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Cytotoxic T Cells Targeting Spike Glycoprotein Are Associated
with Hybrid Immunity to SARS-CoV-2

Jolie M. Phan,* Erik D. Layton,* Krystle K. Q. Yu,* Melissa S. Aguilar,* Inah Golez,*
Nicholas M. Franko,* Jennifer K. Logue,* Lauren B. Rodda,” Christian A. Howard,*
Marion Pepper,i Michael Gale, Jr.,T Helen Y. Chu,*" and Chetan Seshadri*!

mRNA vaccination of individuals with prior SARS-CoV-2 infection provides superior protection against breakthrough infections with
variants of concern compared with vaccination in the absence of prior infection. However, the immune mechanisms by which this
hybrid immunity is generated and maintained are unknown. Whereas genetic variation in spike glycoprotein effectively subverts
neutralizing Abs, spike-specific T cells are generally maintained against SARS-CoV-2 variants. Thus, we comprehensively profiled
human T cell responses against the S1 and S2 domains of spike glycoprotein in a cohort of SARS-CoV-2—naive (n = 13) or
—convalescent (n = 17) individuals who received two-dose mRNA vaccine series and were matched by age, sex, and vaccine type. Using
flow cytometry, we observed that the overall functional breadth of CD4 T cells and polyfunctional Th, responses was similar between
the two groups. However, polyfunctional cytotoxic CD4 T cell responses against both S1 and S2 domains trended higher among
convalescent subjects. Multimodal single-cell RNA sequencing revealed diverse functional programs in spike-specific CD4 and CD8
T cells in both groups. However, convalescent individuals displayed enhanced cytotoxic and antiviral CD8 T cell responses to both S1
and S2 in the absence of cytokine production. Taken together, our data suggest that cytotoxic CD4 and CD8 T cells targeting spike

glycoprotein may partially account for hybrid immunity and protection against breakthrough infections with SARS-CoV-2. The
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arge prospective cohort studies have begun to reveal that

mRNA vaccination after prior SARS-CoV-2 infection pro-

vides better protection against breakthrough infection when
compared with vaccination without prior infection. In a recent study
from Qatar, mRNA-1273 and BNTb162b2 were associated with a
65% and 72% reduction in breakthrough infections, respectively,
with Delta and Omicron variants (1). The magnitude of the protec-
tive effect did not seem to wane appreciably over 3 mo of follow-
up. These emerging data suggest a significant clinical benefit is
achieved when the immune system is first “primed” with SARS-
CoV-2 before being “boosted” with mRNA vaccination to mount a
hybrid immune response to SARS-CoV-2 infection. However, the
immune mechanisms underlying hybrid immunity, that is, immunity
acquired from natural infection followed by mRNA vaccination, are
still poorly understood.

Neutralizing Abs targeting spike glycoprotein have emerged as a
mechanistic correlate of protective immunity against SARS-CoV-2
(2, 3). However, they are highly vulnerable to escape by genetic var-
iation. Both Delta and Omicron variants of SARS-CoV-2 showed
significantly reduced sensitivity to sera from convalescent individu-
als infected with the original Wuhan strain or after mRNA vaccina-
tion (4, 5). By contrast, T cell responses appear to be more robust to
genetic variation in spike. One study directly examined CD4 and
CD8 T cell responses in convalescent donors, as well as vaccinees,
and found no differences in reactivity against ancestral spike when
compared with Alpha, Beta, Gamma, and Epsilon variants (6).
Another study showed that T cell responses to SARS-CoV-2 spike
after Omicron infection are also cross-reactive against Alpha, Beta,
and Delta variants (7). A detailed repertoire analysis revealed that
CD4 and CD8 T cells induced by vaccination recognize a median
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of 11 and 10 spike epitopes, respectively, and ~80% of these
responses are maintained against Omicron. Taken together, these
data reveal that vaccine-induced T cell responses are largely robust
to variation in spike glycoprotein and may contribute to hybrid
immunity.

Evidence in support of this hypothesis is emerging. In a study
comparing naive or previously infected individuals after two or three
doses of mRNA vaccine, we reported that the magnitude of spike-
specific CD4 T cells was not significantly different between the
groups after vaccination (8). However, the proportion of IFN-y—
and IL-10-producing activated CD4 T cells was increased in previ-
ously infected, but not naive, subjects. We also reported higher titers
of receptor-binding domain (RBD)-specific Abs and B cells after
two, but not three, doses. Another study focused on characterizing
epitope breadth and phenotypes of CD8 T cells among naive or pre-
viously infected subjects, as well as those who experienced a break-
through infection (9). Compared with naive subjects, previously
infected subjects showed a shift toward T effector memory cells
with re-expression of CD45RA (T effector memory RA [Tgmral)
phenotype. They also showed that the clonotype diversity of spike-
specific T cells does not narrow after repeat Ag exposure. Taken
together, these data suggest that a combination of differences in
both the humoral and the cellular response to spike glycoprotein
may underlie hybrid immunity.

To more thoroughly investigate potential immune mechanisms
underlying hybrid immunity, we comprehensively profiled the func-
tions of T cells targeting the S1 and S2 domains of spike glycopro-
tein in a cohort of SARS-CoV-2— naive or —convalescent donors
who received two doses of mRNA-1273 or BNTb162b2 using flow
cytometry and multimodal single-cell RNA sequencing (scRNA-
Seq) after matching by age, sex, and vaccine type. The overall poly-
functionality of CD4 T cell responses was remarkably similar
between the two groups after vaccination despite a significant differ-
ence in prevaccine functional profiles. However, convalescent sub-
jects demonstrated greater magnitudes of cytotoxic CD4 T cell
responses to both S1 and S2. Multimodal scRNA-Seq further
revealed subpopulations of CD8 T cells that were enriched among
convalescent subjects and notable for the expression of cytolytic and
antiviral genes in the absence of cytokine production. Together, our
data suggest that cytotoxic CD4 and CD8 T cells targeting both con-
served and variable regions of spike glycoprotein may partially
account for hybrid immunity and protection against breakthrough
infections with SARS-CoV-2 variants of concern.

Materials and Methods

Clinical cohort

Subjects were identified through a laboratory alert system, e-mail and flyer
advertising, and positive COVID-19 cases reported by the Seattle Flu Study
(10). Outpatients completed their enrollment, data collection questionnaire,
and first blood draw at an outpatient clinic visit a median of 203 d after
symptom onset (or positive test for asymptomatic individuals). All partici-
pants subsequently were asked to return for longitudinal follow-up. After
U.S. Food and Drug Administration emergency use approval of BNTb162b
and mRNA-1273, subjects were recontacted for phlebotomy after vaccina-
tion. Samples were collected before vaccination and then at ~10 d after com-
pletion of a primary vaccine series. Sociodemographic and clinical data were
collected from chart review and from participants at the time of enrollment,
including information on the nature and duration of symptoms, medical
comorbidities, and care-seeking behavior (11). Prior infection status was
determined using spike RBD IgG ELISA, as previously described (8). Sam-
ples were selected after matching for age, sex, and vaccine type (Table I).
All convalescent subjects were not hospitalized, and three convalescent sub-
jects overlap with a cohort we have previously described (12). Data were
generated and analyzed from SARS-CoV-2—naive (n = 13) or —convalescent
(n = 17) donors before or after receipt of two doses of mRNA vaccine.
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Sample processing

All whole blood patient samples were collected in acid citrate dextrose or
sodium heparin tubes (one subject) and immediately transferred to the Uni-
versity of Washington. Whole blood was centrifuged at 200 x g for 10 min
to separate plasma. Plasma was collected, centrifuged at 1200 X g to remove
debris, aliquoted, and stored at —80°C. HBSS (Thermo Fisher Scientific) or
1x PBS (Thermo Fisher Scientific) was added to the whole blood cellular
fraction to replace plasma volume. PBMCs were isolated by density-gradient
centrifugation using Histopaque (Sigma-Aldrich). After washing, purified
PBMCs were resuspended in 90% heat-inactivated FBS (Sigma-Aldrich)
with 10% DMSO (Sigma-Aldrich) cryopreservation media and stored in lig-
uid nitrogen until use. Both plasma and PBMCs were frozen within 6 h of
collection time.

Ethics

The studies were approved by the University of Washington Human Subjects
Institutional Review Board (STUDY00000959), and all participants, or their
legally authorized representatives, completed informed consent.

Intracellular cytokine staining

Cryopreserved PBMCs were thawed in sterile-filtered RPMI 1640 (Thermo
Fisher Scientific) with 10% FBS (HyClone) and 0.2% Benzonase (Millipore-
Sigma) and then centrifuged at 300 X g for 10 min at room temperature.
Viable cells were counted using the Guava easyCyte (MilliporeSigma) with
guavaSoft 2.6 software. Cells were centrifuged at 300 X g for 10 min at
room temperature and rested overnight at a density of 2 x 10° cells/ml. The
next day, viable cells were counted using the Guava easyCyte. Stimulation
cocktails were prepared with overlapping peptide pools (15 mer overlapping
by 11 aa) targeting the S1 or S2 domains of spike glycoprotein or nucleocap-
sid (NCAP) of the original SARS-CoV-2 strain from Wuhan, Hubei Prov-
ince, China (JPT Peptide Technologies). The S1 pool spans the N-terminal
amino acid residues (1-643 aa, 158 peptides) of spike glycoprotein, whereas
the S2 pool spans the C-terminal amino acid residues (633—-1273 aa, 157
peptides). Each peptide pool was reconstituted with 55 wl of pure DMSO
(Sigma-Aldrich) and then diluted with PBS for a final concentration of 83 or
100 pg/ml in 17% DMSO/83% PBS or 20% DMS0/80% PBS. Stimulation
cocktails also consisted of 1 pg/ml CD28/49d (BD Biosciences, San Jose,
CA), 10 pg/ml brefeldin A (Sigma-Aldrich), GolgiStop (BD Biosciences)
prepared according to the manufacturer’s instructions, and anti-CD107a PE-
Cy7 (clone H4A3; BD Biosciences). Cells were plated at a density of 1 X
10° cells/well in a 96-well U-bottom plate and stimulated at 37°C with either
1 pg/ml of each peptide in the pool, 0.25 wg/ml staphylococcal enterotoxin
type B (List Biological Laboratories), or 0.2% DMSO (Sigma-Aldrich).
After 6 h, stimulations were stopped by adding EDTA at a final concentra-
tion of 2 mM, and samples were stored overnight at 4°C.

The next day, cells were washed twice with PBS and then stained with
Fixable Aqua viability dye (Invitrogen) for 20 min at room temperature. A
preparation of anti-CCR7 BV711 (clone 150503; BD Biosciences) in FACS
buffer was centrifuged at 10,000 X g for 5 min and then added to the cells
for 30 min at 37°C. At the end of the incubation period, PBMCs were
washed twice with FACS buffer and then incubated for 10 min at room tem-
perature with 1xX FACS Lyse (BD Biosciences). After lysis, the cells were
washed with FACS buffer twice and then permeabilized by incubating for
10 min at room temperature with 1X FACS Perm II (BD Biosciences). The
cells were again washed twice with FACS buffer and then stained with the
following markers for 30 min at 4°C before being washed with FACS
buffer: anti-CD3 ECD (clone UCHT1; Beckman Coulter), anti-CD4 allophy-
cocyanin-H7 (clone L200; BD Biosciences), anti-CD83 BB700 (clone
2ST8.5H7; BD Biosciences), anti-CD38 BV605 (clone HB7; BD Bioscien-
ces), anti-HLA-DR BUV395 (clone G46-6; BD Biosciences), anti-CD40L/
CD154 PE-Cy5 (clone TRAP1; BD Biosciences), anti-CD45RA BUV737
(clone HI100; BD Biosciences), anti—-IFN-y V450 (clone B27; BD Bioscien-
ces), anti-TNF-a FITC (clone MADbl1; BD Biosciences), anti-IL-2 PE
(clone MQI1-17H12; BD Biosciences), anti—IL-4 allophycocyanin (clone
MP4-25D2; BD Biosciences), anti-CD19 BV785 (clone SJ25C1; BioLe-
gend), anti-CD14 BV785 (clone MSE2; BioLegend), anti—IL-5 allophyco-
cyanin (clone TRFKS; BioLegend), anti—IL-13 allophycocyanin (clone
JES10-5A2; BioLegend), and anti-IL-17a Alexa Fluor 700 (clone BL168;
BioLegend). Finally, cells were fixed with 1% paraformaldehyde (Electron
Microscopy Solution) and washed with PBS. The cells were then resus-
pended in PBS supplemented with EDTA at a final concentration of 2 mM
and stored at 4°C until acquisition. Cells were acquired on a BD LSRFortessa
(BD Biosciences) equipped with a high-throughput sampler and configured
with blue (488 nm), green (532 nm), red (628 nm), violet (405 nm), and UV
(355 nm) lasers using standardized good clinical laboratory practice proce-
dures to minimize variability of data generated. For all flow cytometry
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experiments, study groups were evenly distributed in each batch, and opera-
tors were not blinded to study group assignments.

Cell sorting

Cryopreserved PBMC from SARS-CoV-2—-naive (n = 4) and —convalescent
(n = 4) donors collected ~10 d postvaccination were thawed in sterile-
filtered RPMI 1640 (Thermo Fisher Scientific) with 10% FBS (Hyclone) and
0.2% Benzonase (MilliporeSigma) and then centrifuged at 300 x g for
10 min at room temperature. Viable cells were counted using the Guava
easyCyte. Cells were centrifuged at 300 X g for 10 min at room temperature
and plated at a density of 2 x 10° cells/well in a 96-well U-bottom plate.
Next, cells were blocked with 1 wg/ml anti-CD40 (clone HB14; Miltenyi
Biotec) at 37°C. After 30 min, cells were stimulated with either 1 pg/ml of
S1 or S2 peptide pool, 0.25 pg/ml staphylococcal enterotoxin type B, or
0.5% DMSO for 16 h at 37°C. The following day, cells were washed twice
with PBS and stained with Fixable Aqua viability dye (Invitrogen) for
40 min at room temperature. An Ab mixture was prepared for sorting with
the following markers: anti-CD7 FITC (clone CD7-6B7; BioLegend), anti-
CD69 BV711 (clone FN50; BioLegend), anti-CD137 allophycocyanin/Fire
750 (clone 4B4-1; BioLegend), and anti-CD40L/CD154 PE-Cy5 (clone
TRAP1; BD Biosciences). In addition, eight cocktails were prepared with
the following TotalSeq-C Ab-derived tags (ADTs): anti-CD3 (clone UCHT];
BioLegend), anti-CD4 (clone RPA-T4; BioLegend), anti-CD8a (clone RPA-
T8; BioLegend), anti-GD (clone B1; BioLegend), anti-TRAV1-2 (clone
3C10; BioLegend), anti-CD62L (clone DREG-56; BioLegend), anti-CCR7
(clone G043H7; BioLegend), anti-CD45RA (clone HI100; BioLegend), anti-
CD28 (clone CD28.2; BioLegend), anti-CD127 (clone A019DS5; BioLegend),
anti-CD95 (clone DX2; BioLegend), anti-CXCR3 (clone G025H7;
BioLegend), anti-CXCRS5 (clone J252D4; BioLegend), anti-CCR4 (clone
L291H4; BioLegend), anti-CCRS5 (clone J418F1; BioLegend), anti-CCR6
(clone GO34E3; BioLegend), anti-CD25 (clone BC96; BioLegend), anti-
CD38 (clone HIT2; BioLegend), anti-CD26 (clone BA5b; BioLegend),
anti-HLA-DR (clone L243; BioLegend), anti-CD161 (clone HP-3G10;
BioLegend), anti-CD103 (clone Ber-ACTS; BioLegend), anti-CD14 (clone
MS5E2; BioLegend), anti-CD16 (clone 3G8; BioLegend), anti-CD56 (clone
5.1H11; BioLegend), anti-CD11b (clone ICRF44; BioLegend), anti-CD11c
(clone S-HCL-3; BioLegend), anti-CD169 (clone 7-239; BioLegend),
anti—-PD-L1 (clone 29E.2A3; BioLegend), anti-CD19 (clone HIB19;
BioLegend), anti-CD20 (clone 2H7; BioLegend), anti-CD163 (clone GHI/61;
BioLegend), anti-CD86 (clone 1T2.2; BioLegend), anti-mouse 1gG2a isotype
control (clone MOPC-173; BioLegend), anti-mouse IgGl isotype control
(clone MOPC-21; BioLegend), and anti-mouse IgG2b isotype control (clone
MPC-11; BioLegend). One of the following TotalSeq-C anti-human hashtag
oligonucleotides (HTOs) was also included in each of the TotalSeq cocktails
for cell hashing: hashtag 1 (clones LNH-94/2M2; BioLegend), hashtag
2 (clones LNH-94/2M2; BioLegend), hashtag 3 (clones LNH-94/2M2;
BioLegend), hashtag 4 (clones LNH-94/2M2; BioLegend), hashtag 5 (clones
LNH-94/2M2; BioLegend), hashtag 6 (clones LNH-94/2M2; BioLegend),
hashtag 7 (clones LNH-94/2M2; BioLegend), and hashtag 8 (clones LNH-94/
2M2; BioLegend). Cells were stained with the sorting Ab mixture and the
appropriate TotalSeq mixture for 30 min at 4°C. Next, cells stimulated with
S1 or S2 peptides were separately pooled together and passed through a
35-um cell strainer. Activated T cells defined as Live/Dead”, CD7", CD69™,
and CD137" or CD154" were sorted using a BD FACSAria III Cell Sorter.
CD7, a marker for mature T cells, was used for cell sorting instead of CD3
to avoid Ab-binding competition with the ADT panel (13). In total, ~12,600
Sl-activated cells and 44,700 S2-activated cells were sorted for downstream
analysis.

Multimodal scRNA-Seq and data processing

scRNA-Seq was performed using the Chromium Next GEM Single Cell
V(D)J Kit (10X Genomics) according to the manufacturer’s instructions.
Two wells of a Chromium Next GEM Chip G were loaded with either the
pooled S1- or S2-activated T cells. Because of low cell count, samples were
not diluted with water before loading into the chip. The Chromium Next
GEM Single Cell V(D)J reagent kits (v1.1; 10X Genomics) were used to
prepare mRNA, TCR, and surface protein libraries. cDNA amplification and
target enrichment were quantified using a Qubit 3 Fluorometer (Invitrogen)
and assessed for quality using a 4200 TapeStation System (Agilent). Librar-
ies were constructed and sequenced to a depth of ~11,900 reads per cell
using the NextSeq 500 system (Illumina). The Cell Ranger multi pipeline
(v5.0.1; 10X Genomics) was used to conduct the alignment and feature
expression quantification of the single-cell sequencing data. mRNA and
V(D)J reads were aligned to the GRCh38 human reference genome. HTO
and ADT reads were aligned to a feature reference containing the appropriate
barcode sequences.

Quality control and analysis of the single-cell mRNA and surface protein
expression data were performed using the R package Seurat (v4.1.0) (14).
Data from the S1- and S2-stimulated samples were processed and analyzed
separately using the same procedure. First, HTO data were normalized using
the centered log-ratio transformation. Samples were demultiplexed based on
HTO enrichment using the MULTIseqDemux function, which demultiplexes
samples based on the classification method from MULTI-seq (15). This
function removes doublets, which represent cell barcodes that cannot be
assigned to a single HTO, and negative/ambiguous cell barcodes, which do
not clearly express a single HTO above background. Cell barcodes classified
as singlets by HTO enrichment were kept and then filtered by gene expres-
sion data using the following parameters: (1) >200 unique genes/cell, and
(2) <5% mitochondrial counts. Within each cell barcode, the mRNA count
data were log normalized, and the ADT count data were centered log-ratio
normalized. The normalized ADT expression levels were background cor-
rected based on the 99th percentile expression level of their respective mouse
IgG isotype controls, and all negative values were zeroed. A Euclidean dis-
tance matrix was constructed from all of the background-corrected ADT data
without feature selection and used for uniform manifold approximation and
projection (UMAP) visualization and clustering.

From the filtered V(D)J output given by the Cell Ranger multi pipeline,
cell barcodes with less than four productive TCR chains or a single produc-
tive TCR-B-chain were retained. If a given cell barcode was associated with
two TCR-a- or TCR-B-chains, the chain with the greater number of unique
molecular identifiers was retained. The R package scRepertoire (v1.4.0) was
used to assess clonotype expansion and dynamics (16). Plots were generated
using the ggplot2 (v3.3.5) package (17).

Data analysis

Flow cytometry. Data were compensated and gated using FlowJo version
9.9.6 (FlowJo, TreeStar). The intracellular cytokine staining (ICS) flow
cytometry data were processed using the OpenCyto framework (v2.6.0) in
the R programming environment (18). Combinatorial Polyfunctionality Anal-
ysis of Ag-Specific T Cell Subsets (COMPASS; v1.32.0) was used to
achieve a comprehensive and unbiased analysis of the functional profiles of
Ag-specific T cells (19). COMPASS uses a Bayesian hierarchical framework
to model all observed cell subsets and to select those most likely to have
Ag-specific responses. COMPASS naturally accounts for high background,
such that a cell subset with high background will have lower response
probabilities compared with a similar subset with low background.
Notably, COMPASS reports only the probability of detecting a particu-
lar T cell functional profile rather than the absolute magnitude, which
was calculated separately. For a given subject, COMPASS was also
used to compute a functionality score (FS) that summarizes the entire
functionality profile into a single continuous variable that can be used
for standard statistical modeling (e.g., regression). COMPASS was per-
formed on data from each of the Ag stimulations for CD4 T cells. Poor-
quality samples were identified within COMPASS by low CD4 or CD8
counts (<3000 cells) and were excluded from downstream analysis.
Magnitudes of T cell responses were calculated independent of COM-
PASS as the proportion of gated events in the stimulated condition. The
R package ComplexHeatmap (v2.10.0) was used to visualize COMPASS
posterior probabilities of response (20). UMAP visualization was performed
on all CD4" events that were preselected from COMPASS-identified Bool-
ean subsets using the uwot (v0.1.11) package in R with the following param-
eters: spread = 9, min_dist = 0.02 (21). Fluorescence intensities of each
marker were scaled within each batch to achieve a mean of 0 and SD of
1 before UMAP. The following markers were used in the UMAP analy-
sis: CD3, CD4, TNF-a, CD107a, CD40L/CD154, IL-2, IL-17a, IL-4/5/13,
IFN-vy, CD45RA, CCR7, CD38, and HLA-DR.

ScRNA-Seq. The weighted nearest neighbors (WNN) workflow implemented
in Seurat was used to achieve an integrated analysis of gene and surface pro-
tein expression data (14). The top 2000 genes with the highest cell-to-cell
variance were identified using the FindVariableFeatures function with the
variance-stabilizing transformation method. The variable genes and all sur-
face protein markers were then scaled and used for dimensional reduction
with principal-component analysis. Using the elbow method, the top 8 dimen-
sions of the gene expression data and top 10 dimensions of the surface protein
data were selected to construct a WNN graph. The resulting WNN graph was
used for integrated UMAP visualization and clustering (resolution = 1). Cell-
type clusters were manually annotated based on gene and surface protein
expression data. Wilcoxon rank-sum tests were performed on each cluster ver-
sus all other cells using the FindAliMarkers function with default settings to
identify positive differentially expressed genes defining a given cluster. For
cluster annotation, genes with a log, fold change of at least 1.5 and an
adjusted p value <0.05 were considered significantly differentially expressed.
In addition, clusters were manually assigned to T cell subsets based on surface

#20¢ I1dy 60 U0 3sanb Aq 4pd 518002211221 S¥91L/9EZ |L/6/01Z/HPd-Bd1E/|oUNWWI[/LI0D"IIBYDIBA|IS IER//:d}Y WO} POpEOjUMO]



The Journal of Immunology

protein expression. To assess the associations of infection status with each Sl
or S2 WNN-derived cluster, we employed mixed-effects modeling of associa-
tions of single cells (MASC) (22). Generalized linear mixed-effects models
were estimated using the Ime4 package in R (v1.1-29) (23). In the full model,
donor was specified as a random effect, and total mRNA count per cell, total
ADT count per cell, percent mitochondrial genes per cell, age, and sex were
specified as fixed effects. ANOVA was applied to compare the null and full
models, and Wald confidence intervals (CIs) and p values were computed.
The effect sizes of the associations were estimated by calculating the odds
ratio (OR) for each cluster.

Data and code availability

The flow cytometry data supporting this publication are available from
ImmPort (https:/www.immport.org) under study accession number SDY2159,
and the multimodal scRNA-Seq data are available from GEO (https:/www.
ncbi.nlm.nih.gov/geo/) under the accession number GSE223236. The code to
complete flow cytometry and multimodal scRNA-Seq data analyses can be
found online at https://github.com/seshadrilab/HAARVIVAC_ICS and https:/
github.com/seshadrilab/HAARVIVAC_10X, respectively, along with the indi-
vidual-level metadata used to generate the values in Table I and full lists of
positive differentially expressed genes.

Results
Diversity of CD4 T cell responses to spike glycoprotein among
SARS-CoV-2—naive donors after mRNA vaccination

We leveraged an existing clinical infrastructure to study immunity
to SARS-CoV-2 by enrolling 17 convalescent subjects who elected
to receive mRNA vaccine soon after emergency use approval by the
U.S. Food and Drug Administration in December 2020. The median
time between infection and the baseline blood draw was 203 d, and
subjects received their first dose of vaccine a median of 58 d later
(Fig. 1A). In parallel, we enrolled 13 subjects without prior SARS-
CoV-2 infection who received their first dose of vaccine a median
of 28 d after enrollment and baseline blood collection. In both arms,
blood was collected and archived on days 9—-10 after second vaccine
dose (Fig. 1A). Subjects were matched for age, sex, body mass
index, and vaccine type (Table I). Infection status was confirmed
using IgG ELISA targeting spike RBD, as previously described (8).
We first sought to assess the functional breadth of CD4 T cell
responses to the vaccine using multiparameter flow cytometry
(Supplemental Fig. 1). In naive individuals, we observed a signifi-
cant increase in the proportion of CD154"CD4 T cells expressing
IFN-y in response to S1 and S2, but not NCAP, after vaccination
(Fig. 1B, 1C). These data are consistent with published data from
early-phase clinical trials of BNT162b and mRNA-1273 (24, 25).
To more comprehensively assess the functional diversity of vaccine-
induced T cell responses among SARS-CoV-2—naive subjects, we
employed COMPASS, which reports the probability of detecting a
response above background among all possible functional subsets
(19). Results can also be summarized into a “functionality score,”
which facilitates standard statistical modeling. COMPASS detected
responses above background in 17 of 128 possible CD4 functional
subsets (Fig. 1D). Eight subsets exhibited three or more functions
simultaneously, including the Th; (IFN-y), Th, (IL-4/5/13), cytotox-
icity (CD107a), and B cell help (CD154) functions. Several spike-
specific monofunctional CD4 T cell subsets were observed before
vaccination. Prevaccination FSs were also higher in response to S2
stimulation compared with NCAP or S1 (Supplemental Fig. 2A).
These results are likely due to pre-existing cross-reactivity of
S2-specific T cells with endemic coronaviruses (26—28). In addition,
we noted a significant increase in the functional breadth of CD4
T cell responses to S1 and S2, but not NCAP, after mRNA vaccina-
tion (Fig. 1E). Because COMPASS reports only the probability of
detecting a functional response, we next examined the magnitudes
and phenotypes of COMPASS selected subsets. Of the 17 subsets
identified after stimulation with S1 or S2 peptide pool, six subsets
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characterized by combinations of Th; and Th, cytokines showed sta-
tistical evidence of expansion after vaccination (unadjusted p <
0.05; Supplemental Fig. 2C, 2D). Highly polyfunctional CD4" T
cells expressed an effector memory phenotype (CD45SRA™CCR77)
and showed expression of in vivo activation markers HLA-DR and
CD38 (Fig. 1F). Specifically, we noted an increase in the magni-
tudes of SI- and S2-specific T cells expressing HLA-DR or an
effector memory phenotype after vaccination (Fig. 1G, 1H). Taken
together, these data confirm and expand previously published studies
by revealing the induction of functionally diverse memory CD4 T
cells targeting S1 and S2 in SARS-CoV-2—-naive individuals after
mRNA vaccination (29).

Preferential induction of cytotoxic CD4 T cell responses to spike
glycoprotein in SARS-CoV-2—convalescent donors after mRNA
vaccination

We next sought to assess the functional breadth of CD4 T cell
responses to mRNA vaccination in convalescent individuals and
contrast that with naive individuals. Consistent with published
reports, we observed high baseline frequencies of CD154" CD4
T cells expressing IFN-y in response to stimulation with NCAP, S1,
and S2 (Fig. 2A, 2B) (12, 30). Frequencies of IFN-y* CD4 T cells
targeting S1 and S2, but not NCAP, were increased after vaccination
(Fig. 2B). Surprisingly, these frequencies were not significantly
different between naive and convalescent individuals (Fig. 2C).
COMPASS identified 18 of 128 possible CD4 functional subsets
that largely mirrored what was observed in naive individuals
(Fig. 2D). Prevaccination FSs were lower in response to NCAP
stimulation than S1 or S2 (Supplemental Fig. 2B). There was no dif-
ference in the median FSs of CD4 T cell responses targeting S1 and
S2 after vaccination (Fig. 2E). Increases in the frequencies of sev-
eral highly polyfunctional profiles contributed to functional breadth
observed in convalescent individuals (Supplemental Fig. 3A, 3B).
Compared with naive subjects, highly polyfunctional CD4 T cells
expressed CD38 rather than HLA-DR but were also skewed toward
an effector memory phenotype (Supplemental Fig. 3C—E). Notably,
we observed a vaccine-induced increase in the frequency of IFN-y™
CD107a* CD4 T cells in response to both S1 and S2 (Fig. 2F, 2G).
The frequency of IFN-y"CD107a™ CD4 T cells was 3.40- and
2.73-fold greater in convalescent subjects than naive subjects in
response to stimulation with S1 and S2, respectively, but this differ-
ence was not statistically significant after correcting for multiple-
hypothesis testing (Fig. 2H). There was no difference in the overall
functional breadth of CD4 T cell responses between naive and conva-
lescent individuals after vaccination (Fig. 2I). Together, these data
reveal that convalescent individuals develop a functionally diverse
CD4 T cell response to mRNA vaccination with a skew toward
cytotoxic phenotypes when compared with naive individuals.

Multimodal scRNA-Seq reveals functional diversity of spike-specific
T cells after mRNA vaccination

Having identified broadly similar vaccine-induced CD4 T cell func-
tional profiles between naive and convalescent individuals, we then
sought to more accurately compare Ag-specific T cells using multi-
modal (surface protein, gene expression, and TCR clonotype)
single-cell RNA sequencing. PBMCs obtained 9—10 d postvaccina-
tion from naive (n = 4) or convalescent (n = 4) subjects were stim-
ulated with S1 or S2 peptide pools, labeled with a panel of ADTs,
and sorted based on expression of T cell (CD7) and activation
markers (CD69, CD137, and CD154) (Supplemental Fig. 4A, 4B).
Although cells were sorted for activated T cells before performing
multimodal scRNA-Seq, non-T cells were identified on the basis of
ADT expression. Clusters were annotated by ADT expression as
“CD4 T cells,” “CD8 T cells,” “NK cells,” “DCs” (dendritic cells),
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FIGURE 1. Diversity of CD4 T cell responses to spike among SARS-CoV-2-naive donors after mRNA vaccination. (A) Study schema. PBMCs from
donors who are SARS-CoV-2 naive (blue, n = 13) or convalescent (red, » = 17) were selected based on matching for vaccine type, age, and sex. Samples
were analyzed before and after mRNA vaccination with flow cytometry and ICS. Multimodal scRNA-Seq was used only to profile samples collected after
vaccination. Time points are relative to the prevaccination blood draw date. (B) Representative staining of CD4 T cells expressing IFN-y and/or CD154 in a
naive donor in response to stimulation with DMSO, NCAP, S1, or S2 peptide pools. (C) Frequencies of CD4 T cells coexpressing IFN-y and CD154 among
naive donors before and after vaccination following stimulation with DMSO, NCAP, S1, or S2 peptide pools. A single outlier is not displayed for S2.
(D) Results from COMPASS analysis of ICS data derived from naive donors are displayed as a probability heatmap. Columns represent the functional
CD4 T cell subsets ordered by degree of functionality, and rows represent samples ordered by stimulation and time point. The depth of purple shading
corresponds to the probability that a donor exhibits a response above background for a given cell subset. (E) CD4 T cell FSs of naive donors after stim-
ulation with NCAP, S1, or S2 peptide pools. (F) CD4 T cells expressing any of the functional profiles identified by COMPASS were aggregated across
all naive donors before performing dimensionality reduction with UMAP. UMAP visualizations are colored by activation markers (HLA-DR, CD38)
and memory markers (naive, CD45RA"CCR7"; central memory [Tcy], CD45SRA™CCR7™; effector memory [Tgy], CD45RA™CCR77; and Temgas
CD45RA*CCR7"). Polyfunctionality (PolyF) was calculated as the number of cytokines gated positive for each cell. (G and H) Frequencies of S1- and
S2-specific HLA-DR™ (G) and effector memory (CD45RA™CCR77) (H) CD4 T cells identified by COMPASS among naive donors. Significance was
determined by Wilcoxon signed-rank tests in (C), (E), (G), and (H) and include outliers that are not displayed. All p values were corrected for multiple-
hypothesis testing using the Bonferroni method.

or “B cells” (Supplemental Fig. 4E). Only cell barcodes annotated 3C). CD4 and CD8 T cells expressing the highest levels of
as “CD4 T cells” or “CD8 T cells” were retained for further analy- CD45RA, CCR7, and CD62L while lacking CD95 also expressed
sis. After quality-control filtering, a total of 7694 cells were ana- transcription factor 7CF7, and long noncoding RNA MALATI were
lyzed with an average of 481 cells per donor, which did not differ designated as naive-like T cells (31, 32). Mucosal-associated
between the groups (Supplemental Fig. 4C—F). WNN analysis of invariant T (MAIT) cells were identified via expression of canoni-
protein and gene expression data revealed 15 S1-specific T cell clus- cal markers CD8, TRAV1-2, CD161, and CD26 (33). Two clusters
ters, including 10 expressing CD4, 4 expressing CDS8, and 1 of CD8 T cells expressed cytotoxic gene signatures (CCLS, NKG7,
unassigned (Fig. 3A). Clusters were further defined and annotated XCL1, XCL2, GZMB, and GNLY) but were distinguished by
based on protein and differential gene expression analysis (Fig. 3B, surface expression of CD45RA or activation markers (CD38,
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Table I. Summary of clinical and demographic characteristics of study subjects
SARS-CoV-2 Naive SARS-CoV-2 Convalescent

Total, n 13 17
Age, median (range), y 42 (25-77) 45 (25-76)
Sex (female:male), n 8:5 9:8
Race/Ethnicity

White, non-Hispanic/Latino 10 (76.9) 13 (76.5)

Black, non-Hispanic/Latino 1(7.7) 0 (0.0)

Other, non-Hispanic/Latino 2 (15.4) 3 (17.6)

Hispanic/Latino 0 (0.0) 1(5.9)
BMI, median (range) 29.2 (19.0-42.8) 27.8 (19.5-33.0)
Pre-existing conditions, n (%)

Asthma 2 (15.4) 0 (0.0)

Cancer 0 (0.0) 1(5.9)

Chronic kidney disease 0 (0.0) 1(5.9)

COPD/emphysema 1(7.7) 0 (0.0)

Diabetes 1(7.7) 0 (0.0)

Hypertension 0 (0.0) 2 (11.8)
Vaccine type, n (%)

Moderna 6 (46.2) 8 (47.1)

Pfizer 7 (53.8) 9 (52.9)
Seronegative at date of prevaccination draw, n (%) 13 (100.0) -

Days between symptom onset and postvaccination draw, median (range)

- 303 (123-398)

Archived blood samples were selected from naive and convalescent donors after matching for age, sex, and vaccine type. Number of donors, age, sex, race/ethnicity,
BMI, pre-existing conditions, vaccine type, serostatus, and days between symptom onset and postvaccination blood draw are indicated. Serostatus against SARS-CoV-2 of

the naive donors before vaccination was confirmed by spike RBD IgG ELISA.
BMI, body mass index; COPD, chronic obstructive pulmonary disease.

HLA-DR, CD86, CD11b, CD11c). These were designated “Tgyra
Cytotoxic CD8” or “Activated Cytotoxic CD8,” respectively (34,
35). Similarly, two effector memory CD4 T cell clusters expressed
cytotoxic markers but were distinguished by CCRS5, CD161, and
CD26 protein expression and designated as “Activated Cytotoxic
CD4” or “CCR5"CD26"CD161" Cytotoxic CD4.” One cluster of
effector CD4 T cells also expressed CD38, as well as genes /L2,
IFN-y, and FABPS, consistent with our flow cytometry data (Fig.
1F), and was labeled “Activated Th; CD4.” Notably, cytotoxic
function and cytokine expression were largely mutually exclusive
(Fig. 3B). Three clusters of memory CD4 T cells were character-
ized by varying expression of CCR6 and CCR4, as well as antivi-
ral IFN-induced protein with tetratricopeptide repeats (/FIT) genes
or CXCR4 (36). Finally, we were able to identify S1-specific regu-
latory T cells by protein (CD25, PD-L1) and gene expression
(FOXP3, LGALS3), as well as resident memory T cells by CD103
expression (37). These data reveal the diversity of S1-specific CD4
and CD8 T cells, including those that display broad cytotoxic func-
tion and antiviral function in the absence of cytokine production.

Preferential induction of cytotoxic CD8 T cell responses to spike
glycoprotein in SARS-CoV-2—convalescent donors after mRNA
vaccination

Multimodal analysis of S2-specific T cells revealed a similar pattern
(Fig. 3B, 3C). Cluster 11 was “Unassigned” and excluded from fur-
ther analysis based on costaining with the dendritic cell marker
CD123 (data not shown). We noted the same three subpopulations
of cytotoxic CD8 T cells: mucosal-associated invariant T, activated,
and Tgyvra. Among CD4 T cells, we noted regulatory T cells and
resident memory T cells, as well as both activated Th; and cytotoxic
clusters. Three additional clusters of memory CD4 T cells could be
defined based on CCR4, CCR6, and expression of IFIT genes or
CXCRA4. Clonotype analysis confirmed the naive-like T cell clusters
as having the lowest proportion of expanded clones (Fig. 4A). By
contrast, the clusters with the highest proportion of expanded clones
in response to S1 stimulation were Activated Cytotoxic CD8
(32.11%) and Tgpra Cytotoxic CD8 (17.89%). Similarly, 62.26%
of Activated Cytotoxic CDS8 and 23.45% of Tgyra Cytotoxic CD8
clones were expanded in response to S2 stimulation (Fig. 4A). We

used MASC to determine the quantitative associations between cell
clusters and either naive or convalescent subjects (22). After stimu-
lation with S1 peptide pool, two clusters showed modest association
with naive subjects: Activated Th; CD4 (OR = 0.59; 95% CIL:
0.33-1.07) and CCR5"CD26"CD161" Cytotoxic CD4 (OR =
0.62; 95% CI: 0.39-0.98). By contrast, Tgpra Cytotoxic CD8 was
strongly associated with convalescent subjects (OR = 2.63; 95%
CIL: 1.28-5.42). MASC analysis of data obtained after stimulation
with S2 peptide pool yielded a similar pattern. Again, Activated Th;
CD4 was significantly associated with naive subjects (OR = 0.55;
95% CI: 0.35-0.87). In contrast, Activated Cytotoxic CD8 was
strongly associated with convalescent subjects (OR = 14.20; 95%
CI: 2.34-86.14). Taken together, these results reveal the preferential
expansion of cytotoxic CD8 T cells targeted both the S1 and the S2
domains of spike glycoprotein after mRNA vaccination among indi-
viduals with prior SARS-CoV-2 infection.

Discussion

In summary, we performed a cross-sectional study comprehensively
examining the functional profiles of T cells targeting SARS-CoV-2
spike glycoprotein in vaccinated individuals who were either previ-
ously infected with or naive to SARS-CoV-2 after matching for age,
sex, and vaccine type. Although we found that cytotoxic CD4 T cell
responses appeared to trend higher in convalescent subjects, the
overall functional breadth of spike-specific CD4 T cells was similar
between the two groups. Multimodal single-cell analysis revealed a
diversity of both CD4 and CD8 functional profiles targeting both S1
and S2. Notably, these subsets included cytotoxic and antiviral pro-
grams in the absence of cytokines that are typically the focus of
immunogenicity studies (24, 38—40). Detection of activated cyto-
toxic or Tgmra CD8 T cells after vaccination was highly associated
with prior SARS-CoV-2 infection. Our data suggest that the
enhanced protection afforded by hybrid immunity, defined in this
article as infection followed by primary mRNA vaccination, against
breakthrough infections may be partially mediated by spike-specific
CD4 and CD8 T cells that are programmed to directly lyse target
cells infected with SARS-CoV-2.
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FIGURE 2. Preferential induction of cytotoxic CD4 T cell responses to spike in SARS-CoV-2—convalescent donors after mRNA vaccination. (A) Repre-
sentative staining of CD4 T cells expressing IFN-y and/or CD154 in a convalescent donor in response to stimulation with DMSO, NCAP, S1, or S2 peptide
pools. (B) Frequencies of CD4 T cells coexpressing IFN-y and CD154 among naive donors before and after vaccination following stimulation with DMSO,
NCAP, S1, or S2 peptide pools. (C) Comparison of frequencies of CD4 T cells coexpressing IFN-y and CD154 between naive and convalescent donors after
vaccination in response to stimulation with NCAP, S1, or S2 peptide pools. (D) Results from COMPASS analysis of ICS data derived from convalescent
donors are displayed as a probability heatmap. Columns represent the functional CD4 T cell subsets ordered by degree of functionality, and rows represent
samples ordered by stimulation and time point. The depth of purple shading corresponds to the probability that a donor exhibits a response above background
for a given cell subset. (E) CD4 T cell FSs of convalescent donors after stimulation with NCAP, S1, or S2 peptide pools. (F) Representative staining of CD4
T cells expressing IFN-y and/or CD107a in a convalescent donor in response to stimulation with DMSO, NCAP, S1, or S2 peptide pools. (G) Frequencies of
S1- or S2-specific CD4 T cells coexpressing IFN-y and CD107a before and after vaccination among convalescent donors. A single outlier is not displayed
for S2. (H) Comparison of the frequencies of CD4 T cells coexpressing IFN-y and CD107a between naive and convalescent donors after vaccination in
response to stimulation with S1 or S2 peptide pools. A single outlier is not displayed for S1. (I) CD4 T cell FSs of vaccinated naive and convalescent donors
after stimulation with S1 or S2 peptide pools. Comparisons across time point and infection status in (B), (C), (E), and (G)—(I) were made by Wilcoxon signed-rank
and rank-sum tests, respectively, and include outliers that are not displayed. All p values were corrected for multiple-hypothesis testing using the Bonferroni method.

BNT162b2 effectively induces CD8 T cells and may account
for the protection afforded by prime vaccination before peak
induction of neutralizing Abs by boost vaccination (29, 41).
Low-dose (25 pg) mRNA-1273 vaccine also induced CD8 T
cells in the majority of subjects (42). In rhesus macaques,
CD8 T cells provided partial protective immunity against
SARS-CoV-2 challenge in the context of suboptimal Ab titers,
supporting their definition as mechanistic correlates of protec-
tive immunity (2, 43). In most studies, Ag-specific CD8 T
cells are quantified by the expression of cytokines, such as
IFN-v, or activation markers, but cytotoxic function is not
typically assessed. Our data extend these published studies by
revealing that cytotoxic programs expressed by spike-specific
CD4 and CD8 T cells may underlie hybrid immunity. In support

of our finding, a recent study also reported a shift toward Tgyra
CD8 T cells in convalescent compared with naive subjects (9).
MASC analysis revealed a 5-fold stronger association with S2
compared with S1 (OR = 14.2 versus 2.63; Fig. 4B). This is con-
sistent with recent studies showing stronger vaccine-induced func-
tional humoral immune responses against S2 rather than S1 after
prior infection with SARS-CoV-2 (P. Kaplonek, Y. Deng, J. S.-L.
Lee, H. J. Zar, D. Zavadska, M. Johnson, D. A. Lauffenburger,
D. Goldblatt, and G. Alter, manuscript posted on medRxiv,
DOI: 10.1101/2022.06.28.22276786; R. P. McNamara, J. S.
Maron, H. L. Bertera, J. Boucau, V. Roy, A. K. Barczak; The Pos-
itives Study Staff; N. Franko, J. Z. Li, J. S. McLellan, M. J. Sied-
ner, et al., manuscript posted on bioRxiv, DOI: 10.1101/2022.06.
19.496718).
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0

Another cytokine-independent program we observed was the Our data extend these results by revealing the association between
expression of IFN-a—inducible (/FI) and [FIT genes by spike- this protective transcription program and spike-specific CD4 T
specific CCR6" CD4 T cells. These protein families have been shown cells expressing CCR6, which binds CCL20 and has a role in

broadly to mediate protective immunity in human viral infection (36). mediating mucosal immune responses (46, 47).

In the context of SARS-CoV-2, expression of /FIT1, IFIT3, and IFI6 Clinical support for vaccination after natural infection is limited
genes in macrophages obtained from bronchoalveolar lavage but beginning to emerge. In a landmark study, Abu-Raddad et al.
was associated with viral clearance and recovery (44). Expres- (1) leveraged a national database in Qatar to show that receipt of the

sion of IFITI, IFIT3, and IFI6 in blood monocytes has also been two-dose primary series of mRNA-1273 and BNTb162b2 was asso-
associated with improved clinical outcomes after COVID-19 (45). ciated with a 65% and 72% reduction in breakthrough infections,
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FIGURE 4. Preferential induction of cytotoxic CD8 T cell responses to spike in SARS-CoV-2—convalescent donors after mRNA vaccination. (A) TCR clo-
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dashed horizontal line corresponds to a nominal p value of 0.05.

respectively, with Delta and Omicron variants. In a follow-up study,
they showed that protection against symptomatic SARS-CoV-2
infection from a third (booster) dose alone is comparable with that
of hybrid immunity from prior infection and the primary vaccine
series (~50%) (48). The greatest protection was observed with prior
infection and booster vaccination (~80%) and appeared to be addi-
tive. This suggests that vaccination is still beneficial even for those
who have been previously infected, and demonstrates the durable
immune response from natural infection. Notably, the protection
conferred by hybrid immunity does appear to wane over time, but
much more slowly than with vaccination alone (1). Our data add to
the existing literature by revealing the contribution of cytokine-inde-
pendent T cell functions in mediating this protection. In our study, a
median of 203 d had elapsed between infection and first vaccine
dose, possibly accounting for some of the negative or statistically
marginal associations we observed. Even though current Centers for
Disease Control and Prevention guidelines recommend up to five
vaccine doses, including a bivalent booster, clinical evidence in sup-
port of more than three vaccine doses is still limited (49). SARS-
CoV-2 spike-specific T cell responses have been observed to remain
stable despite additional booster doses across different vaccine

platforms and regimens (50). Evaluating T cell responses induced
by different SARS-CoV-2 vaccine platforms and regimens may pro-
vide greater understanding of protective T cell immunity. Adenovi-
rus-based vector vaccines, such as the ChAdOx1 nCoV-19 vaccine,
have also been shown to induce lasting T cell immunity against
spike glycoprotein despite declining Ab activity over time, although
reports suggest that the T cell responses generated by mRNA or het-
erologous SARS-CoV-2 vaccination are greater in frequency and
intensity (50-52).

Our data thus reveal at least two functional programs expressed
by SARS-CoV-2 spike-specific T cells that are independent of IFN-
v and other cytokines typically associated with antiviral T cell
immunity. Expression of [FI/IFIT genes by CD4 T cells was
observed in both naive and convalescent individuals after mRNA
vaccination. However, expression of cytotoxic CD4 and CD8 func-
tions was enhanced among those who were vaccinated after SARS-
CoV-2 infection. Given the small sample size of our multimodal
scRNA-Seq data, this study may be statistically underpowered to
identify additional expanded T cell subsets that differentiate conva-
lescent from naive individuals after mRNA vaccination. Moreover,
although this study focuses on hybrid immunity acquired by infection
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followed by primary mRNA vaccination, additional types of hybrid
immunity may be of interest to evaluate, such as vaccination fol-
lowed by infection. A more thorough assessment of cytokine-
independent functions expressed by SARS-CoV-2-specific T
cells is required to understand their role in mediating hybrid
immunity, as well as vaccine- and infection-induced immunity
more generally.
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