody
Detection Kit

GenScript L00847-B

Deposited data

No unique dataset was generated N/A N/A

Experimental models: cell lines

No-GFP-CD16.NK-92 cell line (High affinity
176V)

ATCC PTA-6967

Vero-76 [clone E6, Vero E6] ATCC CRL-1586

(Continued on next page)
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Software and algorithms

GraphPad Prism 9 Graphpad https://www.graphpad.com/scientific-
software/prism/

Immunospot software Cellular Technology Limited http://www.immunospot.com/ImmunoSpot-
analyzers-software

FlowJo software BD https://www.flowjo.com/solutions/flowjo/
downloads

R software Version 3.5.1 2018 The R Foundation for Statistical
Computing

https://cran.r-project.org/bin/macosx/

RStudio Version 1.1.453 2009-2019 RStudio, Inc. https://www.rstudio.com/products/rstudio/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Eng Eong Ooi (eng.eong.ooi@duke-nus.

edu.sg).
Materials availability

This study did not generate new unique reagents.
Data and code availability

This study did not generate any unique datasets or new codes.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study was approved by the SingHealth Centralized Institutional Review Board

(CIRB/F 2021/2014). Healthcare workers from the Singapore Health Services institu-

tions who were eligible for Covid-19 vaccination were invited to participate in this

study, and written informed consent was obtained. Whole blood and serum samples

were collected for serological and T cell analysis at baseline (pre-vaccination), as well

as at D7, D10 and D21 after the first intramuscular dose of the Pfizer/BioNTech

BNT162b2 vaccine.
METHOD DETAILS

Serological analysis

Spike bead-based Luminex immuno-assay. Early IgG, IgA and IgM responses in

vaccinated individuals were measured using a previously described bead-based Im-

muno-assay.12 Recombinantly expressed pre-stabilized S-protein of SARS-CoV-2

(AcroBiosystems) were covalently conjugated to Magpix Luminex beads using the

ABC coupling kit (Thermo). S-conjugated beads were then blocked with 1% BSA

in 0.05% PBS-T (i.e., 0.05% tween20 in 1xPBS), and incubated for 1 hr at 37�C with

serum (diluted to 1:100 in blocking buffer). For serum IgM or IgA assessment, beads

were then washed, and probed with either anti-human IgM-biotin (Southern Biotech)

or anti-human IgA-biotin (Southern Biotech), respectively, for 30 mins at 37�C fol-

lowed by streptavidin-PE (Southern Biotech) for another 30 mins at 37�C. For IgG
assessment, serum-probed beads were washed and incubated with PE-conjugated

anti-human IgG secondary antibody (Thermo) for 30 mins at 37�C. S-binding anti-

bodies were then measured on a Magpix instrument as median fluorescence inten-

sity (MFI). All MFI values were adjusted to the quantity of S-protein on beads (which

was probed using 6xHIS-PE antibodies). A 4-fold or greater increase in geometric

mean Median Fluorescence Intensity (GMFI) was used as seroconversion threshold
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RBD-hACE2binding inhibition assay. Antibodies inhibiting virus binding to host cell

attachment was measured using a commercial RBD-human angiotensin-converting

enzyme 2 (hACE2) binding inhibition assay called cPASSTM (GenScript).13 As per

manufacturer’s instructions, serum was diluted 1:10 in the kit sample buffer was

mixed 1:1 with HRP-conjugated RBD and incubated for 30 mins at 37�C. RBD-anti-

body mixtures were then transferred and incubated for 15 mins at 37�C in

enzyme-linked immunosorbent assay (ELISA) plates coated with recombinant

hACE2 receptor. Following incubation, plates were washed with the kit wash

solution, incubated with TMB substrate for 15 mins and reaction stopped

with stop solution. Absorbance was measured at OD450 nm. Percent inhibition

of RBD-hACE2 binding was computed using the following equation:

% inhibition =

�
1 �

�
OD of serum+RBD

OD of negative control +RBD

��
3 100. As described by the cPASS

kit, a cutoff of 20% and above was used to determine positive RBD-hACE2 inhibition.

SARS-CoV-2 neutralization assay. Neutralization sero-conversion was assessed us-

ing a plaque reduction neutralization assay (PRNT) at pre-vaccination and at days

7 and 10 post-vaccination. PRNT was conducted as previously described for

SARS-CoV-2.14 Briefly, heat-inactivated human were diluted 1:10 in cell culture me-

dia and incubated for 1 hr at 37�C with a Singapore clinical isolate of SARS-CoV-2

(BetaCoV/Singapore/2/2020, GISAID accession code EPI_ISL_406973). The virus-

antibody immune-complexes were then transferred to 24-well plates containing

Vero-E6 African green monkey kidney cells, and incubated for 1-2 hr. Cells were

then overlaid with carboxymethyl cellulose (CMC) and incubated under 5% CO2 at

37�C for 5 days to allow for plaque formation. Following incubation, cells were

washed, stained with crystal violet and plaques visually counted. Percentage of virus

neutralization was computed following normalization of plaques in serum plus virus

wells to virus only control wells. Plaque reduction neutralization test (PRNT) at a sin-

gle 1:10 dilution was used to assess SARS-CoV-2 neutralizing antibodies where 50%

or greater reduction of wild-type SARS-CoV-2 inoculum (PRNT50 R 10) was taken as

positive.

Antibody-dependent cellular cytotoxicity (ADCC) assay

ADCC inducing SARS-CoV-2 S-specific antibodies following vaccination was as-

sessed using a natural killer (NK) cell degranulation assay as described previously.15

Briefly, NUNCMaxisorp ELISA plates were coated with 200ng/well of purified SARS-

CoV-2 S-protein (overnight at 4�C). Then plates were then washed with sterile 1xPBS

and blocked (with 5% BSA) overnight at 4�C. Blocked plates were incubated with

diluted serum samples (1:50 in 1% BSA buffer) for 1 hr at 37�C. Plates were then

washed (3x) with sterile 1xPBS and incubated with NK92.CD16 cells (ATCC PTA-

6967) containing 20 mg/ml Brefeldin A, protein transport inhibitor (GolgiStop) and

anti-CD107a-BV421 antibody in the cell culture media for 5 hr at 37�C in 5% CO2.

Cells were then fixed and permeabilized with Cytofix/Cytoperm, stained for IFNg

(anti-IFNg-APC), washed and the percentage of NK cells producing CD107a and

IFNg was acquired using flowcytometry (BD LSR Fortessa).

T cell analysis

SARS-CoV-2 specific T cell quantification. SARS-CoV-2-specific T cells were tested

as described previously.7 Briefly, cryopreserved PBMC were thawed and directly

tested by IFN-g-ELISpot for reactivity to a pool of 55 peptides covering the immuno-

genic regions of the SARS-CoV-2 S-protein (S pool) which spans 40.5% of the whole

SARS-CoV-2 S-protein. ELISpot plates (Millipore) were coated with human IFN-g

antibody overnight at 4�C. 400,000 PBMC were seeded per well and stimulated
Med 2, 682–688.e1–e4, June 11, 2021 e3
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for 18h with the S pool at 2 mg/ml. The plates were then incubated with human bio-

tinylated IFN-g detection antibody, followed by Streptavidin-AP and developed us-

ing the KPL BCIP/NBT Phosphatase Substrate. To quantify positive peptide-specific

responses, 2x mean spots of the unstimulated wells were subtracted from the pep-

tide-stimulated wells, and the results expressed as spot forming cells (SFC)/106

PBMC. Results were excluded if negative control wells had > 30 SFC/106 PBMC or

positive control wells (PMA/Ionomycin) were negative.

SARS-CoV-2 specific T cell lines. T cell lines were generated as previously

described.12 20% of PBMCs were pulsed with 10mg/ml of the overlapping S-pool

for 1 hour at 37�C, subsequently washed and co-culture with the remaining cells in

AIM-V media supplemented with 2% AB human serum and 20U/ml of recombinant

IL-2 for 10 days.

Flow cytometry analysis. All flow cytometry samples were analyzed using cryopre-

served cells which were thawed and resuspended in AIM-V media supplemented

with 2% AB serum. All samples were acquired on a BD-LSR II Analyzer (BD) and

analyzed with FlowJo software (BD).

Activation induced cell marker assay. Cells were stimulated for 24 hr at 37�C with or

without the S peptide pool (2mg/ml). Cells were first stained with the Fixable Near-IR

Live/Dead fixable cell stain kit (Invitrogen) then with surface markers as previously

described6: anti-CD3, anti-CD4, anti-CD8, anti-CD69, anti-CD134 (OX40) and

anti-CD137 (4-1BB).

Intracellular cytokine staining assay. Cells were cultured with or without the S-pep-

tide pool (2mg/ml) for 5 hours in the presence of 10ug/ml brefeldin A and 1x mone-

sin. Cells were then stained with the LIVE/DEAD fixable dead cell stain and surface

markers: anti-CD3 and anti-CD8. Cells were subsequently fixed and permeabilized

using the Cytofix/Cytoperm kit and stained with anti-IFN-g.

IFN-g quantification of whole blood culture stimulated with SARS-CoV-2 Speptide
pool. 320 mL of whole blood drawn on the same day were mixed with 80 mL

RPMI and stimulated with pools of the SARS-CoV-2 S-peptides at 2 mg/ml or a

DMSO control as described.7 After 16 hours of culture, the culture supernatant

(plasma) was collected and stored at �80�C until quantification of cytokines. Cyto-

kine concentrations in the plasma were quantified using an Ella machine with micro-

fluidic multiplex cartridges measuring IFN-g following the manufacturer’s instruc-

tions (ProteinSimple). The level of cytokines present in the plasma of DMSO

controls was subtracted from the corresponding peptide pool stimulated samples.
QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis were performed using GraphPad Prism v9. Where applicable,

the statistical tests used, the definition of center and statistical significance were

indicated in the figure legends. In all instances, ‘‘n’’ refers to the number of subjects

analyzed.
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