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Memory CD4 T cells are critical to human immunity, yet it is unclear whether viral inflammation during memory
formation has long-term consequences. Here, we compared transcriptional and epigenetic landscapes of Spike
(S)-specific memory CD4 T cells in 24 individuals whose first exposure to S was via SARS-CoV-2 infection or mRNA
vaccination. Nearly 2 years after memory formation, S-specific CD4 T cells established by infection remained en-
riched for transcripts related to cytotoxicity and for interferon-stimulated genes, likely because of a chromatin
accessibility landscape altered by inflammation. Moreover, S-specific CD4 T cells primed by infection had reduced
proliferative capacity in vitro relative to vaccine-primed cells. Furthermore, the transcriptional state of S-specific
memory CD4 T cells was minimally altered by booster immunization and/or breakthrough infection. Thus,
infection-associated inflammation durably imprints CD4 T cell memory, which affects the function of these cells

and may have consequences for long-term immunity.

INTRODUCTION

T cell memory is crucial for durable protection against viral infection
and is a well-established correlate of immune protection (1-5). CD4
T cells make a multifaceted contribution by coordinating innate im-
mune responses, providing help to B cells and CD8 T cells, and di-
rectly killing infected cells (6, 7). The quality of memory CD4 T cell
responses is typically assessed by interrogation of cellular frequency,
cytokine production, provision of help, and T cell receptor (TCR) af-
finity for antigen (8-11). Although the goal of vaccination is to induce
long-lasting protection, the contribution of inflammation during
memory CD4 T cell formation is not well understood.

During the COVID-19 pandemic, some individuals developed
CD4 T cell memory to severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) Spike (S) protein via infection and others via
SARS-CoV-2 vaccination. SARS-CoV-2 infection and mRNA vac-
cination induce durable and robust S-specific CD4 T cell responses
skewed toward a type 1 T helper (Ty1) and T follicular helper profile
(12-17). Moreover, infection- and vaccination-derived S-specific
CD4 T cells rapidly expand after exposure to S protein during sub-
sequent SARS-CoV-2 vaccination or infection, demonstrating effec-
tive recall of memory CD4 T cells (18-20). Thus, mRNA vaccination
and SARS-CoV-2 infection each induce comparable frequencies of
memory CD4 T cell responses.

Aside from quantitative induction of a memory CD4 T cell re-
sponse by vaccine or virus, little is known about whether, or even if,
infection- and vaccine-derived memory CD4 T cells qualitatively dif-
fer given differences in the inflammatory context in which S epitopes
are presented. Factors during initial priming such as inflammatory
signals, site and persistence of antigen exposure, cell-to-cell inter-
actions, and cytokine milieu imprint resulting memory pools and
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influence T cell responses upon antigen re-exposure (21, 22). Viral
infection triggers high levels of inflammation in contrast with that
present during immunization (23). Serum levels of inflammatory cy-
tokines in patients with COVID-19 positively correlate with disease
severity when compared with healthy controls (24-26). By contrast,
serum levels of inflammatory cytokines are low after vaccination (27),
and only mild reactogenicity has been reported (28-30). The presence
of concomitant inflammation may have consequences for T cell
memory. Reduced TCR diversity, decreased frequency of antigen-
specific memory T cells, and impaired cytokine production have been
reported in the setting of excess inflammation (31-33). The impact of
infection-associated inflammation on S-specific memory CD4 T cells
remains unexplored. A better appreciation of how inflammation af-
fects memory T cell quality can therefore improve our understanding
of SARS-CoV-2 infection-derived protective immunity and inform
future vaccine design strategies.

Because of the difference in inflammatory context between infec-
tion and vaccination at the time of memory CD4 T cell priming, we
hypothesized that qualitative differences in S-specific memory CD4
T cells may have been established. To test this hypothesis, we ex-
plored the transcriptional and epigenetic profiles of S-specific CD4
T cell responses in individuals whose first exposure to S protein
was either infection (infection-primed) or immunization (vaccine-
primed). These data highlight the importance of understanding
how the inflammatory environment during initial antigen exposure
shapes memory CD4 T cell development.

RESULTS

S-specific CD4 T cells form a distinct cluster in the AIM assay
We sought to understand the extent to which concomitant inflam-
mation affected the generation of S-specific memory CD4 T cells
and subsequent responses after re-exposure to S antigens, given the
transcriptional differences observed between the acute response to
vaccination and infection (23, 26, 27). Beginning in 2020, we longi-
tudinally followed individuals after diagnosis of acute COVID-19 or
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after initiation of mRNA vaccination, as previously described (12,
34). From this cohort, we randomly selected 22 individuals with
samples available from approximately 8 months after their second
vaccination—hereafter referred to as the pre-booster time point—
and 1 month post-booster to longitudinally assess immune memory
(Fig. 1A and fig. S1A). Eleven of these individuals had not been pre-
viously infected with SARS-CoV-2, as confirmed by N-protein
enzyme-linked immunosorbent assay at the time of initial mRNA
vaccination, and their first exposure to S protein was therefore via
mRNA vaccination (labeled “vaccine-primed”). The other 11 indi-
viduals had confirmed diagnoses of SARS-CoV-2 infection in the
spring of 2020 (labeled “infection-primed”) and received two doses
of mRNA vaccination approximately 9 months later. They then re-
ceived their third vaccination approximately 20 months after the
onset of COVID-19 (tables S1 to S3). Among these 11 infection-
primed participants, 10 had mild or minimally symptomatic COV-
ID-19, and 1 had severe disease (table S2). Participants’ ages ranged
from 28 to 62, with a median age of 42.5 for infection-primed indi-
viduals and 39 for vaccine-primed individuals (table S1).

To identify vaccine- and infection-primed participants’ S-specific
memory CD4 T cells, we used the activation-induced marker (AIM)
assay (12, 35-42). After overnight stimulation with overlapping S
peptides, S-specific CD4 T cells were identified on the basis of the
coexpression of activation markers such as CD69, CD137, and
CD200 (Fig. 1B and fig. S1B). Stimulated cells demonstrated higher
frequencies of CD69*CD137* CD4 T cells than paired unstimulated
controls (fig. S1C). Both cohorts demonstrated an increase in S-
specific CD4 T cells after booster (Fig. 1C and fig. S1D) and had
similar frequencies at both time points (fig. S1E), suggesting that a
third dose of mRNA vaccination elicited a CD4 T cell response, as
reported previously (43, 44).

We next probed epitope-specific CD4 T cell responses using an
HLA-DPB1*04:01 allele tetramer loaded with peptides 167 to 180 of
S protein (TFEYVSQPFLMDLE, Si¢7-150) (39). We interrogated cir-
culating S;67-150-specific CD45RA™ CD4 T cells 1 month after boost-
er vaccination and observed similar frequencies between cohorts
(Fig. 1D and fig. S1F). Moreover, the frequency of S;¢7_150-specific
CD45RA™ CD4 T cells correlated with AIM-responding CD4 T cells
(Fig. 1E and fig. S1G). The frequency of S-specific CD4 T cells mea-
sured by the AIM assay was higher than that of S;67_150-specific CD4
T cells, which is plausible given that the AIM assay assesses specific-
ity for epitopes covering the entirety of S protein whereas tetramer
assesses specificity for a single peptide.

However, we observed subtle differences between vaccine- and
infection-primed S-specific memory CD4 T cells, such as for protein
expression of CD45RA and CCR?7 (Fig. 1F). To more deeply profile
the differences between the S-specific memory CD4 T cells in
vaccine- and infection-primed participants, we evaluated the transcrip-
tional state of S-specific CD4 T cells using droplet-based multimodal
single-cell RNA sequencing (scRNA-seq) [expanded cellular indexing
of transcriptomes and epitopes by sequencing (exCITE-seq)] (45) for
14 randomly selected participants after AIM assay (fig. SIA) and sub-
sequent magnetic bead enrichment for CD69 and CD137, two surface
proteins highly expressed by S-specific cells (Fig. 1B and fig. S1I) (12,
38). Single cells from 33 samples were integrated for downstream
analyses after quality control (fig. STH). In total, we recovered 127,047
CD4 T cells. Dimension reduction was performed on gene expres-
sion to generate a uniform manifold approximation and projection
(UMAP). Using graph-based clustering (46), we identified four major
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clusters (Fig. 1G and fig. S1J), including one cluster of 11,919 cells la-
beled as “S-specific CD4 T, which enriched for genes associated with
T cell activation (37) such as TNFRSF4 (0X40), TNFRSF9 (CD137),
TFRC (CD71), and LTA (Fig. 1H and fig. S1K). Gene ontology analy-
sis of genes differentially expressed by S-specific CD4 T cluster com-
pared with the nonnaive CD4 T cluster demonstrated enrichment for
terms such as “cellular response to stimuli” and “TCR signaling”
(Fig. 1I). Thus, an AIM-activated subset of CD4 T cells was readily
identified by scRNA-seq.

To further assess antigen specificity of the S-specific CD4 T cell
cluster, we evaluated TCR sequences. The S-specific cluster TCRs
were generally not observed in any other cluster and were highly
clonal (Fig. 1J). We then compared the S-specific CD4 TCRp se-
quences with an independently generated database of approximately
3000 class II TCRp sequences (47). For 8 of 14 participants, there
was substantial overlap between the S-specific CD4 T cell CDR3
amino acid sequences and those of the public SARS-CoV-2 TCRf
database (Fig. 1K) (47), although TCR overlap was not observed in
all participants, perhaps because of the relatively limited number of
TCRP sequences available for comparison. The majority of TCRs in
the S-specific cluster mapped to peptides 160 to 218 of S protein
(Fig. 1L), which was reported to contain immunodominant CD4
T cell epitopes (39, 40). Thus, multimodal single-cell profiling after
AIM permits the transcriptional and clonotypic evaluation of S-
specific memory CD4 T cells.

Infection-primed S-specific CD4 T cells exhibit a

cytotoxic profile

Prior studies described expression of Tyl cytokines, including
interferon-y (IFN-y), tumor necrosis factor, and interleukin-2 (IL-
2), after SARS-CoV-2 infection and vaccination (12-14, 17, 18, 39,
48, 49). Moreover, cytotoxic S-specific memory CD4 T cells produce
granzyme B after SARS-CoV-2 infection (50-52). Overnight stimu-
lation with S peptides induced more GZMB, IFNG, IL2, and TNF
transcripts in the S-specific CD4 T cluster relative to non-activated
CD4 T cells (Fig. 2A and fig. S2A). To investigate whether vaccine-
and infection-primed S-specific memory CD4 T cells demonstrated
different functionality, we compared the expression of these tran-
scripts. IL2 expression was higher for vaccine-primed participants,
whereas GZMB expression was higher in the infection-primed
cohort, at both the pre- and post-booster time points (Fig. 2B).
Because polyfunctional CD4 T cell responses are a correlate of pro-
tection (10), we assessed differences in polyfunctionality in S-
specific CD4 T cells from vaccine- and infection-primed cohorts at
both time points. S-specific CD4 T cell polyfunctionality was largely
similar across cohorts, with little change in these transcripts due to
booster immunization (Fig. 2C and fig. S2B). Thus, both types of
memory priming result in robust Ty1 effector responses, concor-
dant with previous studies (17, 18, 38).

To evaluate the distribution of the S-specific CD4 T cells subset
more broadly, we applied dimensionality reduction with 27 param-
eters to the S-specific CD4 T cluster, which revealed 11 unique clus-
ters (Fig. 2, D and E). The distribution of cells across these 11 clusters
was similar between pre- and post-booster time points for both
cohorts (fig. S2C). Cluster 0, which was enriched for TCF7, CD27,
and SELL, contained the majority of S-specific CD4 T cells and was
similar between cohorts. However, S-specific CD4 T cells from
infection-primed participants had more cells in cluster 1, which en-
riched for GZMB, than from vaccine-primed participants after
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Fig. 1. S-specific CD4 T cells form a distinct cluster in the AIM assay. (A) Cohort design of COVID-19 vaccine-primed and SARS-CoV-2 infection—-primed adults receiving
third dose of BNT162b2 vaccine. Pre-booster and post-booster sampling events are indicated. (B) Representative flow cytometry plots for vaccine- and infection-primed
participants’ CD4 T cells at pre-booster and post-booster time points for expression of CD69 and CD137 after the AIM assay. Frequency shown in red. (C) Summary data
for PBMC from vaccine-primed (orange, n = 8) and infection-primed (purple, n = 8) participants after AIM assay. P values by Wilcoxon matched-pairs signed-rank test.
(D) S167-180 HLA class Il tetramer and CD45RA expression plots for vaccine- and infection-primed participants at the post-booster time point. Summary data shown for
vaccine-primed (orange, n = 8) and infection-primed (purple, n = 8) participants. Statistical significance was determined by Wilcoxon test. Frequency shown in red.
(E) Spearman correlation between frequency of CD69*CD137* CD4T cells after AIM and the frequency of S167.130" CD4 T cells at the post-booster time point (n = 16).
(F) Representative plots for CD45RA and CCR7 expression by Sis7-150" CD4 T cells from vaccine- and infection-primed participants. Data from the same experiment in
(D). P value by Wilcoxon test. Frequency shown in red. (G) Experimental design schematic. UMAP projection of CD4 T cells from the AIM assay, pooled across samples and
clustered using gene expression. (H) Scaled expression of TNFRSF4 (OX40), TNFRSF9 (CD137), TFRC (CD71), and LTA. (I) Gene ontology for DEGs at adjusted P < 0.05 for
S-reactive CD4 T cell compared with CD4 T cell cluster. (J) Top 20 clonotypes by frequency in the S-reactive CD4 T cluster. (K) Per-participant TCR overlap between
S-reactive CD4 TCRs and the Adaptive Biotechnologies SARS-CoV-2-reactive TCR database. (L) Distribution of epitope specificity of S-reactive CD4 T cells as inferred from
the reference SARS-CoV-2 TCRp dataset. See also fig. S1. Treq, regulatory T cell; ATP, adenosine triphosphate.

Gray-Gaillard et al., Sci. Inmunol. 9, eadj8526 (2024) 21 June 2024 30f16



SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

A B Pre-booster Post-booster C Pre-booster Post-booster
IFNG IL2 L2 L2 R ;\
P=84x10" P=1.2x 10" \ — NG
4 & 6 61 " \ W, Lot
@ 1 4 / / — TNF
¢ ] \Ny \_/ — GzMB*
K ]
TNF GZMB 5 <4 cytokines
a GZMB GZMB \ = <@ 3 cytokines
3 P=85x 10" P=15x10% . y @2 cytokines
. ) 7 &5 ] / <@ 1 cytokine
% il - - z/ <0 cytokines
S 4q N — ~ v/
) Expression 0 04
UMAP1 ,__I Vaccine- Infection- Vaccine- Infection-
© = primed primed
D 8 E ¢ F Pre-booster Post-booster
0 1- 2 & 4 é 6 _7] 8 &10 100
e ] g o §
|| I -
SELL 75
0 IFNG <
-1 < ol P 3
2 ccis | = B 2 -_ p-05 | HH- P <0.0001
° 3 CXCR4 = B % 50 C
N °5 @ luster
< . s - 7| . e 2
% . U") % — E— - ;
o<
°© | |
UMAPT 1 —— | — e O3
HR8R 0 — = =
Vaccine- Infection- - - 6
primed primed TNF . = - Vaccine- Infection- Vaccine- Infection- M g
CXCR5 primed primed mo
¢ . ® ¢ . ° Density Hl-] Scaled 10
0 Hi "ﬂ m expression
0 I |
IL13 2
' L4 —_— I
Lo CCR5 o 1
| 0
= IL10 _
> CTLA4 - 1

UMAP1 LAG3

Fig. 2. Infection-primed S-specific CD4 T cells exhibit a cytotoxic profile. (A) Scaled expression of IFNG, /L2, TNF, and GZMB. (B) Scaled expression for IL2 and GZMB
between cohorts at pre- and post-booster time points. Nominal P values reported. (C) Polyfunctionality analysis. (D) S-specific CD4 T cells projected onto UMAP and clus-
tered for gene expression of 27 selected parameters. UMAP colored by density and split by cohort. (E) Scaled expression of DEGs at adjusted P < 0.01 for each
cluster. (F) Vaccine-primed versus infection-primed S-specific CD4 T cell cluster distribution at pre- and post-booster time points [unpaired two-way analysis of variance

(ANOVA) with Sidak’s post hoc test]. See also fig. S2.

booster vaccination (Fig. 2, D to F, and fig. S2D). Thus, infection-
primed S-specific CD4 T cells contain a greater proportion of cyto-
toxic cells compared with vaccine-primed S-specific CD4 T cells.
Moreover, the functional capability of S-specific CD4 T cells is
largely unchanged after repeated mRNA vaccinations, including in
infection-primed participants.

Inflammation during priming results in durable
transcriptional effects in S-specific CD4 T cells

Given the differences observed between the cohorts using a subset-
focused analysis (Fig. 2), we next asked whether the broader tran-
scriptional profile of S-specific CD4 T cells differed by cohort.
Principal components analysis (PCA) of the post-booster S-specific
CD4 T cells revealed separation of vaccine- and infection-primed
participants (Fig. 3A). To identify the genes driving the differences
between cohorts, we performed differential gene expression analysis
of the S-specific CD4 T cluster before and after booster immuniza-
tion. Between S-specific memory CD4 T cells from vaccine- and
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infection-primed participants, there were 317 genes differentially ex-
pressed pre-booster and 755 genes differentially expressed post-
booster (fig. S3, A and B, and data S1), which were not observed in
analysis of other clusters (fig. S3C). CCR7 expression was enriched in
vaccine-primed S-specific CD4 T cells at both time points, which
corroborated our previous observation of differential surface protein
expression of CCR7 by flow cytometry in Si67-1507 CD4 T cells
(Fig. 1E). However, CCR7 expression—a proxy for differentiation
state of the memory CD4 T cells—did not drive the observed differ-
ences between the cohorts (fig. S3D). S-specific CD4 T cells from
vaccine-primed individuals differentially expressed genes such as
NFKB2, NFKBIA, NFKBID, NFKBIZ, and REL, which may reflect
differential nuclear factor kB (NF-kB) signaling. By contrast, S-
specific CD4 T cells from infection-primed individuals differentially
expressed genes such as GZMB, HLAB, IFI6, IFITM1, and IFITM3,
which are interferon-stimulated genes (ISGs) (Fig. 3B) (53). Thus,
vaccine- and infection-primed S-specific CD4 T cells have distinct
transcriptional profiles.
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Fig. 3. Inflammation during priming results in durable transcriptional effects in S-specific CD4 T cells. (A) PCA of post-booster vaccine-primed (orange) and
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We next evaluated the coordinated gene expression of the
infection-primed S-specific CD4 T cells. Gene ontology analysis of
differentially expressed genes (DEGs) (Fig. 3B and fig. S3B) denoted
strong enrichment of terms for “interferon signaling” and “inflam-
matory response” (Fig. 3C). Gene set enrichment analysis (GSEA)
(54) revealed enrichment for “interferon alpha response” and “inter-
feron gamma response” gene sets in S-specific CD4 T cells from
infection-primed individuals at the pre- and post-booster time
points (Fig. 3, D and E; fig. S3E; and data S2). Several other gene sets
including inflammatory response were differentially enriched in
infection-primed individuals (Fig. 3F and fig. S3E). Booster immu-
nization did not substantially change the gene set enrichment
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(Fig. 3, D and E, and fig. S3E). Thus, S-specific memory CD4 T cells
primed during infection and recalled by mRNA vaccination sustain
an inflammatory imprint characterized by increased ISG expression
compared with cells from vaccine-primed individuals.

Vaccine-primed and infection-primed S-specific CD4 T cells
have distinct epigenetic landscapes

Given durability of the inflammatory imprint across time and S re-
exposure (Fig. 3), we wanted to evaluate whether the infection- versus
vaccine-derived transcriptional signatures were encoded at an epi-
genetic level (Fig. 4A; fig. S4, A and B; and table S2). We profiled
S-specific CD4 T cells using AIM followed by the transcriptomics,
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epitopes, and chromatin accessibility assay (TEA-seq) (55). Dimen-
sionality reduction and clustering based on gene expression revealed
a cluster of S-specific CD4 T cells that differentially expressed tran-
scripts associated with activation (Fig. 4B and fig. S4C). S-specific
CD4 T cells postinfection differentially expressed ISGs such as
IFI44L and HLAC and demonstrated strong enrichment for interferon
alpha response and interferon gamma response gene sets by GSEA
compared with S-specific CD4 T cells from postvaccination individ-
uals (Fig. 4, C and D, and data S3). These transcriptional differences
indicate that imprinting during differentiation is already evident
6 months after priming. Genome-wide chromatin mapping revealed
that the majority of open chromatin regions (OCRs) were located in
intergenic regions and introns (fig. S4D and data S4). The S-specific
CD4 T cluster demonstrated increased accessibility of regions near
activated gene loci (fig. S4E). We next performed analysis of differen-
tially accessible regions (DARs) between postinfection and postvac-
cination and identified 2098 DARs (Fig. 4, E and F). Consistent with
the transcriptional data, ISG loci had more OCRs in postinfection
than in postvaccination S-specific CD4 T cells, such as was observed
in the FPRI and LGALS3BP loci (Fig. 4G). Thus, there is an epigen-
etic basis for the differential transcriptional profiles in S-specific
memory CD4 T cells after infection or vaccination.

To determine which signaling pathways could have been most
relevant to the transcriptional profiles observed, we performed tran-
scription factor (TF) motif analysis of OCRs. The postvaccination
S-specific CD4 T cells enriched for hairy and enhancer of split-1
(HES) family TFs (Fig. 4H), underscoring the role of Notch signal-
ing for CD4 T cell memory formation (56-59). By contrast, postin-
fection S-specific CD4 T cells had motif enrichment for interferon
regulatory factor (IRF) family TFs and signal transducers and acti-
vators of transcription 1 (STAT1) to STAT2 motifs (Fig. 4I). IRF
family TFs are known to directly influence the differentiation of
CD4 T cells (60-63). Moreover, enriched motifs from OCRs were
concordant with the ChEA3-predicted TF regulation (64) derived
from genes up-regulated in infection-primed post-booster (Fig. 4])
and postvaccination samples (fig. S4F). Thus, the inflammatory
context surrounding memory CD4 T cell formation appears to re-
sult in epigenetic changes that may bias subsequent activation to
cognate antigen.

Breakthrough infection minimally alters the transcriptional
profile of S-specific CD4 T cells
The inflammation-associated transcriptional imprint in infection-
derived S-specific memory CD4 T cells remained largely unchanged
despite multiple mRNA vaccinations (Fig. 3). This raised the ques-
tion of whether vaccine-derived memory CD4 T cells would be
reimprinted with the transcriptional changes associated with in-
flammation after exposure to S protein in the context of break-
through infection. Breakthrough SARS-CoV-2 infection occurred
in 6 of the 11 vaccine-primed participants at a median of 5 months
after third vaccination, during a time when the Omicron strain was
predominant. The peripheral blood of these individuals was col-
lected 1 month after onset of symptoms (Fig. 5A; fig. S1A; and ta-
ble S1). All breakthrough infections were mild and did not require
hospitalization (table S3), similar to that of SARS-CoV-2 infections
in the infection-primed cohort.

Prior studies have described the induction of S-specific memory
CD4 T cells in circulation, which peaks around 5 to 7 days after the
onset of symptoms and returns to prebreakthrough frequencies by
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day 30 (19, 20). The circulating frequency of S-specific CD4 T cells
1 month after SARS-CoV-2 breakthrough infection as assessed by
AIM was comparable to matched post-booster (prebreakthrough)
samples from the same individuals (Fig. 5B). Moreover, frequencies
of S-reactive CD4 T cells after breakthrough SARS-CoV-2 infection
did not differ from that of infection-primed participants (Fig. 5C).

We next tested whether vaccine-primed S-specific memory CD4
T cells can be transcriptionally imprinted because of concomitant
inflammation of breakthrough infection. PCA once again demon-
strated separation between vaccine- and infection-primed cells driv-
en by PC2. Moreover, post-breakthrough vaccine-primed responses
did not cluster independently of post-booster vaccine-primed sam-
ples (Fig. 5D), suggesting transcriptional similarity between the
post-booster and post-breakthrough S-specific CD4 T cells from
vaccine-primed individuals. Despite breakthrough infection, cluster
1 remained enriched in infection-primed S-specific CD4 T cells
relative to post-breakthrough vaccine-primed S-specific CD4 T cells
(Fig. 5E). Infection-primed S-specific CD4 T cells differentially ex-
pressed CCL5, GZMB, and HLAB compared with post-breakthrough
S-specific CD4 T cells, whereas relatively few genes were differen-
tially expressed between post-breakthrough and post-booster vaccine-
primed S-specific CD4 T cells (Fig. 5, F and G, and data S5). Thus,
breakthrough infection resulted in only subtle differences in differ-
ential gene expression in S-specific CD4 T cells relative to pre-
breakthrough.

Furthermore, pathway-level transcriptional changes by GSEA
demonstrated enrichment of interferon alpha response and inter-
feron gamma response gene sets in the infection-primed S-specific
CD4 T cells relative to the post-breakthrough vaccine-primed S-
specific CD4 T cells (Fig. 5, H and ; fig. S5C; and data S6). More-
over, there was no increased enrichment for the interferon alpha
response gene set in S-specific CD4 T cells from post-breakthrough
vaccine-primed cells relative to post-booster vaccine-primed cells
(Fig. 5]). Thus, breakthrough infections minimally alter the tran-
scriptional profiles of established S-specific memory CD4 T cells,
supporting the notion of transcriptional stability in S-specific mem-
ory CD4 T cells.

Clonotypes enriched for the vaccine-primed gene signature
can undergo inflammatory imprinting by

breakthrough infection

We next wanted to examine heterogeneity in the transcriptional
profiles at single-cell resolution. To do this, we derived a “vaccine
signature” and an “infection signature” from the post-booster DEGs
(fig. S3B) and determined each cell's molecular imprint scores by
gene set variation analysis (GSVA) (Fig. 6A and fig. S6A) (65). The
largest proportion of vaccine-primed S-specific CD4 T cells was en-
riched for the vaccine signature, whereas the largest proportion of
infection-primed cells was enriched for the infection signature
(Fig. 6, B and C, and fig. S6B). S-specific memory CD4 T cells main-
tained positive enrichment for the vaccine signature and negative
enrichment for the infection signature despite breakthrough infec-
tion (Fig. 6D and fig. S6C).

Prior studies have shown heterogeneous outcomes of individual
CD4 T cell clones (11). To assess transcriptional profiles at a clono-
typic level after multiple S exposures, we identified the top four ex-
panded clonotypes observed at all time points for each cohort and
performed GSVA analysis for vaccine and infection signatures
(Fig. 6E). Infection-primed clonotypes were relatively homogeneous
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in their scores for both vaccine and infection signatures and demon-
strated minimal change due to booster vaccination. Two vaccine-
primed clonotypes had increased in infection signature scores after
SARS-CoV-2 breakthrough infection (Fig. 6F). Thus, re-exposure to
antigen in the context of high levels of inflammation may alter the
transcriptional profiles of memory CD4 T cells in a clonotype-
specific manner.

Infection-primed transcriptional signature confers a
proliferative disadvantage

We next wanted to test whether transcriptional inflammatory imprint-
ing affected functional properties of S-specific memory CD4 T cells.
We examined the coordinated gene expression in vaccine-primed S-
specific CD4 T cells, as was previously done for infection-primed cells
(Fig. 3). Gene ontology analysis of DEGs in vaccine-primed S-specific
CD4 T cells revealed terms for “cell cycle” and “NF-kB signaling”
(Fig. 7A and fig. S3B), whereas GSEA evinced strong enrichment for
“mitotic spindle” and “G,M checkpoint” signatures (Fig. 7, B and C,
and fig. S3C). Thus, vaccine-primed S-specific CD4 T cells express
higher levels of genes related to proliferation.

To directly compare proliferative capacity, we tested the in vitro
expansion of post-booster peripheral blood mononuclear cells
(PBMCs) from vaccine- and infection-primed samples in response
to S peptide (Fig. 7D). CD4 T cells from vaccine-primed individuals
proliferated more strongly than cells from infection-primed indi-
viduals by approximately twofold (Fig. 7E and fig. S7, A and B). We
also measured B cell responses and plasmablast differentiation to
assess T cell help to B cells in vitro, as peptide stimulation leads to B
cell proliferation driven by activated CD4 T cells (66). The frequen-
cy of CD71*CTR" B cells from vaccine-primed individuals was
fourfold higher than from infection-primed individuals (Fig. 7F).
B cell proliferation correlated with S-specific CD4 T cell prolifera-
tion in both cohorts (Fig. 7G). Similarly, frequencies of cultured
CD38*CD27* plasmablasts were three times higher from vaccine-
primed individuals than from infection-primed individuals (Fig. 7H).
Moreover, the majority of plasmablasts were CTR", indicating that
these cells differentiated throughout the course of the 5-day culture
(fig. S7C). Plasmablast expansion also correlated with S-specific
CD4 T cell expansion in both cohorts (Fig. 7H). Thus, inflammatory
imprinting is associated with impaired proliferative capability of S-
specific memory CD4 T cells in vitro.

DISCUSSION

Memory CD4 T cell responses make an important contribution to
protective immunity, yet the molecular characteristics required for
high-quality memory CD4 T cells responses are not well understood.
Using the AIM assay, we profiled the transcriptional and epigenetic
landscape of S-specific CD4 T cells in participants whose first expo-
sure to S protein was either mRNA vaccination or SARS-CoV-2 infec-
tion and arrived at several notable findings. First, we uncovered a
durable transcriptional signature of inflammation, which included
genes such as CCL3, CCL4, CCL5, and GZMB in infection-primed S-
specific CD4 T cells relative to vaccine-primed S-specific CD4 T cells.
Second, S-specific memory CD4 T cells established by infection had
distinct epigenetic landscapes likely shaped by IRF family TFs. Third,
breakthrough SARS-CoV-2 infection in vaccine-primed individuals
did not grossly alter the transcriptional profile of S-specific memory
CD4 T cells, indicating resistance of memory CD4 T cells to further
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imprinting. Last, vaccine-primed S-specific CD4 T cells were en-
riched for mitotic spindle and G,M checkpoint signatures and showed
a proliferative advantage in vitro over infection-primed S-specific
CD4 T cells. These observations suggest that the quality of inflamma-
tion at the time of CD4 T cell priming has lasting effects on CD4
T cell memory.

Adaptive immune responses are the basis for long-term effective
protection against pathogens, yet little is understood about why pro-
tection is durable in some scenarios and short-lived in others. In this
study, inflammation due to viral infection left a transcriptional signa-
ture in infection-primed S-specific CD4 T cells. IFN signaling plays a
central role in the immune response to COVID-19 (67-70) and was
associated with induction of cytotoxic CD4 T cells in patients with
COVID-19 (52). Consistent with the concept that IFN signaling is
important to T cell differentiation and proliferation (71, 72), IFN al-
pha receptor (IFNAR) blockade reduces granzyme B expression in
virus-specific CD4 T cells (73). However, the effects of type I IFN tim-
ing and dose on memory CD4 T cell differentiation and maintenance
are largely unknown. Further studies of IFN signaling during CD4
T cell memory differentiation will be needed to provide a mechanistic
understanding of the consequences of the inflammation-induced
transcriptional and functional imprinting observed here.

To assess malleability of the transcriptional imprint, we considered
re-exposure to S protein in high and low inflammation settings on the
transcriptional profiles of vaccine- and infection-primed S-specific
memory CD4 T cells. Longitudinal analysis of S-specific CD4 T cells
suggested subtly increased ISG expression after breakthrough infec-
tion, including at a clonotypic level, although future studies will be
needed to determine whether this represents reimprinting or the de-
tection of newly differentiated memory CD4 T cells. Our data further
suggest an epigenetic basis for the transcriptional imprinting, given
that S-specific memory CD4 T cells had greater chromatin accessibil-
ity near ISG loci, along with enrichment for IRF family TF-binding
sites motifs, compared with vaccine-primed S-specific CD4 T cells.
How long these epigenetic changes persist is not yet known, but mem-
ory CD8 T cells and epigenetic landscapes can remain stable over
many years (74). Moreover, our analyses indicate that there are mea-
surable effects of inflammatory imprinting on the functional proper-
ties of memory CD4 T cells. Vaccine-primed S-specific memory CD4
T cells were enriched for proliferative transcriptional programs, and
these cells outperformed infection-primed cells in an in vitro prolif-
eration assay. Additional studies will be needed to determine whether
and how altered cellular responses due to inflammatory imprinting
affect outcomes during secondary infection.

In conclusion, the imprint of inflammation during S-specific
memory CD4 T cell differentiation results in persistent transcription-
al, epigenetic, and functional alterations, which are sustained. Simi-
larly, SARS-CoV-2 breakthrough infection does not markedly alter
the transcriptional profile of vaccine-primed memory CD4 T cells.
The transcriptional stability observed in memory CD4 T cells high-
lights the relevance of inflammatory signaling during memory dif-
ferentiation, and the resistance to reimprinting observed here has
major implications for rational vaccine design.

MATERIALS AND METHODS

Study design

We examined T cell responses in adults receiving a third dose of
BNT162b2 vaccine at the time points indicated (Fig. 1A). After written
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informed consent, peripheral blood was drawn by standard phleboto-
my longitudinally from 24 adults (12 vaccine-primed and 12 infection-
primed) in observational studies in accordance with New York
University (NYU) Institutional Review Board protocols (s18-02035
and s18-02037) and previously described (12, 41). Participant demo-
graphics are summarized in tables S1 to S3. Dates depicted in figs. S1A
and S4A have been randomly offset to protect patient privacy (75).
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Blood sample processing and storage

Blood draws occurred around 6 months after either vaccination
(“postvaccination”) or infection (“postinfection”), 8 months after sec-
ond vaccination (“pre-booster”), and 1 month after third vaccination
(“post-booster”) (Figs. 1A and 4A). PBMCs were isolated from Cell
Preparation Tube (CPT) Vacutainers (BD Biosciences) within 4 hours
of the blood draw and cryopreserved.
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AIM analysis

Cryopreserved PBMCs were thawed and rested overnight at 37°C in
RPMI 1640 with L-glutamine (Thermo Fisher Scientific) containing
10% fetal bovine serum (FBS; Thermo Fisher Scientific) and 2 mM L-
glutamine (Thermo Fisher Scientific) and supplemented with 10 U of
deoxyribonuclease I (DNase I; New England BioLabs) and 5 mM
MgCl, (Thermo Fisher Scientific). The following day, cells were stim-
ulated with combined 15-nucleotide oligomer peptide pools encom-
passing the SARS-CoV-2 S protein (S1, S, and S* PepTivators,
Miltenyi). Sterile water was used for the unstimulated controls. After
stimulation for 20 hours at 37°C, cells were washed with phosphate-
buffered saline containing 10 mM EDTA for 5 min before sub-
sequent use.

Flow cytometry

Flow cytometry staining was performed using fluorescently labeled
anti-human antibodies (table S4). Briefly, cells after AIM assay un-
derwent Fc blockade at 1:100 with Human TruStain FcX (BioLegend)
and NovaBlock (Thermo Fisher Scientific) for 10 min at room
temperature, followed by surface antibody staining at room tem-
perature for 20 min in the dark. Samples not planned for use in
scRNA-seq were permeabilized using the eBioscience Foxp3/
Transcription Factor Staining Buffer Set (Thermo Fisher Scientif-
ic) for 20 min at room temperature in the dark. After permeabiliza-
tion, cells were intracellularly stained for 1 hour at room temperature
in the dark, followed by resuspension in 1% paraformaldehyde
(Electron Microscopy Sciences). All samples were acquired on a
five-laser Aurora cytometer (Cytek Biosciences). Data were ana-
lyzed with FlowJo v.10.8.

Tetramer staining

PBMC:s used for tetramer staining were thawed and rested overnight
at 37°C in RPMI 1640 with r-glutamine (Thermo Fisher Scientific)
containing 10% FBS (Thermo Fisher Scientific) and 2 mM L-
glutamine (Thermo Fisher Scientific) and supplemented with DNase
and MgCl,. The following day, cells were stained with Fc blockade at
1:100 and BV421-labeled HLA-DPB1#04:01 Si67_130 tetramer (MBL
International) at 1:20 for 2 hours at 37°C, followed by surface anti-
body staining, permeabilization, intracellular staining, and acquisi-
tion as described above.

Expanded cellular indexing of transcriptomes and epitopes
by sequencing

After overnight stimulation in the AIM assay (above), cells were
stained with antibodies against CD69 and CD137 conjugated to phy-
coerythrin (PE)-Dazzle594 and PE, respectively (BioLegend), for
30 min at room temperature in the dark, followed by magnetic bead
enrichment using the EasySep Human PE Positive Selection Kit
(STEMCELL Technologies) but with only a single decanting step.
Cells were processed for exCITE-seq using the Chromium Next GEM
Single Cell 5" HT Kit v2 (10x Genomics). Cells were stained with
hashtag oligos (BioLegend) as previously described (45, 76-78). Cells
were pooled and loaded onto Chromium HT Chips and run on a
Chromium controller (10x Genomics). Gene expression, V(D)]J, and
surface protein expression libraries were made using the 5’ Feature
Barcode Kit, Chromium Single Cell V(D)J Amplification Kit, and the
Chromium Next GEM Single Cell 5" Library Kit (10x Genomics) as
recommended by the manufacturer. Libraries were pooled and se-
quenced using the NovaSeq 6000.
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exCITE-seq data processing

Cellranger software v6.0.1 (10x Genomics) was used to align FASTQ
files to the human genome (GRCh38 ensemble) and to perform pro-
tein expression evaluation. Seurat v4.3.0 (46) was used to process
single-cell libraries and integrate all the exCITE-seq modalities.
Empty droplets were excluded on the basis of the barcode-rank dis-
tribution. After CLR normalization, hashtag oligos (HTOs) were de-
multiplexed using the Seurat function HTODemux(). Cells were
excluded on the basis of mitochondrial content of >8% or if the cell
contained <400 or >7000 unique molecular identifier (UMI) counts.
Doublets were identified using scDblFinder (79) on the basis of an
estimated doublet rate of 0.4%. RNA was normalized across batches
using SCTransform, and filtered counts were integrated in Seurat
using SelectIntegrationFeatures() for 3000 features, followed by
FindIntegrationAnchors() using the first 30 dimensions with “rpca”
dimensionality reduction and k.anchors = 20. TCR sequences were
processed and analyzed using scRepertoire v1.7.4 (80). SPICE was
used to analyze polyfunctionality (version 6.1) (81). The following
list of genes (82-84) was used to identify functional phenotypes in
the S-reactive CD4 T cluster: CCR4, CCR5, CCR6, CCR7, CXCR3,
CXCR4, CXCR5 FOXP3, GATA3, IFNG, IL2, IL2RA, IL4, IL5, IL10,
IL12A, IL13, IL17A, IL21, RORC, RUNX3, STAT3, STAT4, STATS6,
TBX21, TGFBI, and TNF. Gene ontology was performed using
Metascape (85). Differential expression analysis was performed us-
ing DESeq2 v1.34.0 (86) after filtering for genes with at least 10
counts in at least three samples. Preranked GSEA was performed
with 10,000 permutations of gene sets from the Molecular Signatures
Database (MSigDB) (87).

Transcriptomic, epitope, and accessibility by sequencing
After overnight stimulation in the AIM assay (above), CD4 T cells
were isolated using the EasySep Human CD4 T Cell Isolation Kit
(STEMCELL Technologies). Next, isolated CD4 T cells were stained
with antibodies against CD69 and CD137 conjugated to PE-Dazzle594
and PE, respectively (BioLegend), and with hashtag oligos (BioLegend)
for 30 min at room temperature in the dark, followed by magnetic
bead enrichment using the EasySep Human PE Positive Selection Kit
(STEMCELL Technologies). Cells were then processed for transcrip-
tomic, epitope, and accessibility measurement (TEA-seq) (55) using
the Chromium Next GEM Single Cell Multiome ATAC + Gene Ex-
pression Kit (10x Genomics). Cells were pooled and loaded onto
Chromium J Chips and run on a Chromium X controller (10x Ge-
nomics). Gene expression and ATAC libraries were made using the
Chromium Next GEM Single Cell Multiome ATAC Kit A, Chromium
Next GEM Single Cell Multiome Reagent Kit A, and Library Con-
struction Kit (10x Genomics) following the protocols recommended
by the manufacturer. Surface protein expression libraries were made
as detailed in the TEA-seq protocol. Libraries were pooled at desired
concentrations and sequenced using the NovaSeq 6000.

TEA-seq data processing

RNA and ATAC libraries were aligned using cellranger-arc v1.2.0
(10x Genomics) against the human genome (GRCh38 ensemble). Pri-
mary data analysis and statistical analysis were then performed using
the R environment. BarCounter (55), Seurat v4.3.0 (46), and Signac
v1.9.0 (88) were used to process single-cell libraries and integrate all the
TEA-seq modalities. HTOs were demultiplexed using HTODemux(),
and scDblFinder identified doublets (79) on the basis of an estimated
doublet rate of 0.8%. RNA was normalized across batches using the
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same integration methods applied to exCITE-seq data. Preranked
GSEA was performed with 10,000 permutations of gene sets from the
MSigDB. To create a merged peak list as originally called by cellranger-
arc, OCRs were normalized across batches in Seurat using Integra-
teEmbeddings(). Subsetting down to the S-reactive CD4 T cluster,
peaks were recalled using MACS2 (89). Differential accessibility was
performed using the Seurat FindMarkers() function with test.
use = “LR” We identified peaks which contained DNA motifs that
were present in the JASPAR database for humans (90). The Signac li-
brary’s FindMotifs() function was used to identify overrepresented
motifs in the top DARs in each cohort (nominal P < 0.005) compared
with background, matched for overall GC content. ChEA3 (64) was
used to predict TF activity associated with input gene lists (data S1).

S peptide proliferation assay

Thawed and rested PBMCs were first labeled with the CellTrace Far
Red Proliferation Kit (0.5 pM, Thermo Fisher Scientific). Because fre-
quencies of S-specific CD4 T cells were similar between cohorts
(fig. S1E), PBMCs were used directly without enrichment or isolation
of antigen-specific CD4 T cells. Then, 1 X 10° PBMCs in AIM V Me-
dium (Thermo Fisher Scientific) were stimulated with 15-nucleotide
oligomer peptide pools encompassing the SARS-CoV-2 S protein (S1,
S, and S* PepTivators, Miltenyi) in a 96-well flat-bottom plate for
5 days at 37°C in the presence of recombinant IL-2 (100 IU/ml;
BioLegend). As a positive control, cells were cultured with staphylo-
coccal enterotoxin B (Toxin Technologies) (50 ng/ml) and recombi-
nant human IL-2 (100 IU/ml). As an unstimulated control, cells were
cultured with rIL-2 and sterile water in AIM V Medium. After stimu-
lation, flow cytometry was performed as described above.

Statistics

Nonparametric tests were preferentially used throughout using two-
tailed tests at o = 0.05, unless otherwise indicated. Where paired
analyses were performed, the unpaired data points were excluded.
Outlier analysis was not performed, and, thus, outliers were not ex-
cluded from the primary analyses. Genes were considered differen-
tially expressed at a false discovery rate (FDR) < 0.05. Prism 9.0 and
R were used to perform statistical analyses. Study schematics were
made using BioRender.
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