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Summary

T cells are a critical component of the response to SARS-CoV-2, but their kinetics
after infection and vaccination are insufficiently understood. Using “spheromer” peptide-
MHC multimer reagents, we analyzed healthy subjects receiving two doses of the
Pfizer/BioNTech BNT162b2 vaccine. Vaccination resulted in robust Spike-specific T cell
responses for the dominant CD4* (HLA-DRB1*15:01/S191) and CD8* (HLA-A*02/S691)
T cell epitopes. Antigen-specific CD4" and CD8" T cell responses were asynchronous,
with the peak CD4* T cell responses occurring one week post the second vaccination
(boost), whereas CD8* T cells peaked two weeks later. These peripheral T cell responses

were elevated compared to COVID-19 patients. We also found that prior SARS-CoV-2



39 infection resulted in decreased CD8" T cell activation and expansion, suggesting that prior

40 infection can influence the T cell response to vaccination.
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Introduction

The COVID-19 pandemic has resulted in the rapid development of several novel
vaccine platforms, including the mRNA-based Pfizer/BioNTech BNT162b2 vaccine’?.
The mRNA vaccine formulations show high levels of protection and stimulate robust
innate and adaptive immune responses®®. They induce neutralizing antibodies, although
circulating titers decrease after just months®’. In contrast, analyses of the magnitude and
durability of SARS-CoV-2 specific T cell responses are limited, with most studies relying
on bulk measurements after in vitro peptide stimulation*8. While rapid and useful, these
studies underestimate the frequency of epitope-specific T cells® and may not be able to
identify specific immunodominant epitopes efficiently. Peptide-major histocompatibility
complex (pMHC) multimers address these limitations and provide a more quantitative and

epitope-specific picture of the T cell response®*2.

T cell responses play a critical role in controlling disease after SARS-CoV-2
infection. Breakthrough virus in the nasal swabs is seen in all convalescent rhesus
macaqgues with waning or suboptimal neutralizing antibody titers upon rechallenge with
SARS-CoV-2 after CD8* T cell depletion'®. Recovery from COVID-19 in patients
undergoing B cell depleting therapies further highlights the importance of T cells in SARS-
CoV-2 viral clearance!. CD8" T cell responses to conserved coronavirus epitopes
correlate with mild COVID-19 disease symptoms?®. Rapid expansion of cross-reactive T
cells is also seen in individuals with abortive SARS-CoV-2 infection, suggesting their
protective role!. Thus, it is important to understand the kinetics of T cell priming, and how

these events compare across SARS-CoV-2 naive vaccinees versus COVID-19 patients.
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In this study, we used the spheromer technology to identify dominant T cell
epitopes after BNT162b2 vaccination. This platform is based on an engineered form of
maxiferritin, where 12 pMHCs carried by each nanoparticle are able to detect ~3-5-fold
more antigen-specific T cells compared to other multimers®. Here, we designed a panel
of forty-nine predicted epitopes, spanning both spike and non-spike proteins from the
original Wuhan-Hu-1 SARS-CoV-2 strain. We probed a total of 351 blood samples
collected from vaccinated volunteers with timepoints ranging from pre-vaccination up to
4 months after the first dose. Overall, BNT162b2 vaccination resulted in polyfunctional
CD8* and CD4* T cell responses across all volunteers, likely contributing to its remarkable
efficacy. We observed distinct CD8* and CD4" T cell kinetics after mRNA vaccination.
This disparity between the two major T cell responses is unusual, since in other
vaccination studies both CD4* and CD8* peak in circulation approximately one week after
stimulating a recall response!’1%, This coordination of T cell subsets was also seen in a
Celiac challenge study?°. We speculate that this may be a unique feature of mRNA
vaccines. To assess the differences in T cell responses elicited by vaccination versus
natural infection, we determined the response in two independent local patient
cohorts®®2122 \We observed lower frequencies of spike-specific T cells in circulation after
infection compared to mMRNA vaccination, especially in the CD8" T cell compartment with
a skewing of the response hierarchy amongst the tested epitopes. We also noticed
gualitative differences in the virus-specific T cells. Vaccination led to the rapid induction
of effector T cells that contracted by day 90, concomitant with an increase in the frequency
of memory T cells. In contrast, only low-levels of virus-specific memory CD8" T cells could

be detected in COVID-19 patients, even at 5 months post symptom onset.
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We also evaluated the impact of BNT162b2 vaccination on T cell responses after
SARS-CoV-2 infection. While prior infection had almost no effect on the CD4* T cell
response induced upon vaccination, we observed a decrease (3.6 to 54.1-fold at peak) in
the frequency of circulating spike-specific CD8* T cells, and these had attenuated
functionality compared to naive vaccinees. This suggests that SARS-CoV-2 virus
infection may cause long-term damage to the patients’ immune system well after viral

clearance.

Results

The BNT162b2 vaccine encodes a stabilized spike protein from SARS-CoV-2
(Wuhan-Hu-1 strain)!. To analyze the T cell responses, we selected nineteen epitopes
across multiple HLA alleles spanning the entire spike protein of 1273 amino acids. In
addition to five HLA-A*02:01 epitopes used previously for characterizing the response in
a COVID-19 patient cohort!®, we included two more HLA-A*02:01 epitopes and seven
HLA-B*40:01 epitopes to measure CD8* T cell responses (Table S1). For the CD4* T cell
response we selected five HLA-DRB1*15:01 epitopes (Table S1). Additionally, we
analyzed thirty non-spike epitopes from three different SARS-CoV-2 genes (for CD8* T
cells restricted to HLA-A*02:01 - ORFlab =12, M =4, N = 2; and HLA-B*40:01 — ORF1lab
=5, N =1, for CD4* T cells restricted to HLA-DRB1*15:01 — ORFlab =2, M =2, N =2)
in infected individuals (Table S1). Briefly, these peptides were selected based on a
combination of the following criteria: literature search®912.15.24-27 "pjoinformatic analysis?®

30 and an MHC stabilization assay?*®.
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Previously, we described spheromers, an improved 12 pMHC T cell staining
platform that has superior sensitivity versus other pMHC-multimers!>. We used our
SARS-CoV-2 specific spheromers to characterize the T cell response kinetics in three
independent cohorts: (1) SARS-CoV-2 naive individuals who received the BNT162b2
vaccine, (2) COVID-19 patients with SARS-CoV-2 infections, and (3) Individuals who
received the BNT162b2 vaccine after recovery from a SARS-CoV-2 infection. Blood was
collected at the indicated timepoints. Combinatorial staining was performed as described

previously, to probe for multiple specificities'®3!.

We first measured the spike-specific CD8* T cell response in SARS-CoV-2 naive
vaccinees to estimate the response kinetics to the vaccine. The samples were collected
from individuals on day O (within 12h of the first dose) and subsequently followed up to 4
months with blood draws (Fig. 1A). PBMCs from unvaccinated individuals collected at
least 1 year prior to the pandemic were used to ascertain the baseline frequency to SARS-
CoV-2 epitopes. We tested fourteen epitopes across HLA-A*02:01 and HLA-B*40:01
alleles spanning the entire spike sequence (Fig. 1B-D and Table S1). On day 0, SARS-
CoV-2 specific CD8" T cells were detectable with total HLA-A*02:01 anti-spike responses
ranging between ~0.007-0.1% (Figs. 1C), similar to that observed in pre-pandemic
samples. We observed an extremely rapid mobilization of antigen-specific CD8* T cells
(Fig. 1E). The efficient induction of the immune response after mRNA vaccination
resulted in a 36.2-fold increase in spike-specific CD8" T cells post first dose, consistent
with a previous report'! (Fig. 1E). The frequency of total spike-specific CD8* T cells
increased from 0.31% at baseline to 10.5% before the second dose (Fig. 1E). High

frequencies of HLA-A*02:01 spike-specific CD8* T cells persisted for several weeks after
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the second dose with the nominal peak at day 42 (Fig. 1E). At day 42, 19.9% CD8* T
cells were specific for the HLA-A*02:01 epitopes tested. A 5.2-fold contraction was
observed by days 42-120, but the frequencies remained high in comparison versus day
0 (Fig. 1E). We also measured the response to seven distinct HLA-B*40:01 spike
epitopes (Fig. 1D) and observed similar kinetics, with a 44.6-fold increase in the
frequency of HLA-B*40:01-restricted spike-specific CD8* T cells after the first dose (Fig.
1H). The frequencies went up further following the second dose of vaccination (Fig. 1H).
However, the magnitude of spike-specific response to the HLA-B*40:01 epitopes was
lower than that observed for HLA-A*02:01 (Fig. 1E, H), showing that some alleles may
be much better at stimulating T cell responses than others. The spike-specific CD8* T cell
response was inversely correlated with age but did not show an association with sex

(Figs.1G, J and S1A-B).

The CD8" T cell response to different epitopes varied considerably (Figs. 1C-D),
Nevertheless we observed very similar kinetics for all the tested epitopes (Figs. 1C-D).
S691 was the most prominent among the seven HLA-A*02:01 epitopes, with a peak
median frequency of 7.5% of the CD8" T cells (Figs. 1C, F and S2A-B). The epitope
S976, well conserved across hCoVs, also contributes prominently to the overall response
with a peak median frequency of 4.6% (Fig. 1C). The rest of the HLA-A*02:01 epitopes
had lower frequencies at peak, from 0.5% to 2.2% (Fig. 1C). Among the seven HLA-
B*40:01 epitopes, S1016 was the most dominant, peaking at 3.1%, while other epitopes
ranged from 0.15% to 0.28% (Figs. 1D, | and S2B). The baseline epitope-specific CD8*
T cell response is strongly correlated with the epitope conservation across seasonal

human coronaviruses (hCoVs), whereas the peak epitope-specific CD8" T cell
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frequencies demonstrated a moderate correlation with epitope conservation across
seasonal hCoVs (Figs. S1D-E). Our results suggest that mRNA vaccination can induce
robust responses to novel spike epitopes and is not limited to cross-reactive specificities

imprinted from past seasonal hCoV exposures.

Next, we evaluated the functional capacity of the antigen-specific CD8" T cells
following peptide stimulation. PBMC samples collected at day 42 were stimulated with
peptides corresponding to the dominant epitopes identified in this study, HLA-
A*02:01/S691 and HLA-B*40:01/S1016. After stimulation, we performed cytokine profiling
by intracellular staining (ICS) of pMHC-spheromer+ CD8* T cells (Figs. 1K, M). Most
antigen-specific cells made IFNy and were also able to produce TNFa and IL-2. A minor
subset also produced Granzyme B. We also measured activation induced markers (AIM)
(Figs. 1L, N). As shown, the dominant epitopes induced the expression of multiple
activation markers; CD69, CD154, CD137, CD38 and a marker of proliferation, Ki-67.
This durable and stable induction of polyfunctional CD8" T cells might contribute to the

high efficacy of mRNA vaccines.

We also surveyed the spike-specific CD4* T cell response after vaccination (Figs.
2A-B and Table S1). At day 0, the frequency of epitope-specific CD4* T cells ranged from
0.05-0.07%, that was comparable to the levels in pre-pandemic samples (Fig. 2C). We
observed a rapid increase in the frequencies of spike-specific CD4* T cells within a week
after the first dose (Fig. 2D). The second dose led to a smaller increase (2.3-fold) in the
overall anti-spike CD4" T cell response (Fig. 2D). However, in contrast to the CD8" T

cells, a decrease in the circulating anti-spike CD4* T cells was observed by day 42 (Fig.
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2D). This discordance in the kinetics of the major T cell subsets may relate to the distinct
functions they execute. Even so, spike-specific CD4* T cells were detectable at higher
frequencies in circulation in comparison to day 0, even three months after vaccination
(Fig. 2D). Among the tested epitopes, the most dominant response was observed against
S191, with a median frequency of 9.7% on day 28 (Figs. 2C, E and S2B). The other
epitopes varied between 1.5% to 2.9% (Fig. 2C). The kinetics of CD4* T cells specific to
the dominant epitope, S191, followed the total spike response (Fig. 2E). As with the CD8*
T cells, the CD4* T cell response was decreased in older individuals but showed no sex
association (Figs. 2F and S1C). The total spike-specific and dominant S191 epitope-
specific CD4" T cell response kinetics further correlated with SARS-CoV-2 spike-specific

lgG levels (Fig. 2G).

We next evaluated the cytokine profile of spike-specific CD4* T cells after
stimulating day 28 PBMCs with the dominant peptide, S191. The pMHC-spheromer+
CD4* T cells produced IFNy, TNFa, IL-2 and Granzyme B, indicating a Thl-skewing as
reported previously®? (Fig. 2H). These cells also expressed multiple activation markers
after stimulation, further validating the functional capacity of vaccine induced CD4* T cells
(Fig. 2I). In contrast to the CD8" T cell response, the epitope conservation across
seasonal hCoVs did not correlate with the baseline or peak CD4+ T cell frequencies,
which suggests that the vaccine induced responses to novel SARS-CoV-2 epitopes (Figs.
S1F-G). Taken together, these robust T cell responses induced by the BNT162N2 mRNA

vaccine likely contributes to its remarkable efficacy.



197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

To study the development of anti-SARS-CoV-2 CD8* T cell immunity mediated by
vaccination versus natural infection, we compared the responses of SARS-CoV-2 naive
vaccinees and COVID-19 patients. The patient samples were grouped by days since
symptom onset and matched with samples from BNT162b2 vaccinees as indicated (Fig.
3A). The patient cohort was established during the first wave of the pandemic
(June~December 2020) and were most likely infected by the Wuhan-Hu-1 SARS-CoV-2
strain that matches the vaccine formulation. To perform an integrated analysis, we
compiled 12 features of spike-specific CD8* T cell response derived from flow assays
(Fig. S3A). Overall, BNT162b2 vaccination and SARS-CoV-2 infection resulted in distinct
spike-specific CD8* T cells profiles indicated by non-overlapping clusters in UMAP space.
We observed divergent spike-specific CD8" T cell response after vaccination and
infection in terms of the preferred epitopes (Fig. S3B). While the dominant epitope within
spike protein in vaccinees is S691, the main response after infection were against S976
and S983, with a median peak frequency of 0.25% and 0.24%, respectively (Fig. S3B).
The total spike-specific CD8* T cell response in circulation elicited by infection was lower
in magnitude in comparison to vaccination (Fig. S3C). After a single vaccine dose (T1),
the spike-specific CD8* T cell response in circulation was 40.6-fold higher than natural
infection (Fig. S3C). This difference in median frequency after the second dose of
vaccination (T2) ranged from 9.5 to 21.6-fold (Fig. S3C). The response to S691 in the
COVID-19 patient cohort, the dominant epitope in vaccinated individuals, was 25.1 to
143.4-fold lower across the sampled timepoints (Fig. S3D). As for durability, anti-spike
CD8* T cells were detectable at higher frequencies in circulation in comparison to COVID-

19 patients even during the contraction phase (T3 and T4) of the immune response (Figs.
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S3C-D). BNT162b2 vaccination induces a T cell response exclusively to spike peptides
since the vaccine encodes only that protein. In contrast, SARS-CoV-2 infection generates
a response against the whole virus®. Therefore to capture that response, we tested
eighteen additional epitopes derived from three different genes (ORFlab = 12, M = 4,
and N = 2) (Fig. 3B). The magnitude of T cell response to both spike and non-spike
epitopes in COVID-19 patients was comparable (Fig. 3C, D). At the nominal peak after
vaccination (T2), the CD8" T cell response (spike-only) in naive vaccinees was 10.6-fold
higher than that in COVID-19 patients (spike and non-spike epitopes) (Fig. 3E). We also
performed peptide mega pool (MP) stimulation assay since it enables profiling a much
broader landscape of T cell responses. We did not observe any difference in the response
to spike and non-spike peptide pools among COVID-19 patients (Figs. 3F and S4A). In
contrast to pMHC-spheromer staining (Figs. 3F and S4A), we observed a slight but not
significant 1.3-fold decrease in the CD8* T cell response to spike peptide pool stimulation
in COVID-19 patients in comparison to vaccinees by AIM assay (Figs. 3F and S4A). This
discrepancy between pMHC-spheromer staining and AIM assay could in part be due to
limitation of the peptide stimulation assay to capture all relevant T cells due to the relative
lack of sensitivity. We recently observed that Mycobacterium tuberculosis (Mtb) MP
captures only a fraction (33.6%) of the total T cell response defined by TCR specificity
groups identified from the analysis of 19,044 unique TCRp sequences derived from
individuals with latent Mtb infection using GLIPH2 algorithm33. To investigate this further,
we performed stimulation with the dominant CD8" spike peptide (A2/S691) and evaluated
the T cell response using both pMHC-spheromer and AIM markers in 16 vaccine donors

(FigS. S4C-D). This allowed us to directly compare pMHC-spheromer* and AIM* CD8* T
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cell responses. We found that pMHC-spheromers captured most (94.6 + 9.5%) AIM*
CD8* T cells ((Fig. S4C). In contrast, only a fraction (18.1 + 10.1%) of all pMHC-
spheromer® cells were positive for both CD69 and CD137 (Fig. S4C). For the dominant
spike peptide, pMHC-spheromers detect 9.5-fold more epitope-specific CD8" T cells
compared to the AIM assay ((Fig. S4D). Thus, we speculate that stimulation assays are

able to capture only a fraction of the total responses compared to pMHC-spheromers.

Next, we characterized the memory T cell compartment in these cohorts. The
absolute number of total memory CD8* T cells at early timepoints (T1 and T2) was similar
between the two cohorts (Fig. 3G). The total memory CD8" T cell counts during late
convalescence in COVID-19 patients was 1.3-fold and 1.4-fold lower compared to
vaccinated individuals at T3 and T4, respectively (Fig. 3G). We next measured the spike-
specific T cell memory subset distribution (Fig. 3H). Antigen mediated activation of spike-
specific CD8* T cells after vaccination led to an effector phenotype (CD45RA*-CCRT").
The progressive contraction of effector cells after vaccination was coupled with the
establishment of robust central memory (CD45RA*CCR7") (Fig. 3H). In contrast, infection
resulted in chronic activation of spike-specific CD8" T cells, with effector cells (CD45RA"

CCRT7°) dominating the early to late convalescent phase (Fig. 3H).

We also measured the effect of BNT162b2 vaccination or SARS-CoV-2 infection
on CD4" T cells (Fig. 4A). The distinct route of exposure to viral antigens, that is
vaccination or infection, resulted in non-overlapping spike-specific CD4* T cell clusters,
again suggesting a divergent T cell response (Fig. S3E). However, we did not observe
any shift in the favored spike epitope between vaccinees and COVID-19 patients, with

both the cohorts focused on S191 (Fig. S3F). The magnitude of spike-specific peripheral
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CD4* T cells induced by vaccination demonstrated higher flux than in COVID-19 patients
(Fig. S3G). A single dose of the vaccine (T1) resulted in similar frequencies of spike-
specific CD4* T cells as SARS-CoV-2 infection (Fig. S3G), but the second dose of the
vaccine resulted in 3.3-fold higher response in naive vaccinees versus COVID-19 patients
(Fig. S3G). At later time points (T3 and T4), the spike-specific CD4" T cells in vaccinees
dropped to be comparable to COVID-19 patients (Fig. S3G). The response to the
dominant epitope (S191) followed the same kinetics as the total CD4* T cell response
(Fig. S3H). We also measured the CD4" T cell response to non-spike epitopes (ORFlab
=2, M=2,and N = 2) in COVID-19 patients (Figs. 4B-C) and found that they were
comparable to the spike epitopes (Fig. 4D). The CD4" T cell response between COVID-
19 patients (spike and non-spike) and naive vaccinees (spike only) was comparable at
all timepoints except at T4 (Fig. 4E). We did not observe any difference in the CD4* T
cell activation between COVID-19 patients and naive vaccinees by AIM assay at the

nominal peak (T2) post vaccination (Fig. 4F).

However, we saw a marked difference in memory CD4" T cells between the two
cohorts. While we saw higher frequencies of antigen-specific CD4* T cells in COVID-19
patients during late convalescence (T4), there was a reduction in the total memory CD4*
T cells at these timepoints (T3 and T4) compared to naive vaccinees (Fig. 4G). Analogous
to the CD8* T cell response, mRNA vaccination resulted in the rapid recruitment of spike-
specific effector CD4* T cells (CD45RAY-CCR7-) (Fig. 4H). The contraction of effector
cells was concomitant with central memory (CD45RA*CCRT7") spike-specific CD4* T cells
(Fig. 4H). In contrast, natural infection resulted in a more even distribution of spike-

specific CD4* T cells across the effector (CD4A5RA'CCR77) and central memory
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(CD45RATCCRTY) subsets throughout convalescence (Fig. 4H). Taken together, these
results suggest differences in how CD8* and CD4* T cell response are triggered by
SARS-CoV-2 infection versus BNT162b2 vaccination. While we cannot exclude the
possibility of virus-specific T cell localization in the lung during the course of an infection
for the noticeably lower circulating spike-specific CD8* T cells®#, this difference could also
be a consequence of the virus’s ability to dampen protective host immune responses via

the inhibition of MHC-I expression3>-37,

We also investigated the effect on mRNA vaccination in subjects who had
previously recovered from SARS-CoV-2 infection (Figs. 5A-B). Not surprisingly, the
major response in these individuals was to the spike epitopes (Figs. 5C-D) which were
12.5-fold (at day 42) and 11.3-fold (at day 28) higher than non-spike epitopes for CD8*

and CD4* T cells, respectively (Figs. 5E, I).

As with SARS-CoV-2 naive individuals, the dominant CD8* T cell response was
against HLA-A*02:01/S691 and HLA-B*40:01/S1016 (Fig. 5C). However, the total
peripheral CD8* T cell response in convalescent individuals after vaccination was 5.5-fold
lower than naive vaccinees after the first dose (day 21) (Fig. 5F). Furthermore, we
observed minimal boosting of the CD8* T cell response after the second dose of
vaccination, resulting in 7.3-fold lower CD8* T cell levels in circulation in comparison to
naive vaccinees at day 42 (Fig. 5F). In contrast, there was no dampening of specific CD4*
T cell responses between the SARS-CoV-2 naive and pre-exposed individuals (Fig. 5J).
We also performed a detailed characterization of the spike-specific CD8* and CD4* T cell

response kinetics in a subset of these individuals (Fig. S5A). We noticed that prior
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infection did not affect the early spike-specific CD8* T cell response (day 0-7) (Fig. S5B).
However, attenuation of the circulating CD8" response was apparent by day 21. The
boost in the CD8" T cell response after the second dose was minimal and could be due
to faster response kinetics in convalescent individuals in comparison to naive vaccinees
as previously reported®®. This could also contribute to the difference in the total CD8* T
cell response (spike and non-spike) which was maximum at day 42 (Fig. 5F). This
difference in the spike-specific CD8* T cell response was no longer significant three
months after the first vaccination (Fig. S5B). This suggests that BNT162b2 vaccination
can partially rescue the lower circulating CD8* T cell responses observed after SARS-
CoV-2 infection. The decrease in the magnitude of circulating spike-specific CD8* T cells
after vaccination in recovered COVID-19 patients was also associated with reduced
functionality. PBMCs (day 42) stimulated with spike peptides (S691 or S1016) had a
reduced capacity to produce cytokines such as IFNy, TNFa and IL-2 and dampened
cytotoxic potential (Granzyme B) (Fig. 5G). They were also refractory to activation as
seen by the lower expression of multiple activation markers such as CD69, CD137, CD38
and Ki-67, but not CD154 (Fig. 5H). However, we did not observe any impaired
functionality of spike-specific CD4" T cell responses after vaccination (Figs. S5C and 5K-
L). Overall, our results show that SARS-CoV-2 infection impairs CD8* T cell responses

to the BTN162b2 vaccine but not CD4* T cell responses.

Lastly, the emergence of several new SARS-CoV-2 variants raises the question of
immune evasion. A high degree of functional preservation is seen in memory T cell
responses against early SARS-CoV-2 variants by the AIM assay®°. 84% (CD4") and 85%

(CD8") of the memory T cell response induced upon vaccination with the Wu-1 strain is
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preserved against the Omicron variant (B.1.1.529)%°. However, multiple lineages of the
Omicron (B.1.1.529) variant have since emerged that escape from vaccine or infection
induced neutralizing antibodies*?. Therefore, we analyzed the conservation of predicted
spike-derived T cell epitopes from the Wu-1 strain across the SARS-CoV-2 variants,
including the subvariants BA.4 and BA.5 (Figs. 6A-C). Overall, the T cell epitopes are
fairly conserved across all the analyzed variants, with an average total conservation score
of 90.3% and 90.8% for HLA-A*02:01 and HLA-B*40:01, respectively (Figs. 6A-B). The
average total conservation score for HLA-DRB1*15:01 restricted T cell epitopes was
marginally lower (84.6%) (Fig. 6C). The omicron subvariant BA.4 and BA.5 had the least
conservation of both CD8* and CD4" T cell epitopes compared to the Wu-1 strain (Figs.
6A-C). A total conservation of 88% for both HLA-A*02:01 and HLA-B*40:01 T cell
epitopes was observed between Wu-1 and omicron subvariant BA.4 and BA.5 (Figs. 6A-
B), as opposed to only 74% for HLA-DRB1*15:01 (Fig. 6C). These results indicate that
continued virus evolution could attenuate T cell responses. But the epitopes we tested in
this study are fairly conserved across all variants (Figs. 6D-F). The dominant epitopes,
HLA-A*02:01/S691 and HLA-DRB1*15:01/S191 are completely conserved across all
analyzed variants including BA.4 and BA.5 (Figs. 6D-E). HLA-B*40:01/S1016 is 97.6%
conserved across all variants (Fig. 6F). Presently, the BQ and XBB subvariants of SARS-
CoV-2 Omicron are spreading rapidly across the globe and their neutralization by sera
from vaccinees and infected individuals is low*'. Even so, the dominant epitopes for HLA-
A*02:01/S691, HLA-B*40:01/S1016 and HLA-DRB1*15:01/S191 as described here are

completely conserved in these variants. In this context, Poon et. al. monitored the viral
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diversity in individuals after vaccination and observed that T cell responses do not appear

to have a substantial impact on the emergence of these recent viral variants*2.

Discussion

The SARS-CoV-2 pandemic has had an enormous health and economic impact
worldwide and thus a detailed investigation of the mechanisms mediating the high efficacy
of the novel RNA vaccines®®>%12 js warrented and should help in the design of vaccines
against other pathogens. Using spheromer technology'®, we probed the kinetics and
durability of epitope-specific CD8* and CD4* T cell responses after mRNA vaccination in
naive and COVID-19 patients. Spheromers can detect ~3-5-fold more specific T cells than
tetramers?®®. Here, we analyzed the response to the BNT162b2 vaccine and observed a
rapid induction of CD8* and CD4"* T cells, with an increase in the total HLA-A*02:01 spike-
specific response as early as day 1 after vaccination. Here, extending previous results
with CD8 T cellst!, we surveyed multiple epitopes and also CD4* T cell specificities.
Previously we found that the frequency of SARS-CoV-2 specific CD8* T cells in
unexposed individuals correlates with epitope conservation across seasonal hCoVs?'®.
We saw a similar correlation in spike-specific CD8* T cells and sequence conservation
prior to vaccination here, but by day 42 post vaccination, there was only a weak
correlation with epitope conservation. Specifically, the dominant CD8* T cell response at
the nominal peak (day 42) was against HLA-A*02:01/S691 and HLA-B*40:01/S1016 with
frequencies of 7.5% and 3.1%, respectively. These results suggest that mRNA
vaccination can efficiently induce a response to novel spike epitopes. Antonio et. al. found

a high degree of structural convergence of physico-chemical properties of A2/S691
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peptide with the immunodominant influenza virus matrix epitope (A2/M1) despite poor
sequence conservation*®. TCRs that are specific to both influenza-M1 and SARS-CoV-2
antigens have also been reported**. This cross-reactivity may explain the higher response
we observed against A2/S691 in comparison to A2/S269. With respect to the CD4* T cell
response, the dominant HLA-DRB1*15/S191 epitope constituted 9.7% of all CD4* T cells
at the nominal peak (day 28). This observation of a higher spike-specific CD4* T cell
response compared to CD8* T cells is consistent with previous studies®*. However, in
contrast to results from peptide pool stimulation®, with pMHC-spheromers we found that
the CD4* and CD8" responses did not follow the same kinetics. The CD4* T cell kinetics
were synchronous with the spike-specific antibody response, with the peak at day 28 (one
week after the second dose) followed by a contraction. In contrast, we observed a steady
increase in the antigen-specific CD8* T cell response all the way up to day 42 (3 weeks
post the second dose). This discordance is unusual compared to other studies where
both CD4* and CD8" responses peak in the blood about 6-8 days post stimulation in a
memory responsel’2°. This may be due to the distinct features of the mRNA vaccine
platform. This prolonged induction of CD8" T cells after vaccination may also relate to the
striking increase in IFNy levels observed after the second dose of BNT162b2 vaccine34°
as opposed to an earlier cytokine surge observed with other vaccines. Although the
frequency of spike-specific CD8* and CD4* T cells in circulation decreased with time in
comparison to the peak levels, they were still detectable 3-4 months after vaccination,
indicating a durable T cell response. An elegant study by Mudd et. al.1° shows the
persistence of spike-specific T follicular helper cells (DP4/S167) in the lymph nodes at a

relatively higher frequency in comparison to peripheral circulation at matched timepoints.
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The considerable longitudinal sampling of vaccinees further allowed us to study the
development of T cell memory. Although, we observed differences in the magnitude of
response to distinct spike epitopes, the formation of CD8* and CD4" T cell memory after
vaccination was quite similar across different epitopes. Overall, there was an increase in
antigen-specific effector T cells (CCR7-CD45RA*") by day 21 that contracted to nearly
pre-vaccination levels by day 90. Concomitantly, the spike-specific T cells in circulation
after 3-4 months post vaccination exhibited a central memory phenotype
(CCR7*CD45RA). This is important since a stable memory pool could effectively protect

against future SARS-CoV-2 infections by their rapid recruitment in the immune response.

We also compared T cell responses after vaccination to natural infection. We found
that the circulating antigen-specific CD8* T cell response was much lower in SARS-CoV-
2 infection versus vaccination. Specifically, the nominal peak post vaccination was 10.6-
fold higher than in infected individuals, and decreased to 4.3-fold at 4 months after
vaccination for spike-specific responses. We also observed a skewing in the preferred
CD8" T cell epitopes targeted after infection in comparison to vaccination, with the
maximal spike response against HLA-A*02:01/S976 with a median frequency of 0.25% at
peak. The difference in preferred spike specificities between the two cohorts is likely due
to differences in antigen localization, processing and presentation after infection versus
vaccination. The infection induced spike-specific CD4* T cell response in circulation were
marginally reduced (3.3-fold) at peak in comparison to vaccination, but no difference was
observed in the total (spike and non-spike) CD4* T cell frequencies. This marginal
reduction in the spike-specific peripheral CD4* T cells could explain the lower antibody

titers observed in individuals experiencing mild symptoms after SARS-CoV-2 infection in
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comparison to the post-vaccination antibody titers observed in SARS-CoV-2 naive
vaccineest. The migration of virus-specific T cells after infection to the respiratory tract3*
or lymphopenia after SARS-CoV-2 infection*’ can also cause lower spike-specific T cells
in the periphery. We suggest that this may also be a consequence of the virus’s strategy
to escape host defense by specifically inhibiting the MHC-I expression, as reported
recently®>37, Here we were only able to analyze peripheral T cells responses, as is a
typical limitation of human studies. A recent study using pMHC-multimers did not observe
any difference in the frequency of SARS-CoV-2 specific CD8" T cells between infected
and vaccinated individuals®. We speculate that this could be a combined effect of the
different specificities and timepoints used, both crucial factors as shown here. We also
observed that spike-specific CD8" T cells induced after infection exhibited an effector
phenotype even 5 months after symptom onset. This could be a consequence of viral
persistence*®. We suggest that chronic activation probably leads to reduced virus-specifc
memory CD8* T cells in comparison to BNT162b2 vaccination. This may contribute to the
increased prevalence of breakthrough SARS-CoV-2 infection in COVID-19 patients as
compared to vaccinees seen in some studies. Eggink et. al., observed an increased risk
of Omicron infection in previously infected individuals (odds ratio (OR): 4.2; 95%
confidence interval (Cl): 3.8-4.7) compared with naive vaccinated individuals. The OR of
Omicron infection among vaccinated individuals was 3.6 (95% CI: 3.4-3.7). This is in
contrast to susceptibility to infection by other SARS-CoV-2 variants*®. In another study
evaluating protection conferred by mRNA vaccines and previous infection against
Omicron in a prison cohort (a high-risk population), the authors observed higher levels of

effectiveness from vaccination among staff in comparison to previous infection. However,
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no difference was observed in the inmates®. But it is important to note that these results
are contrary to that observed by Altarawneh et. al.’l. They observed a higher
effectiveness of previous infection (alone) against symptomatic BA.2 infection in
comparison to two doses of BNT162b2 mRNA vaccine (>6 months before infection) in

naive individuals.

We also analyzed the impact of prior SARS-CoV-2 infection on BNT162b2 vaccine
induced T cell responses. Previous studies found no deficit in neutralizing antibody titers
to the ancestral Wuhan-Hu-1 SARS-CoV-2 strain after vaccination in pre-exposed
individuals®. Accordingly, we observed no effect on the CD4* T cell response. But we did
observe a major reduction in both the magnitude and functionality of peak CD8* T cell
responses in previously infected individuals after vaccination. This could be a result of the
disproportionate effect of infection on the CD8* T cell compartment in comparison to CD4*
T cells, as discussed previously. The deterioration of CD8" T cell function is seen in
patients with active viral infections that had been either eliminated, in the case of HCV or
greatly reduced (HIV)?3. This dysfunction persists for a year or more after the active phase
of infection, suggesting lasting damage, despite the absence or near absence of the
relevant virus. In this context, it may be that these attenuated CD8" T cell responses
contribute to long COVID, perhaps rendering patients unable to respond robustly to
subsequent infections by SARS-CoV-2 variants or other pathogens. Another factor that
could contribute to the lower circulating spike-specific T cells in convalescent individuals
could be due to the reduced immunogenicity of mMRNA vaccine resulting from antigen
sequestration mediated by infection induced antibodies in circulation. Previous

studies®>>3 have reported higher levels of T cell responsiveness after spike peptide pool
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stimulation in vaccinated individuals undergoing treatment with anti-CD20 antibody
monotherapy or anti-CD19 CAR T that result in lower spike-specific antibodies in

comparison to healthy individuals.

Lastly, we evaluated the conservation of spike-derived T cell epitopes evaluated
in this study across SARS-CoV-2 variants. The dominant epitopes identified here are
almost completely conserved, including in the BA.4 and BA.5 subvariants. This can be
critical since a reduction in the neutralizing antibody titer in comparison to the reference
Wu-1 isolate is seen with the omicron subvariants even after the administration of a
booster dose (3rd vaccine dose)*. The neutralizing antibody titer is lower by a factor of
6.4, 7.0 and 14.1 against BA.1, BA.2, and BA.2.12.1 subvariants, respectively.
Furthermore, a 21-fold reduction in the neutralizing antibody titer is seen against the BA.4
and BA.5. Considering this continued viral evolution, the identification of conserved,
dominant T cell epitopes as reported here may facilitate the much-needed development

of pan-coronavirus vaccines.

In summary, our study elucidates the magnitude, diversity and kinetics of specific
CD4" and CD8* T cell responses after BNT162b2 vaccination, and the effects of SARS-
CoV-2 infection on these responses. It will be interesting to see whether some of the
characteristics we see here are a common feature of RNA vaccines to other pathogens.
In addition, the apparent damage of the CD8* T cell response by viral infection is cause
for concern, and may leave even vaccinated individuals with a prior infection at risk for

subsequent infections or other health issues.

Limitations of the Study
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Our study has limitations in that we measured only peripheral T cell responses,
and differential tissue localization of immune cells after mRNA vaccination and SARS-
CoV-2 infection can contribute to the differences observed between the cohorts. We
speculate that virus induced MHC-I suppression drives the specific attenuation of CD8*
T cell responses after infection, but other factors such differential kinetics and spike
antigenicity in pre-exposed individuals can also affect CD8" T cell responses in
convalescent individuals. Future studies are warranted to delinate the relative impact of
these factors. Finally, although we used a large panel of forty-nine epitopes to
characterize the SARS-CoV-2 specific T cell responses, this is not exhaustive and other

epitopes might conceivably yield different results.

Figure legends

Figure 1: Vaccine elicited spike-specific CD8* T cell responses. (A) The experimental
design to evaluate the CD8" T cell response to BNT162b2 vaccination. Timeline showing
sequential blood draws post vaccination (first dose (day 0) and second dose (day 21)) in
HLA-A*02:01 and HLA-B*40:01 donors. The number of donors (n), age and sex are
indicated. (B) Fourteen CD8* T cell epitopes from SARS-CoV-2 spike protein were
evaluated. The magnitude of CD8* T cell responses to distinct SARS-CoV-2 spike
epitopes in (C) HLA-A*02:01 and (D) HLA-B*40:01 vaccinees. Baseline for each epitope
is shown by a dotted line, determined using pre-pandemic samples (n=5). Each donor is
represented by a dot. Fold-change in the CD8" T cell response to (E) the spike protein

and to (F) the dominant epitope (S691) in HLA-A*02:01 restricted vaccinees. (G)
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Correlation between spike-specific CD8* T cell response at day 42 and age in HLA-
A*02:01 donors. The CD8" T cell response dynamics to (H) the spike protein and to (I)
the dominant epitope (S1016) in HLA-B*40:01 restricted vaccinees. (J) Correlation
between spike-specific CD8* T cell response (day 42) and age in HLA-B*40:01 donors.
(K and M) Fraction of cytokine producing CD8" T cells within (K) S691/A*02:01 and (M)
S1016/B*40:01 specific CD8" T cells at peak after peptide stimulation. (L and N) Fraction
of cells expressing activation induced markers (AIM) within (L) S691/A*02:01 and (N)
S1016/B*40:01 specific CD8* T cells at peak after peptide stimulation. Data are presented
as mean = range. The pearson correlation coefficient and statistical significance are noted

in (G) and (J). See also Figure S1 and S2.

Figure 2. Vaccine elicited spike-specific CD4* T cell response. (A) The experimental
design to evaluate the epitope-specific CD4* T cell response to BNT162b2 vaccine in
longitudinal samples. The number of donors (n), age and sex are indicated. (B) Five CD4*
T cell epitopes from SARS-CoV-2 spike protein were evaluated. The magnitude of CD4*
T cell responses to SARS-CoV-2 epitopes in (C) HLA-DRB*15:01 vaccinees. Baseline for
each epitope is shown (dotted line), determined using pre-pandemic samples (n=5). Each
donor is represented by a dot. Fold-change in the CD4* T cell response to (D) the spike
protein and to (E) the dominant epitope (S191). (F) Correlation between spike-specific
CD4* T cell response (day 28) and age. The pearson correlation coefficient and statistical
significance are given. (G) Pearson correlation between the kinetics of vaccine elicited
spike-specific 1gG response, total spike-specific CD4" T cell response (left) and

DRB*15:01/S191 specific CD4* T cell response (right). (H) Fraction of cytokine producing
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cells within S191/DRB*15:01 specific CD4* T cells (day 28) after peptide stimulation. (1)
Fraction of AIM+ CD4* T cells within S191/DRB*15:01 specific CD4* T cells (day 28) after
peptide (S191) stimulation. Data are presented as mean + range. See also Figure S1 and

S2.

Figure 3. BNT162b2 vaccination and SARS-CoV-2 infection induce distinct CD8* T
cell response. (A) The experimental design to compare the epitope-specific CD8" T cell
response to BNT162b2 vaccine and SARS-CoV-2 infection. Samples were matched by
time points for comparison as shown. The number of subjects (n) is indicated. (B) The
twenty-five evaluated CD8* T cell epitopes mapped onto the SARS-CoV-2 genome. (C)
The magnitude of CD8" T cell responses to SARS-CoV-2 epitopes in HLA-A*02:01
restricted COVID-19 patients. (D) The comparison of spike and non-spike specific CD8*
T cell response in COVID-19 patients. (E) The comparison of antigen-specific CD8" T cell
response to BNT162b2 vaccine and SARS-CoV-2 infection. Data in panels (C-E)
represented as mean = range. (F) Fraction of AIM* CD8" T cells in day 42 samples after
spike peptide mega pool (spike MP), non-spike peptide mega pool (non-spike MP) or
DMSO stimulation. Data presented as mean £+ SD. (G) Total memory CD8" T cell counts
in vaccinees and patients. Data presented as mean * range. (H) Antigen-specific memory
CD8" T cell distribution in vaccinees and patients. (CM: central memory; EM: effector
memory; EMRA: effector memory T cells expressing CD45RA). Data presented as mean
+ range. P-values were determined by Mann—-Whitney test with Holm-Sidak method. See

also Figure S3 and S4.
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Figure 4. BNT162b2 vaccination and SARS-CoV-2 infection elicited CD4* T cell
response. (A) The experimental design to compare the epitope-specific CD4* T cell
response to BNT162b2 vaccine and SARS-CoV-2 infection. Samples matched for
comparison as shown. The number of subjects (n) is indicated. (B) The eleven evaluated
CD4* T cell epitopes are mapped onto the SARS-CoV-2 genome. (C) The magnitude of
CD4" T cell responses to SARS-CoV-2 epitopes in COVID-19 patients. (D) The
comparison of spike and non-spike specific CD4" T cell response in COVID-19 patients.
(E) The comparison of antigen-specific CD4" T cell response to BNT162b2 vaccine and
SARS-CoV-2 infection. Data in panels (C-E) are represented as mean + range. (F)
Fraction of AIM+ CD4* T cells in day 28 samples after spike MP, non-spike MP or DMSO
stimulation. Data represented as mean = SD. (G) Total memory CD4* T cell counts in
vaccinees and patients. Data represented as mean * range. (H) Antigen-specific memory
CD4" T cell distribution in vaccinees and patients. Data represented as mean * range. P-
values determined by Mann-Whitney test with Holm-Sidak method. See also Figure S3

and S4.

Figure 5. Reduced peripheral vaccine induced CD8" T cell response in recovered
COVID-19 patients. (A) The experimental design to study the CD8" and CD4" T cell
responses to BNT162b2 vaccine in individuals recovered from previous COVID-19
infection. Timeline indicating the collection of sequential blood samples from HLA-
A*02:01, HLA-B*40:01 (day 21 and day 42) and HLA-DRB1*15:01 (day 21 and day 28)
recovered vaccinees. The number of donors (n) is indicated. (B) Thirty-eight CD8" T and

eleven CD4* T cell epitopes evaluated in this study are mapped onto the SARS-CoV-2
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genome. The number of donors (n) is indicated. (C) The magnitude of CD8* T cell
responses to SARS-CoV-2 epitopes in HLA-A*02:01 (red) and HLA-B*40:01 (yellow)
donors. (D) The magnitude of CD4* T cell responses to SARS-CoV-2 epitopes in HLA-
DRB1*15:01 donors. Data in panels (C-D) are represented as mean = range. (E) The
comparison of spike and non-spike specific HLA-A*02:01 (red) and HLA-B*40:01 (yellow)
CD8* T cell responses. (F) The comparison of HLA-A*02:01 (red) and HLA-B*40:01
(yellow) CD8" T cell responses to BNT162b2 vaccine in naive and recovered vaccinees.
Data represented as mean + range. (G and H) Fraction of (G) cytokine producing and (H)
AIM expressing T cells within S691/A*02:01 and S1016/B*40:01 specific CD8* T cells
(day 42 samples) after peptide stimulation (S691 and S1016, respectively). (I) The
comparison of spike and non-spike specific CD4* T cell response in recovered vaccinees.
(J) The comparison of antigen-specific CD4* T cell response to BNT162b2 vaccine in
naive and recovered vaccinees. (K and L) Fraction of (K) cytokine producing and (L) AIM
expressing T cells within S191/DRB*15:01 specific CD4+ T cells (day 28) after peptide
stimulation (S191). P-values were determined by Mann-Whitney test with Holm-Sidak

method. See also Figure Sb5.

Figure 6: T cell epitope conservation across SARS-CoV-2 variants. The fractional
conservation of all predicted spike-derived T cell epitopes from the SARS-CoV-2
reference Wuhan-1 (Wu-1) strain against the indicated SARS-CoV-2 variant for (A) HLA-
A*02:01 (B) HLA-B*40:01 and (C) HLA-DRB1*15:01 are shown. The Pango lineage for
each SARS-CoV-2 variant is also mentioned. The fraction of spike epitopes from Wu-1

strain that are fully conserved in each SARS-CoV-2 variant is listed. The logograms show



607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

the conservation of all spike-derived T cell epitopes tested in this study for (D) HLA-
A*02:01 (E) HLA-B*40:01 and (F) HLA-DRB1*15:01. The mutated residues are colored

and labeled accordingly. An amino acid deletion is marked as ”-”.
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STAR Methods

Resource availability

Lead Contact

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

will be fulfilled by the lead contact, Mark. M. Davis (mmdavis@stanford.edu).

Materials availability
Upon specific request and execution of a material transfer agreement (MTA) from
School of Medicine, Stanford University to the Lead Contact, the peptide-MHC

spheromer reagents will be made available.

Data and code availability

The data supporting the findings of this study are available within the published article

and summarized in the corresponding tables, figures, and supplemental materials. Any
additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.

Experimental model and subject details

Human blood sample collection
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The BNT162b2 vaccine donors were recruited for the study with informed consent. The
study was approved by the Stanford University Institutional Review Board (IRB 8629) and
was conducted with full compliance of Good Clinical Practice as per the Code of Federal
Regulations. Part of the COVID-19 patient peripheral blood mononuclear cells (PBMCs)
sample collection for this study was done at the Stanford Occupational Health under an
IRB approved protocol (Protocol Director, Kari C. Nadeau). We obtained samples from
adults who had a positive test result for the SARS-CoV-2 virus from an analysis of their
nasopharyngeal swab specimens obtained at any point from March 2020 - June 2020.
Stanford Health Care clinical laboratory developed internal testing capability with a
reverse-transcriptase based polymerase-chain-reaction assay (RT-PCR). All participants
consented prior to enrolling in the study. The other COVID-19 patient samples used were
from 109 participants enrolled in a Phase 2, single-blind, randomized placebo-controlled
trial evaluating the efficacy of Peginterferon Lambda-la in SARS-CoV-2 infected
outpatients??2, The trial was registered at ClinicalTrials.gov (NCT04331899) and was
performed as an investigator-initiated clinical trial with the FDA (IND 419217). In brief,
symptomatic outpatients aged 18-71 who tested positive for reverse transcription-
polymerase chain reaction (RT-PCR) detection of SARS-CoV-2 within 72 h of enroliment
were eligible to participate in the study barring any signs of respiratory distress.
Asymptomatic patients were eligible if they had not previously had a positive SARS-CoV-
2 test. Full eligibility and exclusion criteria are provided in the study protocol and have
been published?1?2, PBMC samples from healthy donors were obtained from the Stanford

Blood Center according to our IRB approved protocol. All healthy donor samples used in
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the current study were collected between April 2018 to Feb 2019 before the SARS-CoV-

2 pandemic.

Method details

Assembly of pMHC-spheromers

A novel multimeric a3 T cell staining reagent, spheromer, that we reported recently was
used to analyze the epitope-specific CD8* and CD4* T cell responses?'®. The MHC protein
purification and peptide exchange were conducted as previously described>*%°, The list
of peptides used in this study are provided in Table S1. The peptides evaluated in our
study were chosen based on a combination of the following criteria: literature search®*-
12,15,24-27 " pioinformatic analysis, and MHC stabilization assay. A total of 49 peptides
across the entire SARS-CoV-2 genome (SARS-CoV-2/USA/WA-CDC-WA1/2020; Wu-1
strain) were profiled in this study. Briefly, a preliminary list was curated using a
combination of previous studies®9121524-27 gnd predicted binding affinities using the
immune epitope database and analysis resource (IEDB) recommendations
(http://tools.iedb.org/)?°. Peptides identified from a literature search were included for
further analysis only if they were predicted as “strong” binders using the IEDB
recommended allele-specific affinity cutoff (HLA-A*02:01 — 255nM and HLA-B*40:01 —
639nM). For HLA-DRB1*15:01, peptides were selected based on a consensus percentile
rank of <10%. Next, we cross-validated these ‘hits’ using the SYFPEITHI*® and MARIA?8
algorithms. MARIA is a deep learning-based algorithm that reportedly outperforms

existing prediction methods. Furthermore, amino acids at anchor positions were given
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higher weights. We also used an MHC stabilization assay to experimentally validate the
binding of peptides to ectopically expressed MHC molecules in antigen processing
(TAP)—deficient T2 cell lines. Accordingly, we built a broad panel of SARS-CoV-2
peptides (CD8 — spike = 14, non-spike = 24; CD4 — spike = 5, non-spike = 6) representing
a wide range of sequence conservation across seasonal human coronaviruses. This
enabled us to compare the epitope-specific response kinetics between infection and
vaccination, and evaluate the contribution of pre-existing, cross-reactive T cells. The
Pfizer/BioNTech BNT162b2 vaccine has two proline mutations (K986P and V987P) to
stabilize the spike protein. The engineered maxi-ferritin scaffold was also purified as
described previously® and used spheromer assembly. In brief, the assembly was
performed in two steps: 1) Generation of a semi-saturated SAv-pMHC2 complex, and 2)
Conjugation of SAv-pMHC: to the functionalized maxi-ferritin scaffold. SAv-pMHC:2 was
obtained by incubating 1 uM of the pMHC with 0.45 pM of SAv at 25°C for 30 min without
agitation. Subsequently, the spheromer complex was assembled by incubating SAv-
pMHC: with the functionalized scaffold for 1h at room temperature with mild rotation. The
fluorophore-conjugated SAv was sourced from Invitrogen. For the simultaneous detection
of multiple SARS-CoV-2 spike epitopes using the spheromer technology, we adapted a
combinatorial staining approach developed previously®'. Briefly, each peptide was
assigned a unique fluorophore-barcode that allows the simultaneous detection of 2"-1
specificities in a sample, where n is the number of distinct fluorophore labels. The relative
concentrations for pMHC monomers associated with each fluorophore label was

experimentally determined.



952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

PBMC staining and flow cytometry

PBMCs were thawed in a water bath set at 37°C and the cells were immediately
transferred to warm RPMI media (Thermo Fisher Scientific) supplemented with 10% FBS
(R&D Systems) and 100U/ml of penicillin-streptomycin. After washing, the cells were
filtered using a 70pm cell strainer and rested for 1h at 37°C. T cells were enriched from
PBMCs by negative selection using a FITC-conjugated antibody cocktail including anti-
CD14 (Clone HCD14, BioLegend), anti-CD19 (Clone HIB19, BioLegend), anti-CD33
(Clone HIM3-4, BioLegend) and anti-yd TCR (Clone 5A6.E9, ThermoFisher Scientific)
followed by magnetic bead depletion using anti-FITC microbeads (Miltenyi Biotec). The
enriched T cells were washed and resuspended in FACS buffer for staining. All
spheromer staining was done for 1h after incubating the cells with Human TruStain FcX
(BioLegend) for 15 min on ice. The spheromer were used at a monomeric concentration
of ~100nM and ~500nM for the staining of CD8" T cells and CD4* T cells, respectively.
The cells were subsequently stained with anti-CD19 (BV510, clone HIB19), anti-ydTCR
(BV510, clone B1), anti-CD33 (BV510, clone HIM3-4), anti-CD3 (PE/Cyanine?, clone
OKT3), anti-CD8 (BUV396, clone RPA-T8, BD Biosciences), anti-CD4 (BV785, clone
RPA-T4), anti-CCR7 (PE/Dazzle 594, clone G043H7), anti-CD45RA (BV711, clone HI100)
and an amine-reactive viability stain (Live/dead fixable aqua dead cell stain kit; Invitrogen)
for 30 min on ice, washed, resuspended in FACS buffer and acquired on a BD LSRII flow

cytometer. The data was analyzed using FlowJo (v10) software.

Peptide mega pool (MP) and single peptide stimulation
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Frozen PBMCs were thawed, counted, and resuspended at a density of 15 million live
cells per ml in complete RPMI (RPMI with 10% FBS (Gibco) and antibiotics). 100 ul of
cell suspension containing 1.5 million cells was added to each well of a 96-well round-
bottomed tissue culture plate. The cells were rested overnight at 37 °C in a CO2 incubator.
The next morning, each sample was treated with peptide mega pool (1 pg/ml of each
peptide) or single peptide (5 ug/ml) or 0.5% v/v DMSO as negative control in the presence
of 1 yg/ml of anti-CD28 (clone CD28.2, BD Biosciences), anti-CD49d (clone 9F10, BD
Biosciences), anti-CXCR3 (clone 1C6, BD Biosciences) and anti-CXCR5 (clone RF8B2,
BD Biosciences). Peptides were synthesized to 95% purity (Elim Biopharm). All wells
contained 0.5% v/v DMSO in total volume of 200 pl per well. The samples were incubated
at 37 °C in COz2 incubators for 2 h, and then 10 ug/ml brefeldin-A was added. The cells

were further incubated for 6-8 h.

Intracellular cytokine staining (ICS) assay

After peptide stimulation, the cells were washed with PBS containing 5% FCS and stained
with amine-reactive viability stain (Live/dead fixable aqua dead cell stain kit; Invitrogen)
for 30 min at 4°C. After washing, pMHC-spheromers were added to screen the epitope-
specific CD8* and CD4* T cells. The samples were stained for 30 min at 4°C in 100 pl
volume. After spheromer staining, the cells were washed, fixed and permeabilized with
cytofix/cytoperm buffer (BD Biosciences) for 20 min. The permeabilized cells were stained
with ICS antibodies (anti-IL2 (clone MQ1-17H12, Biolegend), anti-TNFa (clone Mabl1,
BD Biosciences), anti-IFNy (clone B27, BD Biosciences) and anti-GranZB (clone

QA16A02, Biolegend)) for 20 min at room temperature in 1X perm/wash buffer (BD
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Biosciences). Cells were then washed twice with perm/wash buffer and once with staining
buffer before acquisition using BD LSRII flow cytometer. The data was analyzed using

FlowJo (v10) software.

Activation induced marker (AIM) assay

After peptide stimulation, the cells were washed with PBS containing 5% FCS and stained
with amine-reactive viability stain (Live/dead fixable aqua dead cell stain kit; Invitrogen)
for 30 min at 4°C. After washing, pMHC-spheromers were added to screen the epitope-
specific CD8* and CD4* T cells. Meanwhile, the antibody cocktail was added for AIM
staining (anti-CD69 (clone FN50, Biolegend), anti-CD154 (clone 24-31, Biolegend), anti-
CD137 (clone 4B4-1, Biolegend), anti-CD38 (clone HIT2, BD Biosciences) and anti-Ki-67
(clone B56, BD Biosciences)). The cells were stained for 30 min at 4°C in 100pl volume.
Cells were then washed twice with staining buffer before acquisition using BD LSRII flow

cytometer. The data was analyzed using FlowJo (v10) software.

Quantification and statistical analysis

Statistical analysis was performed using GraphPad Prism 8, GraphPad Software, San
Diego, California, USA. We performed a meta-analysis to combine the p-values from
individual hypothesis tests to assess the significance of the overall distribution. Data were
considered statistically significant when p < 0.05. Dimensionality reduction analysis were
also performed in R. UMAP to visualize multiparametric flow cytometry data was
generated using the “umap” package. The statistical details for each experiment are

provided in the associated figure legends.
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Highlights

e CD8+ and CD4+ T cell responses characterized using SARS-CoV-2 pMHC-
spheromers.
e CDB8+ and CD4+ T cell response kinetics are decoupled after mRNA vaccination.

¢ Reduced peripheral CD8+ T cell responses after infection compared to mRNA
vaccination.

e Prior exposure limits peripheral CD8+ T cell responses after mRNA vaccination.

eTOC Blurb

Our understanding of T cell responses in COVID-19 and vaccination is incomplete.
Gao et al. examine SARS-CoV-2-specific T cell responses to infection and vaccination,
revealing disparate kinetics between CD4+ and CD8+ T cells. Furthermore, compared to
vaccination alone, circulating CD8+ T cells are attenuated during infection and in

subsequent vaccination.



Key resources table

REAGENT or RESOURCE | SOURCE _IDENTIFIER
Antibodies

anti-CD14 BioLegend Clone HCD14
anti-CD19 BioLegend Clone HIB19
anti-CD33 BioLegend Clone HIM3-4
anti-yd TCR Thermo Fisher Scientific Clone 5A6.E9
anti-ydTCR BioLegend clone B1
anti-CD3 BioLegend clone OKT3
anti-CD8 BD Biosciences clone RPA-T8
anti-CD4 BD Biosciences clone RPA-T4
anti-CCR7 BioLegend clone GO43H7
anti-CD45RA BioLegend clone HI100
anti-CD28 BD Biosciences clone CD28.2
anti-CD49d BD Biosciences clone 9F10
anti-CXCR3 BD Biosciences clone 1C6
anti-CXCR5 BD Biosciences clone RF8B2
anti-1L2 Biolegend clone MQ1-17H12
anti-TNFa BD Biosciences clone Mab11
anti-IFNg BD Biosciences clone B27
anti-GranZB Biolegend clone QA16A02
anti-CD69 Biolegend clone FN50
anti-CD154 Biolegend clone 24-31
anti-CD137 Biolegend clone 4B4-1
anti-CD38 BD Biosciences clone HIT2
anti-Ki-67 BD Biosciences clone B56
Biological samples

PBMC samples from BNT162b2 | Stanford Good Clinical IRB 8629

vaccine donors

Practice

PBMC samples from COVID-19
patient

Stanford Occupational
Health

IRB 55689 and IRB
55619

PBMC samples from COVID-19
recovered BNT162b2 vaccinated
donors

Stanford Good Clinical
Practice and Stanford
Occupational Health

IRB 8629, IRB 55689,

and IRB 55619

Chemicals, peptides, and recom

binant proteins

Human TruStain FcX BioLegend #422302
Benzonase nuclease Millipore Sigma #71206
MHC-I monomer NIH tetramer facility core | HLA-A*02:01

and HLA-B*40:01

MHC-Il monomer

NIH tetramer facility core

HLA-DRB1*15:01

Peptides
(synthesized to 95% purity)

Elim Biopharm

Sequences shown in
table S1

Streptavidin PE-Cyanine7 Thermo Fisher Scientific # 25-4317-82
Conjugate
Streptavidin PE Conjugate Thermo Fisher Scientific #12-4317-87




Streptavidin eFluor™ 450 Thermo Fisher Scientific #48-4317-82

Conjugate

Streptavidin Alexa Fluor™ 647 Thermo Fisher Scientific #S21374

conjugate

Streptavidin Brilliant Violet 711 BioL.egend #405241

conjugate

Streptavidin Brilliant Violet 785 BioL.egend #405249

conjugate

Streptavidin PE/Dazzle 594 BioLegend #405247

conjugate

Cytofix/cytoperm buffer BD Biosciences #554714

Perm/wash buffer BD Biosciences #554723

Brefeldin-A solution Thermo Fisher Scientific #00-4506-51

anti-FITC microbeads Miltenyi Biotec #130-048-701

Live/dead fixable aqua dead cell | Invitrogen #L.34957

stain kit

Software and algorithms

GraphPad Prism 8 GraphPad software https://www.graphpa
d.com/scientificsoftwar
elprism/

UMAP code package R studio N/A

FlowJo 10 BD https://www.flowjo.com/

IEDB IEDB website http://tools.iedb.org/)

SYFPEITHI SYFPEITHI website http://www.syfpeithi.de/

MARIA MARIA Stanford https://maria.stanford.e
du/about.php

Other

RPMI 1640 media Thermo Fisher Scientific #11875085

Fetal Bovine Serum R&D Systems S11150

FACS tube with 70-um mesh cap | ThermoFisher Scientific #08-771-23

30K Amicon tubes Millipore #UFC903024

70um cell strainer Corning 07-201-431

anti-FITC microbeads Miltenyi Biotec 130-048-701

96-well plates Corning #3916



https://maria.stanford.edu/about.php
https://maria.stanford.edu/about.php

HLA-restriction Protein ID SARS-CoV-2 sequence
M_15 KLLEQWNLV
M M_26 FLFLTWICL
M_61 TLACFVLAA
M_89 GLMWLSYFI
N N_222 LLLDRLNQL
N_316 GMSRIGMEV
ORF1ab_84 VMVELVAEL
ORF1ab_1675 YLATALLTL
ORF1ab_3013 SLPGVFCGV
ORF1ab_3467 VLAWLYAAV
ORF1ab_3482 FLNRFTTTL
ORF1ab ORF1ab_3710 TLMNVLTLV
HLA-A*02:01 ORF1ab_3732 SMWALIISV
ORF1ab_3871 VLLSVLQQL
ORF1ab_4032 MLFTMLRKL
ORF1ab_4094 ALWEIQQVV
ORF1ab_4515 TMADLVYAL
ORF1ab_4725 IFVDGVPFV
S_269 YLQPRTFLL
S_691 SIIAYTMSL
S_821 LLFNKVTLA
S S_976 VLNDILSRL
S_983 RLDKVEAEV
S_1000 RLQSLQTYV
S_1220 FIAGLIAIV
N N_322 MEVTPSGTWL
ORF1ab_1705 GEAANFCAL
ORF1ab_2325 AEWFLAYIL
ORF1ab ORF1ab_744 GETLPTEVL
ORF1ab_1548 GEVITFDNL
ORF1ab_2069 TEVVGDIIL
HLA-B*40:01 S_153 MESEFRVYS
S_168 FEYVSQPFL
S_505 YQPYRVVVL
S S_582 LEILDITPC
S_618 TEVPVAIHA
S_1016 AEIRASANL
S_1257 DEDDSEPVL
M M_91 MWLSYFIASFRLFAR
M_166 KEITVATSRTLSYYK
N N_301 WPQIAQFAPSASAFF
N_346 FKDQVILLNKHIDAY
ORF1ab ORF1ab_471 EEIAIILASFSASTS
HLA-DRB1*15:01 ORF1ab_5016 RAMPNMLRIMASLVL
S_51 TQDLFLPFFSNVTWF
S_56 LPFFSNVTWFHAIHV
S S 191 EFVFKNIDGYFKIYS
S_236 TRFQTLLALHRSYLT
S_896 IPFAMQMAYRFNGIG

Supplementary Table 1. List of SARS-CoV-2 epitopes evaluated in this study. Spheromers displaying these peptides
in context of the indicated MHC-I/II proteins were used to study the CD8* and CD4* T cell responses against the SARS-
CoV-2 proteins (Wuhan-1 strain). The table shows the HLA-restriction, source protein, epitope start number and peptide

sequence. Related to STAR Methods.
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Supplementary figure 1. Correlation between spike-specific T cell response, sex and epitope conservation. (A and B)

Correlation between epitope specific CD8" T cell response (day 42) and sex in (A) HLA-A*02:01 and (B) HLA-B*40:01 restricted

vaccinees. (C) Correlation between epitope specific CD4* T cell response (day 28) and gender in HLA-DRB*15:01 restricted

vaccinees. (D) Correlation between baseline spike-specific CD8* T cell response (day 0) and the conservation of tested epitope. (E)

Correlation between peak spike specific CD8* T cell response (day 42) and the conservation of tested epitope. (F) Correlation

between baseline spike specific CD4" T cell response (day 0) and the conservation of tested epitope. (G) Correlation between peak

spike specific CD4* T cell response (day 28) and the conservation of tested epitope. Data are presented as mean + SD. P values

were determined by Mann-Whitney test with Holm-Sidak method. Related to Figure 1 and 2.
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Supplementary figure 2. Representative FACS plots of epitope-specific CD8* and CD4* T cells after spheromer staining.

(A) Gating strategy and (B) representative FACS plots of dominant epitopes HLA-A*02:01/S691 (upper panel) HLA-B*40:01/S1016

(middle panel) and HLA-DRB1*15:01/S191 (lower panel) from SARS-CoV-2 naive vaccinees. Related to Figure 1 and 2.
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protein and to (H) the dominant epitope (1691) between vaccinees and COVID-19 patients. Related to Figure 3 and 4.

Supplementary figure 3. The comparison of BNT162b2 vaccination and SARS-CoV-2 infection induced spike-specific T cell
response. (A) UMAP representation of flow cytometry data, depicting the trajectory of spike-specific CD8* T cell profiles after vaccination
and natural infection in HLA-A*02:01 restricted individuals. Each dot represents one individual. The color code indicates the time points of
sample collection. (B) The magnitude of CD8" T cell response to spike epitopes in COVID-19 patients. The comparison of CD8* T cell
response to (D) the spike protein and to (E) the dominant epitope (S691) between vaccinees and COVID-19 patients. (E) UMAP
representation of flow cytometry data, depicting the trajectory of spike-specific CD4* T cell profiles after vaccination and natural infection in
HLA-DRB1*15:01 restricted individuals. Each dot represents one individual. The color code indicates the time points of sample collection. (F)

The magnitude of CD4* T cell response to spike epitopes in COVID-19 patients. The comparison of CD4* T cell response to (G) the spike



Supplementary figure 4
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Supplementary figure 4. Antigen-specific CD8* T cell measured by AIM assay. (A) and (B) Representative FACS plots of spike and

non-spike specific CD8* and CD4* T cells after peptide mega pools (MPs) stimulation. PBMCs of SARS-CoV-2 naive vaccinees (day

42) and COVID-19 patients (T2) were stimulated with the spike MP, non-spike MP or DMSO. The gating strategy for the AIM assay is

illustrated by representative plots defining spike-specific and non-spike-specific (A) CD8* and (B) CD4* T cells by expression of

CD69"CD137* and CD154*CD137*, respectively. (C) and (D) The comparison of antigen-specific CD8" T cell captured by spheromer

staining and AIM assay. (C) Gating strategy of spheromer staining (upper panel) and AIM assay (lower panel) after peptide (S691)

stimulation of day 42 PBMCs samples in HLA-A*02:01 restricted naive vaccinees. (D) The frequency of HLA-A*02:01/S691 specific

CD8* T cells captured by spheromer staining and AIM assay. Data are presented as mean + SD. Related to Figure 3 and 4.
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(A) E 1stdose E 2 dose
¥ >
66 0 () ¢ ¢ 0 ¢
0 1 7 21 22 28 42 90 120
HLA-B*40:01 COVID-19 recovered vaccinees (n=3)
HLA-DRB1*15:01 COVID-19 recovered vaccinees (n=2)
(B) Total spike response (B*40:01) (C) Total spike response (DRB1*15:01)

100 — Naive (spike, n=21) 100 = ® Naive (spike, n=12)

2.5-fold
I Recovered (spike, n=3) s B Recovered (spike, n=2)
ns ns
2.4-fold 2.4-fold - - 2 ns
» i)
3w 107 os T v ° ] ns
o3 ns L8 aoa m - '
O ° ns H 3 107+ ! ' ° = °
I+ I+ n = °
St S n . " ! -
E‘ Q 1024 &D ° ]
°0 ns °0 ° ° L]
3S —_ 38 n °
52 ns g2 g2 D18
20 20
03 a 103 g a P
w w '
‘ ]
10 T T T T T T T T 10° T T T T T T
0 1 7 21 28 42 90 120 0 7 21 28 42 90
Days post vaccination Days post vaccination

Supplementary figure 5. The magnitude of vaccine-elicited CD8" and CD4* T cell responses to spike epitopes in
recovered COVID-19 patients. (A) Experimental design to study the longitudinal epitope-specific CD8" and CD4* T cell
responses to BNT162b2 vaccine in vaccinees recovered from previous COVID-19 infection. Timeline indicating the collection
of sequential blood samples from HLA-B*40:01 (day 0, 1, 7, 21, 28, 42, 90 and 120) and HLA-DRB1*15:01 (day O, 7, 21, 28,
42 and 90) restricted recovered vaccinees. The number of donors (n) is indicated. The comparison of (B) CD8" and (C) CD4*

T cell responses to spike protein in naive and recovered vaccinees. Data are presented as mean + range. Related to Figure 5.



