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CD8" T cells have key protective roles in many viral infections. While an overall Th1-biased
cellular immune response against SARS-CoV-2 has been demonstrated, most reports of
anti-SARS-CoV-2 cellular immunity have evaluated bulk T cells using pools of predicted
epitopes, without clear delineation of the CD8" subset and its magnitude and targeting. In
recently infected persons (mean 29.8 days after COVID-19 symptom onset), we confirm a
Th1 bias (and a novel IL-4-producing population of unclear significance) by flow
cytometry, which does not correlate to antibody responses against the receptor
binding domain. Evaluating isolated CD8" T cells in more detail by IFN-y ELISpot
assays, responses against spike, nucleocapsid, matrix, and envelope proteins average
396, 901, 296, and 0 spot-forming cells (SFC) per million, targeting 1.4, 1.5, 0.59, and 0.0
epitope regions respectively. Nucleocapsid targeting is dominant in terms of magnitude,
breadth, and density of targeting. The magnitude of responses drops rapidly post-
infection; nucleocapsid targeting is most sustained, and vaccination selectively boosts
spike targeting. In SARS-CoV-2-naive persons, evaluation of the anti-spike CD8" T cell
response soon after vaccination (mean 11.3 days) yields anti-spike CD8* T cell responses
averaging 2,463 SFC/million against 4.2 epitope regions, and targeting mirrors that seen
in infected persons. These findings provide greater clarity on CD8* T cell anti-SARS-CoV-
2 targeting, breadth, and persistence, suggesting that nucleocapsid inclusion in vaccines
could broaden coverage and durability.
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INTRODUCTION

The correlates of immune protection against SARS-CoV-2 are
still being defined (1, 2). Antibodies likely prevent or lessen early
infection (3-5), but have little capacity to ameliorate established
severe infection (6-8). The mRNA vaccines afford protection
from disease after a single dose before detectable neutralizing
antibodies, indicating importance of cellular immunity (2, 9).
Likely both antibodies and T cells have important roles,
separately or in concert.

A global Thl T cell profile correlates with positive outcome
after infection (10), including bias of virus-specific T cells (11-14).
Development of virus-specific cellular immunity correlates to
recovery from infection (12, 15). Given the protective role of
CD8" T cells in many viral infections, SARS-CoV-2-specific CD8"
T cells (16-19) may be particularly important for preventing
severe disease. Antiviral CD8" T cell frequency and breadth
have not been clearly defined in most studies, most of which
have used single pools of predicted epitopes from across the
proteome and/or unseparated PBMC for qualitative evaluations.

SARS-CoV-2 vaccines protect against serious illness and
death (20, 21). There have been increasing observations of
vaccinated persons becoming infected, associated with viral
spike mutations mediating antibody resistance (22-25). Despite
these breakthrough infections, vaccination still protects against
severe illness or death, further underscoring the importance of
cellular immunity (9, 26). To date, however, CD8" T cell
responses against the vaccine have not been compared in detail
to natural infection.

Here we confirm the overall Thl profile of SARS-CoV-2-
specific T cells and examine the targeting of spike, nucleocapsid,
matrix, and envelope proteins by the CD8" T cell subset in
persons recovered from recent SARS-CoV-2 infection. The
stability of these responses is evaluated, as well as boosting
after vaccination. In SARS-CoV-2-naive individuals, vaccine-
elicited antiviral CD8" T cell targeting is compared to that
from natural infection.

MATERIALS AND METHODS
Study Participants and Samples

Participants with known immunocompromising conditions
(including diabetes mellitus, immunosuppressive medications,
HIV-1 infection) were excluded. All COVID-19 recovered
persons were infected no later than January 2021, and the
majority had mild infection (not requiring supplemental
oxygenation or hospitalization). PBMC were isolated by
density gradient centrifugation and viably cryopreserved
until use.

SARS-CoV-2 Synthetic Peptides for
Intracellular Cytokine Staining Assays

For intracellular cytokine staining assays, synthetic peptide
“megapools” (27) were generously provided by D. Weiskopf
and A. Sette. The sets of predicted CD4" T cell epitopes and

overlapping spike peptides were combined in one pool, and the
two sets of predicted CD8" T cell epitopes were combined in a
second pool. The final concentration of each peptide during
PBMC stimulation was 1ug/ml.

Intracellular Cytokine Staining (ICS)

Flow Cytometry

ICS was performed as described (28) with modifications.
Cryopreserved PBMC were thawed and plated at ~5x10° cells
per well in 96 well U-bottom plates, with brefeldin A (#00-4506-
51, eBioscience, San Diego, CA) and monensin (#00-4505-51,
eBioscience, San Diego, CA) per manufacturer’s directions. Each
PBMC sample had four wells with: spike plus CD4" T cell epitope
megapools, CD8" T cell epitope megapools, no additive, or 1pug/ml
ionomycin and 500ng/ml PMA (#407951 and #524400,
Calbiochem, San Diego, CA). After 6 hours at 37°C, cells were
transferred to 5ml polystyrene tubes, washed in PBS with 2% heat
inactivated fetal calf serum (wash buffer), and resuspended in wash
buffer including antibodies against CD3, CD8, CD4, and Fixable
Aqua viability dye for 30 minutes at 4°C (Supplementary Table
S1). After washing, cells were permeabilized with Foxp3/
Transcription Factor Staining Buffer (#00-5523-00, eBioscience,
San Diego, CA) according to manufacturer’s instructions, then
stained with antibodies against IL-4, IL-2, IL-10, IFN-y, and IL-17
(Supplementary Table S1) at room temperature for 30 minutes.
After washing, the cells were fixed in PBS with 1%
paraformaldehyde for analysis (Supplementary Figure S1) on
an Attune NXT flow cytometer (ThermoFisher Scientific, West
Hills, CA). A minimum of 54,000 live cell events were analyzed.
Analysis was performed using FlowJo version 10 software
(BD Biosciences).

Determination of Serum Anti-RBD

lgG Levels

Anti-RBD IgG levels were assessed as described (29). Briefly, 96-
well microtiter plates were coated with 2 pg/mL recombinant
RBD protein and blocked with 3% dried milk (Bioworld, Dublin,
OH). Serum was added in duplicate serial dilutions, and bound
antibodies were detected using goat anti-human IgG conjugated
with horseradish peroxidase (Bethyl Laboratories, Montgomery,
TX), followed by tetramethylbenzidine substrate solution
(ThermoFisher Scientific, Waltham, MA) for measurements at
450 and 650 nm (Spark 10M, Tecan, Baldwin Park, CA). Each
plate contained a control titration of the anti-RBD monoclonal
antibody CR3022 (Creative Biolabs, Shirley, NY) to provide a
standard curve. Serum anti-RBD IgG binding activity was
expressed as an equivalent to a concentration of CR3022.

SARS-CoV-2 Synthetic Peptides for IFN-y
ELISpot Assays

Synthetic overlapping peptides spanning SARS-CoV-2 spike,
nucleocapsid, matrix, and envelope were obtained from BEI
Resources (NR-52402, NR-52404, NR-52403, NR-52405).
Lyophilized peptides were initially suspended in DMSO at
20mg/ml, then diluted 10x with water to 2mg/ml. Peptide
pools were generated as in Supplementary Table S2 at 100ug/ml
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each peptide, and the final concentration of each peptide during
the ELISpot assay was 5ug/ml.

IFN-y ELISpot Assays for CD8*

T Cell Responses

These assays were performed as previously described for
measuring HIV-1-specific responses using polyclonally
expanded CD8" T cells (30-33), which we and others have
shown to correlate well to unexpanded fresh CD8" T cells (30,
34). In brief, thawed cryopreserved PBMC were plated at 1 to 2
million cells/well in RPMI with IL-2 at 50U/ml (NIH AIDS
Reagent Repository Program) with a CD3:CD4 bi-specific
monoclonal antibody (gift of Dr. ] Wong) and cultured for
approximately 14 days to yield purified polyclonal CD8" T cells.
These cells were viably cryopreserved until the day of ELISpot
assay. Cells were added to a 96-well filter plate that had been pre-
coated with an anti-IFN-y antibody (#3420-3-1000, Mabtech,
Nacka Strand, Sweden) with the addition of a peptide pool,
medium alone (three wells), or medium with PHA (#L1668,
Sigma Aldrich, St. Louis, MO) at 25ug/ml. After overnight
incubation in a humidified CO, incubator, the plate was washed
and stained with biotinylated anti-IFN-y antibody (#3420-6-250,
Mabtech, Nacka Strand, Sweden) for visualization using a
streptavidin-peroxidase reagent and counting on an automated
ELISpot reader (AID, Autoimmun Diagnostika GMBH,
Strassberg, Germany). The response against each peptide pool
was expressed as the raw count minus the mean of the triplicate
negative control wells. A positive response against a peptide pool
was defined as both =50 SFC/million cells and > the mean of the
negative control wells plus three standard deviations.

Statistics

Statistical comparisons (two-tailed heteroscedastic Student’s t-test)
and graphs utilized Microsoft Excel for Mac version 16.50. Serenson
similarity indices between ELISpot assays were calculated as: the
total number of shared spike pool responses (defined as above) + the
total number of spike peptide pools (twelve).

Study Approval

Prior to participation, all participants gave written informed
consent under an institutional review board-approved protocol
at the University of California Los Angeles.

RESULTS

After Infection, There Are Predominately
IFN-y-Expressing CD4" T Cell Responses
Against SARS-CoV-2

Virus-specific T cell responses in 25 persons early after COVID-
19 (mean 29.8 days after symptom onset, range 15-49 days) were
assessed by intracellular cytokine staining after stimulating
PBMC with pooled peptides. These peptides spanned the spike
protein and included predicted CD4" T cell epitopes across the
proteome (spike and CD4 “megapool peptides” (27). CD4" T
cells were assessed for IL-2, IFN-y, IL-4, IL-10, or IL-17

production (Supplementary Figure S1 and Figures 1A, B).
IEN-y production predominated, with a mean of 0.030%
positive cells (17/25, 68% of persons above 0.01%). IL-2
responses were lower, with a mean of 0.010% (12/25, 48% of
persons above 0.01%). Most cells producing IL-2 also produced
IFN-v; the mean percentage of cells producing either was 0.033%
(18/25, 72% of persons above 0.01%). Few virus-specific CD4" T
cells produced IL-10, IL-17, or IL-4 (means 0.003%, 0.002%, and
0.007%, respectively). None of these responses correlated to
concurrent anti-RBD antibody levels (Figure 2).

CD8" T Cell Responses Against
SARS-CoV-2 Are Also Predominately
IFN-y-Expressing

The CD8" T cell subset was evaluated in parallel
(Supplementary Figure S1 and Figures 1C, D). The response
was mostly limited to IFN-v, with a mean of 0.053% positive cells
(17/25 or 68% above 0.01%). IL-2 responses were minimal, with
a mean of 0.001% (6/25 or 18% of persons above 0.01%). Again,
IL-2 production mostly overlapped IFN-y production; the mean
percentage of cells producing either was 0.054% positive cells
(18/25, 72% of persons above 0.01%). There were minimal IL-17,
IL-10, or IL-4 responses (means 0.002%, 0.004%, and 0.012%,
respectively), but a few individuals had significant IL-4 responses
(6/26, 23% of persons above 0.01%). None of these responses
correlated to anti-RBD antibody levels (Supplementary Figure
S2). Testing of intracellular cytokine responses using pooled
peptides of predicted CD8" minimal epitopes from across the
SARS-CoV-2 proteome (CD8 “megapools” (27) yielded lower
frequencies with a similar pattern (Supplementary Figure S3).

CD8* T Cell Responses Broadly

Target Nucleocapsid, Spike, and

Matrix, but Not Envelope, and
Nucleocapsid Is Inmunodominant

The CD8" T cell responses were studied at higher resolution
using IFN-vy ELISpot assays for responses to smaller pools of
overlapping peptides spanning spike (12 pools), nucleocapsid
(four pools), matrix (two pools), and envelope (one pool)
proteins. This assay yielded spike-specific responses correlating
to intracellular cytokine staining IFN-y responses to stimulation
with the spike/CD4" T cell megapool (Supplementary Figure
$4). Across individuals, all pools were targeted except envelope
(Figure 3). The average total responses against spike,
nucleocapsid, matrix, and envelope were 396, 901, 296, and 0
spot-forming cells (SFC) per million CD8" T cells, respectively.
Targeting density considered in relationship to target protein size
yielded means of 0.31, 2.15, and 1.33 SFC/million CD8" T cells/
amino acid against spike, nucleocapsid, and matrix, respectively
(Supplementary Figure S5A). Targeting of nucleocapsid was
significantly greater than spike (p<0.0001) but not significantly
greater than matrix (p=0.15), while matrix targeting was also
significantly greater than spike (p=0.012). A similar hierarchy
was noted for numbers of responses against pools, a surrogate for
breadth of epitope targeting. On average, each person targeted
1.43, 1.50, 0.59, and 0 pools in spike, nucleocapsid, matrix, and
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FIGURE 1 | Intracellular cytokine staining for T cell responses against SARS-CoV-2 early after infection demonstrates bias for IFN- y production. Cytokine
production was determined by intracellular cytokine staining for CD4* and CD8" T cell subsets after stimulation with a pool of overlapping peptides spanning spike
combined with predicted CD4" epitopes from across the proteome (Supplementary Figure S1) for 25 persons (21 with mild infection, 4 with severe infection) a
mean of 29.8 days from COVID-19 symptom onset (range 15 to 49 days). Filled symbols indicate persons who had severe infection. (A) The background-subtracted
frequencies of CD4* T cells producing IL-2, IFN-y, both cytokines, or either cytokine are plotted. Dark horizontal bars indicate means, which were 0.010%, 0.030%,
0.007%, and 0.033%, respectively. Defining responses as being >0.01% above background, responders for these four cytokine response groupings were 12/25
(48%), 17/25 (68%), 10/25 (40%), and 18/25 (72%), respectively. (B) The background-subtracted frequencies of CD4* T cells producing IL-17, IL-10, or IL-4 are
plotted. Dark horizontal bars indicate means, which were 0.003%, 0.002%, and 0.007%, respectively. Defining responses as being >0.01% above background,
responders for these three cytokine responses were 3/26 (11.5%), 2/26 (7.7%), 10/25 (40%), and 7/26 (26.9%), respectively. (C) The background-subtracted
frequencies of CD8" T cells producing IL-2, IFN-y, both cytokines, or either cytokine are plotted. Dark horizontal bars indicate means, which were 0.001%, 0.053%,
0.000%, and 0.054%, respectively. Defining responses as being >0.01% above background, responders for these four cytokine response groupings were 6/25
(24%),17/25 (68%), 1/25 (4%), and 20/25 (80%), respectively. (D) The background-subtracted frequencies of CD8" T cells producing IL-17, IL-10, or IL-4 are
plotted. Dark horizontal bars indicate means, which were 0.002%, 0.004%, and 0.012% respectively. Defining responses as being >0.01% above background,
responders for these three cytokine responses were 0/26 (0%), 3/26 (11.5%), 10/25 (40%), and 6/26 (23.1%), respectively.

envelope, respectively. Assuming that each recognized pool
corresponded to one recognized epitope, this equated to
0.0011, 0.0036, and 0.0027 epitopes targeted per amino acid for
spike, nucleocapsid, and matrix, respectively (Supplementary
Figure S5B). Epitope targeting of nucleocapsid was significantly
greater than spike (p<0.0001) but not significantly greater than
matrix (p=0.11), while matrix targeting was also significantly
greater than spike (p=0.0029). Finally, comparisons of CD8" T
cell targeting to anti-RBD antibody levels revealed no correlation
(Supplementary Figure S6). Overall, these findings
demonstrated highly dominant CD8" T cell targeting of

nucleocapsid over spike, likely intermediate targeting of matrix,
and no targeting of envelope.

CD8"* T Cell Responses Against Spike,
Nucleocapsid, and Matrix Generally Wane
Over Time, and Responses Against
Nucleocapsid Are More Persistent

For 29 persons with longitudinal measurements after early infection,
responses were tracked for stability. There were 23 (Figure 4A), 24
(Figure 4B), and 16 (Figure 4C) responders available to evaluate for
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FIGURE 2 | CD4" T cell cytokine responses against SARS-CoV-2 do not correlate to serum anti-RBD antibody levels. SARS-CoV-2-specific responses defined as in
Figure 1 (x-axis) were compared to serum anti-RBD IgG antibodly levels (y-axis). The vertical dotted line indicates 0.01% responding cells producing the indicated cytokine(s).
(A) Relationship to IL-2-producing cells. (B) Relationship to IFN-y-producing cells. (C) Relationship to cells producing both IL-2 and  IFN-y. (D) Relationship to cells producing
either IL-2 or IFN-y or both. (E) Relationship to IL-17-producing cells. (F) Relationship to IL-4-producing cells. (G) Relationship to IL-10-producing cells.

spike, nucleocapsid, and matrix responses, respectively. These
responses generally waned over time, with drops in 21/23 (91%),
23/24 (96%), and 15/16 (94%), respectively. Because they often fell
to undetectable levels by the second measurement, calculated decay
rates were minimal estimates; the observed mean slopes were -0.026,
-0.010, and -0.037 log;, SFC/million CD8" T cells/day for spike,
nucleocapsid, and matrix, respectively. Comparing these slopes, loss
of anti-nucleocapsid responses was slower than anti-spike (p=0.042)
and anti-matrix (p=0.018) responses. Thus, CD8" T cell responses
against nucleocapsid were not only immunodominant, but
more persistent.

SARS-CoV-2 Vaccines Boost Memory

CD8* T Cell Responses Against Spike

The mRNA and adenovirus-based COVID-19 vaccines would be
expected to access the human leukocyte antigen class I pathway
to elicit CD8" T cell responses. Anti-spike responses in 17
persons with past SARS-CoV-2 infection were evaluated pre-
and post- vaccination. Vaccination occurred a mean of 225 days
from symptom onset (range 64 to 394 days), with eight persons
receiving BNT162b2, seven persons receiving mRNA-1273, and
two persons receiving Ad26.COV2.S vaccines. In 13/17 persons
(76%), the magnitude of anti-spike responses increased after
vaccination (Figure 4D). Responses against nucleocapsid and
matrix fell in 12/17 persons (71%). Increases in responses against
nucleocapsid and matrix tended to be observed at the low end of
assay sensitivity (~100 SFC/million CD8" T cells), suggesting

assay noise. Among the four persons in whom spike responses
did not increase after vaccination, two had no detectable
responses at baseline before vaccination, and all four received
BNT162b2. Comparison of peptide pool targeting pre- and post-
vaccination (Figure 4E) demonstrated significantly greater
Serenson similarity indices within individuals than between
individuals (means 0.86 and 0.78, respectively, p=0.010). These
findings confirmed that vaccination yields spike targeting similar
to prior infection, indicative of boosting memory responses.

SARS-CoV-2 Vaccines Elicit Spike-
Specific CD8™ T Cell Responses With
Similar Targeting in Previously Uninfected
Persons Compared to Natural Infection
IFN-y ELISpot assays for CD8" T cell responses against spike were
performed for 22 persons without prior SARS-CoV-2 infection who
were vaccinated (15 with BNT162b2 and 7 with mRNA-1273
vaccines). Responses a mean of 11.3 days after the first vaccination
(range 8 to 16 days) showed targeting against all peptide pools
(Figure 5), and the average total spike targeting was 2,463 SFC/
million CD8" T cells. Each person recognized a mean of 4.2 spike
pools (range 1 to 10). Comparison to natural infection (Figure 3) in
terms of the distribution of targeting (mean percentage of SFC against
each pool versus entire spike, Figure 6A) or the frequency of targeting
(percentage of persons recognizing each pool, Figure 6B) showed
direct correlation, indicating that targeting induced by vaccination is
similar to natural infection.
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FIGURE 3 | Evaluation of CD8" T cell targeting of SARS-CoV-2 by ELISpot using peptide pools demonstrates broad targeting of spike, nucleocapsid, and matrix,
with dominance of nucleocapsid targeting. For 44 persons after recent SARS-CoV-2 infection (36 with mild infection, 8 with severe infection, mean 31.1 days, range
11 to 47 days after symptom onset), IFN-y ELISpot was performed on polyclonally expanded CD8" T cells using peptides spanning spike, nucleocapsid, matrix, and
envelope proteins, which were combined in pools of 16 or fewer (Supplementary Table 1). Spike was contained in 12 pools (S1 to S12), nucleocapsid in four pools
(N1 to N4), matrix in two pools (M1 to M2), and envelope in one pool (E). (A) Frequencies of responses against each pool are plotted for each participant. The mean
total responses against spike, nucleocapsid, matrix, and envelope were 396 SFC/million CD8" T cells, 901 SFC/million CD8" T cells, 296 SFC/million CD8* T cells,
and 0 SFC/million CD8* T cells, respectively. (B) Percentages of persons responding against each pool are plotted. Targeting of spike, nucleocapsid, matrix, and
envelope was an average of 1.4, 1.5, 0.6, and 0.0 peptide pools per person, respectively. Response against pools S4 and S5, comprising the receptor binding
domain of spike, was an average 0.5 peptide pools per person.

DISCUSSION

The protective contribution of SARS-CoV-2-specific CD8" T
cells is increasingly apparent (16-19), consistent with their
known importance for clearing infected cells in other viral
infections. Most studies have focused on the phenotypic
characteristics of cellular immunity in bulk, such as cytokine
production in response to pooled predicted epitope peptides,
without detail on targeting of responses. We confirm Th1 bias in
both CD4" and CD8" virus-specific T cells (11-14), using
intracellular staining for IFN-y, IL-2, IL-4, IL-17, and IL-10.

For both T cell subsets IFN-y production dominated, followed
by IL-2, with more CD4" T cells than CD8" T cells producing IL-2.
Most IFN-y-producing cells did not produce IL-2, particularly the
CD8" subset, supporting prior findings (35-37). Minimal
production of IL-10 or IL-17 were observed; IL-10 (38) and IL-
17 (39) production have been linked to disease progression, but
our participants were mostly limited to those who recovered from
mild illness.

A few individuals had significant populations of IL-4-
producing CD8" T cells of unclear significance, not previously

reported in SARS-CoV-2 infection to our knowledge. IL-4-
producing CD8" T cells have been suggested to be noncytolytic
helper cells that do not produce IFN-y (40), associated with
humoral immunity in old age (41), asthma in children (42), and
autoimmune arthritis (43). Whether they might play a protective
(anti-inflammatory), pathogenic (immunosuppressive), or
mixed role in COVID-19 is unclear.

Our observations agree observations that most infected
persons develop SARS-CoV-2-targeted cellular immune
responses (36, 44-47). By intracellular cytokine staining flow
cytometry with spike/CD4" epitope megapools (27), 72% and
80% of persons had IFN-y and/or IL-2 responses in the CD4"
and CD8" T cell subsets, respectively. Considering all tested
cytokines and both tested peptide megapools, all persons had
both CD4" and CD8" T cell responses (not shown). By IFN-y
ELISpot for spike, nucleocapsid, matrix, and envelope, 93% of
persons had detectable CD8" T cell responses against at least
one protein.

Others have observed preferential targeting of structural
proteins (12, 14, 27, 35, 36, 44, 45, 48-50), using either
predicted epitopes (12, 27, 45, 48, 50) or overlapping peptides
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symptom onset), serial measurements are plotted for 23 total spike responses (A), 24 total nucleocapsid responses (B), and 16 total matrix responses (C). (D) For
17 persons with prior COVID-19 who were vaccinated with an available pre-vaccination measurement within 65 days (14 with mild infection, 3 with severe infection
including one who had critical infection, vaccinated mean of 225 days post onset of symptoms, range 64 to 394 days), baseline pre-vaccination (mean of -21.9 days,
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against spike and combined nucleocapsid plus matrix are plotted. Eight vaccinees received BNT162b2 (red), seven vaccinees received mRNA-1273 (blue), and two
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severe illness and the remainder had mild illness. (E) For the vaccinated persons, Serenson similarity values were calculated between pre- and post- vaccination
recognized spike pools within each person (self) and across all combinations with other persons (others). Box plots indicate 25th to 75th quartiles and medians, with
medians (horizontal line) and means (x) marked. The high background similarity between individuals resulted from the high number of unrecognized pools (average

10.2/12 pools) and thus multiple shared unrecognized pools across persons.

(14, 35, 36, 44, 49) in pools. Two studies from Le Bert et al. (14)
and Peng et al. (36) used multiple smaller pools in IFN-y ELISpot
assays to assess targeting breadth, but did not separate CD4"
from CD8" T cell populations. Le Bert et al. found that responses
against matrix were most targeted, followed by those against
spike or nucleocapsid (envelope was not tested) (14), but Peng
et al. found that spike was most highly targeted, while
nucleocapsid and matrix were similar, and many persons had
envelope targeting (36). However, the contributions of CD4"
versus CD8" T cells to these patterns were not defined.

We follow up in greater detail using isolated CD8" T cells
with small pools of overlapping peptides spanning spike,
nucleocapsid, matrix, and envelope in IFN-y ELISpot assays of
infected participants. In contrast to Le Bert et al. and Peng et al.
using unseparated PBMC, we clearly identify nucleocapsid as the
dominant target of CD8" T cells. Matrix targeting is
quantitatively similar to spike, but more densely targeted, and
we observe no targeting of envelope. Similar to Le Bert et al
using unseparated PBMC, we find that targeting distributed

across spike, and most persons target at least one spike
epitope. Moreover, we observe modestly higher frequency of
receptor binding domain (RBD) targeting, accounting for about
a third of responses despite being about a sixth of spike. Even so,
the few mutations mostly in the RBD defining various spike
variants seem unlikely to affect recognition by CD8" T cells (51).
Opverall, differences from the findings of Le Bert et al. and Peng
et al. may result primarily from evaluation of isolated CD8" T
cells versus bulk PBMC (in which CD4" T cells typically
predominate); other studies grossly comparing CD4" T cells to
CD8" T cells have shown that the former tend to predominate
(12, 46, 49, 52-54), and that the two do not correlate (55).
Finally, our results suggest that nucleocapsid might be a useful
target for vaccine inclusion to elicit broader and more durable
CD8" T cell responses, which is also supported by a recent study
suggesting that immunodominant targeting of nucleocapsid is
associated with better outcome after SARS-CoV-2 infection (56).

Various studies reported differing results on longevity of
virus-specific T cell responses (CD4", CD8" or combined) after
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SARS-CoV-2 infection, with observations of both persistence
(37, 45, 47, 53-55, 57, 58) and decay (14, 47, 59, 60). We
observed decay of CD8" T cell responses similar to our
observations of anti-RBD antibodies (29, 61), and most rapid
waning of matrix responses, in agreement with Le Bert et al. (14).
The reasons for discrepant findings between studies are unclear,
but may relate to methodologies (intracellular cytokine staining
versus ELISpot), CD4" versus CD8" versus unseparated subsets,
targeting of responses measured, and differences in illness
severity. As opposed to antibodies (and B cell memory) being
required for immediate viral neutralization during exposure or
early infection, T cells probably have a more prolonged effector
role in containing and clearing infection, so it is unclear whether
our observed peripheral blood decay of the CD8" T cell response
is functionally relevant. Data showing ongoing vaccine
protection from severe illness or death despite waning
protection from infection (26, 62) are further evidence that the
falling level of circulating antiviral CD8" T cells we observe do
not preclude an effective recall response.

Some groups have observed either correlation (36, 63) or lack
of correlation (47) of T cell responses to antibodies. We saw no
correlation of either CD4" or CD8" T cell responses by
intracellular cytokine staining, or CD8" T cell responses by
IEN-y ELISpot to anti-RBD antibodies. These discrepancies
again may be related to methodologies or clinical
characteristics of the participants. Of note, our cohort included
mostly persons who had mild infection (not requiring
supplemental oxygen or hospitalization). Because antibody
levels vary greatly by disease severity (29, 64-66), our dynamic
range might have been too limited to see a correlation.

Our data address spike targeting induced by vaccination. While
initial pilot studies of the two mRNA vaccines demonstrated
cellular immunity (67, 68), these were measurements of whole
PBMC by intracellular cytokine staining using a single peptide
pool. We provide greater detail, showing vaccination elicits an
average of over four targeted epitopes with summed frequency
over 1,000 per million CD8" T cells. While this breadth and
frequency was higher than we observed for natural infection, our
measurement after vaccination was at the peak, and infected
persons were assessed past the peak during infection. A prior
study provided results consistent with our suggestion that
vaccination boosts prior memory responses against spike; in
persons receiving the BNT162b2 vaccine, those with prior
infection reached a level of spike targeting after a single dose
that was attained after two doses in persons without prior infection
(69). Qualitatively, however, we observed that vaccination and
infection generated similar spike responses.

Our study has caveats. Evaluation of cytokine production and
T cell “polyfunctionality” was limited to few cytokines and
performed with too few PBMC for accurate quantitation or
sensitivity below ~0.01%. Our evaluation of CD8" T cells
utilized a cell-sparing expansion method, although results with
expanded cells have been shown to correlate well to bulk
unexpanded CD8" T cells (30, 34). Responses were evaluated
only against spike, nucleocapsid, matrix, and envelope, and could
miss dominant responses against other proteins. We did not map

to the level of individual peptides/epitopes; thus, we likely
underestimated the breadth and depth of targeting. The time
points after infection were not frequent enough for precise
estimation of decay rates, but only provide minimal boundaries
for decay. Most of the COVID-19 participants had had mild
illness, and there were too few severely ill subjects for
comparisons. Finally, the numbers of participants were too
small to compare responses between different vaccines.

In summary, we find a Thl-biased IFN-y dominant cellular
immune response after SARS-CoV-2 infection in both CD4" and
CD8" subsets, although some persons have an unusual IL-4-
producing CD8" T cell population of unclear significance. CD8"
T cells predominately target nucleocapsid and those responses
appear to be more durable compared to targeting of spike or
matrix; no responses were seen against envelope. Vaccination of
previously infected persons specifically boosts memory responses
against spike, and generates new responses in previously
uninfected persons that resemble those from infection. These
results provide greater clarity on CD8" T cell targeting, breadth,
and persistence. Inclusion of nucleocapsid in vaccines may allow
even broader and longer-lived cellular immune protection against
COVID-19 to combat ongoing viral evolution in the pandemic.
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