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In brief

Our understanding of T cell responses to
SARS-CoV-2 vaccination and
breakthrough infection has lagged behind
B cells and antibodies. Here, Koutsakos
et al. utilize longitudinal sampling to
demonstrate a rapid activation of SARS-
CoV-2-specific CD4* and CD8* T cells
during breakthrough infection.
Furthermore, spike-specific CD8* T cell
activation correlates with viral clearance.
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SUMMARY

Although the protective role of neutralizing antibodies against COVID-19 is well established, questions remain
about the relative importance of cellularimmunity. Using 6 pMHC multimers in a cohort with early and frequent
sampling, we define the phenotype and kinetics of recalled and primary T cell responses following Delta or Om-
icron breakthrough infection in previously vaccinated individuals. Recall of spike-specific CD4* T cells was
rapid, with cellular proliferation and extensive activation evident as early as 1 day post symptom onset. Simi-
larly, spike-specific CD8* T cells were rapidly activated but showed variable degrees of expansion. The fre-
quency of activated SARS-CoV-2-specific CD8* T cells at baseline and peak inversely correlated with peak
SARS-CoV-2 RNA levels in nasal swabs and accelerated viral clearance. Our study demonstrates that a rapid
and extensive recall of memory T cell populations occurs early after breakthrough infection and suggests that
CD8" T cells contribute to the control of viral replication in breakthrough SARS-CoV-2 infections.

INTRODUCTION mediators of vaccine-associated protection from severe out-
comes.”'" Although unvaccinated and vaccinated cohorts

Although antibody-evasive SARS-CoV-2 variants, such as BA.1  show similar peak viral load after infection, vaccinated individ-

and BA.2,"* may reduce the effectiveness of COVID-19 vac-
cines against acquisition of infection, these vaccines robustly
protect against severe disease in the event of vaccine break-
through infection (BTI).> Neutralizing antibody titers in blood
are a correlate of protection from both SARS-CoV-2 infection
and severe COVID-19 disease,*” with evidence for a mecha-
nistic protective role supported by the clinical utility of mono-
clonal antibody treatments.® Nonetheless, studies in humans
and animal models suggest that multiple immunological
effectors likely contribute to viral control and clearance.”® In
particular, CD4* and CD8"* T cell memory are likely important

Gheck for
Updates

uals exhibit accelerated viral clearance in the upper respiratory
tract (URT) beginning 4 to 6 days after symptom onset.’?°
Although the mechanisms of vaccine-associated viral decline
are yet to be defined, a role is plausible for both CD8" T cells,
which may induce cytolysis or produce antiviral cytokines, '®"”
and CD4* T cells, which may support the recall of humoral immu-
nity or potentially exert cytotoxic activity.'®'® There is, however,
a paucity of data directly linking CD8" and/or CD4* T cell recall to
viral clearance in human SARS-CoV-2 infections.

Previous studies of BTl demonstrate the recall of spike (S)-
specific memory T cells established by previous immunization,
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Figure 1. Fine longitudinal sampling of SARS-CoV-2 breakthrough infection and study design

(A) Schematic of longitudinal sample collection following breakthrough infection with Delta, Omicron BA.1, or Omicron BA.2. Each line represents a single donor,
and each point represents a sample collection (blue, nasal swab; red, blood; and purple, both swab and blood).

(B) Kinetics of the viral load measured by Ct values for SARS-CoV-2 N gene in serial nasal swabs. Green, Delta breakthrough infection; gray, BA.1;
pink, BA.2.

(legend continued on next page)
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as well as the induction of primary T cell responses against non-
vaccine encoded viral antigens such as nucleocapsid (N).2%2°
To have a meaningful impact on either the rate of viral clearance
or the likelihood of progressing to severe disease, memory T cell
responses must be efficiently activated, likely within the first few
days, following BTI.?* Although cross-sectional studies of BTI
cohorts have provided evidence for the variable activation or
expansion of S-specific T cells,”**" early longitudinal sampling
in cohorts with a well-defined exposure history is rare.”*~” Addi-
tional work is therefore required to understand how quickly T cell
activation, proliferation, and effector function can occur relative
to viral clearance.

In addition to the paucity of immunological studies that are
temporally aligned with viral kinetics, the determination of T cell
activation and ex vivo phenotype requires direct detection of anti-
gen-specific T cells without in vitro restimulation. The use of fluo-
rescently conjugated peptide-MHC (pMHC) multimers can allow
for the sensitive detection of antigen-specific T cells and their
ex vivo phenotypic characterization in cohorts with known HLA al-
leles.”® Indeed, the analyses of antigen-specific CD4* and CD8*
T cells using pMHC multimers have provided novel insights into
the biogenesis and maintenance of T cell responses following
SARS-CoV-2 vaccination and primary infection.?>? Here, we
use 6 pMHC-I and pMHC-II multimers presenting known immuno-
dominant SARS-COV-2 viral epitopes®®?%°%3%3¢ o precisely
define the frequency and phenotypes of SARS-CoV-2-specific
CD8* and CD4"* T cells during both the earliest events post-BTI
and over extended timelines of periodic antigen re-exposure.
Furthermore, we compare the kinetics of CD8* T cell recall with
the induction of a primary CD8* T cell response to the SARS-
CoV-2 N, a non-vaccine encoded viral antigen. These data define
the relationship between viral replication in the URT and T cell acti-
vation, proliferation, and initiation of effector programs, shedding
light on the dynamics of human adaptive immunity to respiratory
virus infection in a highly vaccinated population.

RESULTS

Kinetics of viral clearance and antibody recall following
SARS-CoV-2 BTIs

To understand the kinetics of T cell recall in relation to viral clear-
ance and humoral immunity, we recruited a cohort of 23 individ-
uals with PCR-confirmed SARS-CoV-2 BTl with Delta (n = 6),
Omicron BA.1 (n = 7) or Omicron BA.2 (n = 10) strains (Figure 1A;
Table S1). Frequent longitudinal nasal swabs and peripheral
blood samples were obtained 0-14 days post-symptom onset
(PSO) with an additional follow-up of blood samples obtained
up to day 44 PSO. Each individual provided on average 9 (range
4-13) samples, with a total of 150 nasal swabs and 138 blood
samples analyzed. All BTls were mild in severity and occurred
on average 100 days from the last vaccination (for 21/23 partic-
ipants with the exact date of vaccination available).

¢ CellP’ress

Viral load was determined in nasal swabs by qPCR of the N
gene (Figure 1B). Viral load peaked early after symptom onset
(median day 3 PSO but often at the earliest sample collected),
with no significant difference in the peak viral load across the
three variants of concern (VOCs). Analysis of the rate of viral
clearance determined by linear regression showed significantly
faster viral decay among Delta breakthroughs compared with
Omicron (Table S2).

The recall of neutralizing antibodies was analyzed using a live vi-
rus neutralization assay (Figure 1C). The kinetics of immune recall
following BTl were estimated using piecewise linear regression to
estimate: (1) the duration of time between symptom onset and
earliest change in the neutralizing antibody titer, (2) the time of
peak response relative to the symptom onset, and (3) rates of
growth and decay. Antibody titers against the infecting VOC (or
an antigenically similar strain) increased from day 4.3 PSO (95%
Cl = 2.2-8.4) (Table S2) and peaked around day 14.6 (95%
Cl = 12.2-17.4) (similar to previous reports®’). There were no sig-
nificant differences in neutralizing antibody kinetics between sub-
jects infected with the Delta, BA.1, or BA.2 VOCs when assessed
by piecewise linear regression modeling (Table S2).

Characterization of antigen-specific T cell responses
using pMHC multimers

To conduct a detailed characterization of the CD4* and CD8*
T cell recall, we selected four CD8* and two CD4* T cell epitopes
from SARS-CoV-2 that are restricted by HLA alleles found at high
frequency in our cohort. Three immunoprominent MHC class |
restricted S-derived epitopes (HLA-A*02:01-Ssg9_577, HLA-
A*03:01 '8378—38& and HLA-A*24:02-S1,208_1,216) and one
N-derived epitope (HLA-B*07:02-Nqgs_113) Were assessed for
CD8* T cells, whereas two MHC class ll-restricted S-derived epi-
topes (HLA-DRB1*15:01-S751_76; and HLA-DPB1*04:01-
Si67-180) Were assessed for CD4™ T cells. All multimers have
been previously verified for specificity,”*"**> with epitope-
specific cells readily detected ex vivo in samples from infected
individuals (Figure 1D; gating in Figure S1). All peptides are
well conserved across the relevant infecting VOCs in this study,
with only one mutation (N764K) found for the DR15-restricted
S751 peptide in BA.1 and BA.2 sequences (Figure 1E), which is
not predicted to alter MHC binding (predicted affinity 97.06 vs.
80.03 nM, NetMHCIIPan-3.2%").

Robust expansion and activation of S-specific CD4*

T cells after BTI

S-specific memory CD4* T cells were detected using the DR15-
S751- and DP04-S,5,-pMHC multimers in all participants carrying
the relevant HLA alleles (Figure 2A). Longitudinal tracking showed
a clear expansion of the number of S-specific CD4* T cells
following BTI. The analysis of T cell kinetics with a piecewise linear
model estimated that frequencies of S-specific CD4* T cells
increase at 2.5 days PSO (95% CI = 1.9-3.4), peaking on day

(C) Kinetics of neutralizing antibodies measured by a live virus microneutralization assay using an antigenically similar virus to the infecting VOC. For (B) and (C),
n = 6 participants for Delta, n = 7 for Omicron BA.1, and n = 10 for Omicron BA.2. For (C), the bold black line represents the mean estimate from the piecewise

linear regression model using the estimated parameters.

(D) Representative flow cytometry plots for each pMHC multimer used for the detection of antigen-specific CD8" and CD4* T cells. Data were collected from

cryopreserved PBMC following SARS-CoV-2 infection.

(E) Sequence alignment of peptides with HLA restriction used for the detection of antigen-specific CD8* and CD4* T cells across selected SARS-CoV-2 VOCs.
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Figure 2. Robust expansion and activation of spike-specific CD4* T cells after breakthrough infection
(A) Representative flow cytometry plots and kinetics of HLA-DR*15-S751 and HLA-DP*04-S47-specific CD4* T cells from a single participant and co-expression
of ICOS and CD38.

(legend continued on next page)
882 Immunity 56, 879-892, April 11, 2023



Immunity

54 (95% Cl = 4.8-6.1) and slowly contracting thereafter
(measured data in Figure 2B; piecewise regression lines in Fig-
ure 2C; Table S3). The appearance of activated (CD38"1COS™)
Tet* cells in the circulation occurred in a synchronized manner
across the cohort (Figures 2A-2C) with evidence of activation
estimated to be initiated around 1.1 days PSO (95% CI = 0.7—
1.8) and peaking by day 3.6 (95% Cl = 3.2—4.01). Over this period,
the proportion of activated pMHC-II* CD4* T cells increased from
2.44% (95% Cl = 1.1-5.4) at the initial sampling to a peak of 74.5%
(95% CIl = 68%-81%) (Table S3). Other markers of activation,
including CD71 and PD-1, were similarly induced following BTI
(Figure 2D), with maximal expressions between 1.6 and 4.0 days
PSO (Table S3). The kinetics of expansion and activation were
broadly comparable between the two MHC-II epitopes, with
only minor differences in the decay kinetics of some markers
(Table S3).

Previous studies of DR15-S;54 and DP04-Sig7 responses
demonstrate recruitment into both conventional CD4* memory
T cell pools and circulating T follicular helper (cTFH) cell pools
following primary vaccination or infection.?*° We found minimal
evidence of recalled T cells exhibiting a cTFH phenotype during
BTl (Figures S2A and S2B), even among individuals where
CXCR5* S-specific cells were clearly detected after primary
vaccination. Accordingly, we found no correlation between the
peak or growth rate of neutralizing antibody titers and the ki-
netics of S-specific CD4™ T cell recall/memory across the cohort
(Figure S2C).

Phenotypically, both DR15-S;5:- and DP04-S,4,-specific cells
exhibited a mixture of Tgy-like (CD45RA™CCR7") and Tgm-like
(CD45RA™CCRY7") profiles, with a transient increase in the rela-
tive proportion of CCR7™ cells occurring around the peak of T cell
proliferation (Figure S3A). Multiple inflammatory mediators,
including the CXCR3 ligand CXCL10, are elevated in nasopha-
ryngeal swabs from mild/moderate COVID-19 cases,*® which
may facilitate the trafficking of activated T cells to the lung or
nasal mucosa. S-specific CD4" T cells showed increased ex-
pressions of both CXCR3 and CCR5 during BTI, suggesting
the potential for these cells to migrate to inflamed tissues (Fig-
ure 2D; Figures S3B and S3C). We further observed a modest in-
crease in granzyme B (GzmB) expression among S-specific
CD4* T cells by day 2 PSO (Figure S3D), in line with previous re-
ports of elevated GZMB expression following in vitro culture of
S-specific CD4* T cells.® Overall, we find rapid activation and
expansion of S-specific CD4* T cells following BTI, character-
ized by transient induction of tissue/lymphatic-homing markers.

Variable expansion but universal activation of S-specific
CD8* T cells after BTI

S-specific CD8* T cells, regardless of epitope specificity,
expanded during BTl from day 4.4 PSO (95% Cl = 3.4-5.7),
peaked on day 5.8 (95% Cl = 4.9-6.9) and maintained relatively
stable frequencies thereafter (Figure 3A; Figure S4A; Table S4).

¢ CellP’ress

We note, however, the variability in recall between individuals,
with a subset of participants (12/18) showing considerable expan-
sion in the number of S-specific CD8* T cells (median 3.6-fold
peak expansion relative to earliest time point available). The re-
maining six participants had comparatively stable frequencies
of S-specific cells over the course of follow-up (median 1.1-fold
peak expansion relative to earliest time point available; Fig-
ure S4B). Participants with limited CD8" T cell expansion were
more likely to have received 3 vaccine doses compared with the
rest of the cohort (p = 0.038, Figure S4C) and exhibited higher fre-
quencies of S-specific CD8* T cells at the earliest time point avail-
able (p = 0.017, Figure S4D). There was not, however, any differ-
ence in the time interval from the last vaccination to BTl between
the two groups (median 74 vs. 84 days, p > 0.05, Figure S4E).

Despite the variable changes in T cell frequency among indi-
viduals, we observed a universal induction of CD38 on
S-specific CD8* T cells, estimated to occur soon after the onset
of symptoms (0.24 days PSO) and peaking at 7.1 days
(Figures 3B and 3C). All six individuals with limited T cell expan-
sion exhibited the activation of S-specific cells, with 3 of those
participants showing relatively high frequencies of CD38* cells
at their initial sample that declined during follow-up (Figure S4F).
Itis therefore possible that the onset of CD8" T cell activation and
proliferation occurred before the first available sample in these
individuals (i.e., before day 2 PSO), either due to a lag between
infection and symptom onset or a rapid T cell recall.

In addition to CD38, we observed a similar increase in the ex-
pressions of the activation marker PD-1 and proliferation marker
CD71, which peaked on day 3.3 (95% Cl = 2.1-5.1) and day 5.4
(95% CIl = 4.3-6.8) PSO, respectively (Figure 3D; Table S4).
Consistent with our observations of S-specific CD4"* T cells,
BTl drove increased expressions of CCR5 and CXCR3 on
CD8* T cells (Figure 3D; Figures S5A-S5C). During the course
of infection, S-specific CD8* T cells transiently changed from a
CCR7CD45RA* to a CCR7/*CD45RA~ phenotype (Fig-
ure S5D). The expression of GzmB was dynamic, with clearly de-
tectible GzmB™ populations at the earliest time points post-BTI
and considerable induction observed in some donors (Figure 3D;
Figure S5A). We did not observe any major differences in relative
immunodominance, recall kinetics, or phenotype between the
three S-derived pMHC-I epitopes, although the current study is
not powered for a formal comparative analysis. Overall, despite
the variability between donors in the expansion in the number of
S-specific CD8* T cells, these cells consistently show high levels
of activation at early time points after BTI.

Concomitant expansion of primary N-specific CD8*

T cells and recall of S-specific CD8" T cells after BTI

All individuals in the BTl cohort were previously immunized with
SARS-CoV-2 vaccines encoding only the S antigen (BNT162b2,
ChAdOx-nCoV19, or mRNA-1273). Consequently, recall of vac-
cine-induced immunological memory targeting S could be

(B) Representative flow cytometry plots of HLA-DR*15-S;54-specific CD4* T cells and kinetics of phenotypic markers for both pMHC-II populations, n = 19 for

DP*04-Sy7 and n = 9 for DR*15-Sys;.

(C) Estimated kinetics of pMHC-II* CD4* T cell frequency and activated (CD38*ICOS*) phenotype. The lines indicate the mean estimate for measurement from the
piecewise linear regression model, using pooled data from both pMHC-II populations (as no significant differences were found between the two).

(D) Representative flow cytometry plots of phenotypic markers for DR*15-Sz5¢ (left) and kinetics marker expression for both pMHC-II populations (right).
Throughout the figure, colored lines represent individual donors for each pMHC-II-specific population, n = 19 for DP*04-S467 and n = 9 for DR*15-S7s;.
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compared with the primary immune response generated against
other viral antigens. Among the 23 individuals in the BTI cohort, 9
carried both an S peptide- (A2-Ssg9_277, A3-Sa7g, or A24-S150g)
and N peptide- (B7-N+gs) restricting HLA allele. Furthermore, lon-
gitudinal peripheral blood mononuclear cell (PBMC) samples
were available from four of these individuals over the course of
primary vaccination, allowing us to characterize the nature of
S- and N-specific CD8"* T cell populations before their BTI.

The analysis of pre-BTl samples validated previous observa-
tions of low baseline frequencies of naive (CD45RA*CCR7*
CD95) S-specific CD8* T cells, which increase in frequency
and acquire a CD45RA~CCR7*/~CD95* phenotype following
vaccination (Figure 4A). At baseline, B7-N4gs-specific CD8"
T cells similarly presented with a naive-like phenotype (CD45RA*
CCR7") that lacked the expression of the stem cell memory
marker CD95. The frequency and naive phenotype of these cells
were stable throughout vaccination (Figure 4A), consistent with
the lack of N antigen in the vaccine formulations received by
these individuals. These data align with previous observations
that in SARS-CoV-2 naive donors, most B7-Ngs-specific CD8*
T cells detected ex vivo are antigen-inexperienced, with no
evidence of priming by cross-reactive human coronavirus
epitopes.®>*°

N-specific cells were also found at a low frequency and with a
naive phenotype at early time points post-BTl among the wider
cohort. Memory S-specific CD8" T cells were ~8 times greater
in frequency than naive N-specific CD8" T cells at the first avail-
able time point, despite the high precursor frequency of naive
B7-N;5 T cells observed in this and other studies®>“° (Figure 4A).
Over the course of BT, we observed the progressive differentia-
tion of B7-N4gs-specific T cells as they proliferated, with dimin-
ished CD45RA and acquired expression of CD95 (Figure 4A).
The initiation of an effector program among N-specific CD8*
T cells was characterized by the concurrent induction of CD38,
CCR5, CXCR3, GzmB, and CD71 (Figure 4B). However, despite
the previous exposure to S-antigen and the difference in the
overall frequency of S- and N-specific cells, the activation ki-
netics of S- and N-specific CD8" T cells were largely similar,
with both populations exhibiting similar delay, growth rate, and
peak times of CD38, CD71, CXCR3, CCR5, and GzmB expres-
sions (Tables S5 and S6). Nonetheless, at early time points,
S-specific cells expressed higher levels of GzmB and CCR5
than naive N-specific cells (Table S6), providing them with the
immediate effector and trafficking potential classically ascribed
to memory T cells. Despite the similar kinetics, vaccine-primed
S-specific CD8" T cells were present at a higher frequency
than N-specific CD8™" T cells throughout BTI. This was in contrast
to a primary SARS-CoV-2 infection, where B7-N;g5-specific
CD8"* T cells were a numerically dominant population over the
S-specific populations included in our analysis (Figure S5E).

¢ CellP’ress

Overall, we find that both recall and primary CD8* T cell re-
sponses occur at early time points after symptom onset, con-
firming that de novo T cell responses to infection are not
impaired in vaccinated individuals.?”

S-specific CD8* T cell activation correlates with viral
clearance

Studies of the SARS-CoV-2 dynamics in the URT suggest that
although the peak viral load is similar between vaccinated and
unvaccinated individuals, previous vaccination is associated
with accelerated viral clearance starting between days 4 and 6
PS0.">"'® To understand the relationship between viral decline
and the onset of humoral and cellular recall, we compared the ki-
netics of nasal viral load, CD4" and CD8" T cell activation, and
neutralizing antibody titers. Our kinetic analysis indicated that
the activation of SARS-CoV-2-specific T cells occurs concur-
rently with viral clearance and considerably earlier than the recall
of neutralizing antibodies (Figure 5A). To further assess the po-
tential role of T cell recall in viral clearance, we performed an
exploratory analysis to understand whether T cell recall kinetics
correlate with the levels and rate of viral clearance in the URT.

We investigated the relationship between viral dynamics (peak
viral load and rate of viral clearance) with either the total fre-
quency of antigen-specific CD4* and CD8* T cells or the activa-
tion of antigen-specific populations. The frequency of S-specific
CD8" T cells did not correlate with viral load or viral clearance
rate (Figure S6A). However, we identified a relationship between
S-specific CD8" T cell activation and viral clearance. Specif-
ically, the frequency of CD38"* S-specific cells at the time of
symptom onset and peak response both positively correlated
with the rate of viral clearance (p = 0.019 and 0.009, respectively,
Figure 5B). Conversely, both measures of S-specific T cell acti-
vation were inversely associated with peak viral load (p = 0.001
and 0.002 for initial and peak CD8™ T cell activation, respectively;
Figure 5B). Neither the frequency nor activation of the primary
N-specific CD8* T cell response was significantly associated
with viral peak or clearance (Figures S6B and S6C), although
this analysis is limited due to a small sample size. Additionally,
we did not observe a correlation between the frequency or acti-
vation of S-specific CD4* T cells and viral peak or clearance
(Figures S6D and S6E).

The association between S-specific CD8" T cell activation and
viral kinetics is intriguing, suggesting that a greater magnitude of
S-specific T cell recall may be associated with a more rapid
clearance of the virus in the URT. However, studies of mono-
clonal antibody administration indicate that antibody titers may
also accelerate viral clearance.”’ Therefore, we explored
whether neutralizing antibody levels (to the infecting or antigen-
ically similar strain) were also associated with viral kinetics in this
cohort. We found no significant association between initial or

Figure 3. Early but variable recall of spike-specific CD8"* T cells after breakthrough infection
(A) Representative flow cytometry plots for HLA-A*3-S37g and kinetics of HLA-A*02-Sy69, HLA-A*03-S37g, and HLA-A*24-S50g-specific CD8* T cells.
(B) Representative flow cytometry plots for HLA-A*3-S3,¢ and kinetics of activated (CD38™) cells for HLA-A*02-Sy69, HLA-A*03-S375, and HLA-A*24-S50g-specific

CD8" T cells.

(C) Estimated kinetics of pMHC-I* CD8* T cell frequency and activated (CD38") phenotype. The lines indicate the mean estimate for measurement from the
piecewise linear regression model, using pooled data from all 3 pMHC populations.

(D) Representative flow cytometry plots of phenotypic markers for HLA-A*3-S375 and kinetics marker expression for all 3 pMHC-I populations. Throughout the
figure, colored lines represent individual donors for each pMHC-I-specific population, n = 11 for A*02-Sygg, N = 4 A*03-S375, and n = 4 for A*24-S50s.
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Figure 5. S-specific CD8" T cell activation correlates with viral clearance
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(B) Correlations between the initial or peak frequency of CD38" S-pMHC-I* CD8* T cells and viral clearance rate or peak Ct value (among the available time
points). Spearman correlation coefficient and p values along with a linear regression line and 95% Cl shown for statistically significant comparisons (p < 0.05),

n=19.

peak neutralizing antibody levels and viral peak or clearance rate
in this cohort (Figure S6F). Overall, the association between acti-
vation of recalled S-specific CD8" T cells in the blood and viral
kinetics suggest that T cell activation may be an informative
correlate of viral clearance following BTI.

Long-term stability of T cell responses following

multiple antigen exposures

As the SARS-CoV-2 pandemic progresses, the lived experience
of many individuals will include recurrent exposure to the viral S
protein through a combination of vaccination and infection.
Seven individuals in our BTl cohort were longitudinally sampled
for up to 875 days over the course of the pandemic, providing a
novel insight into the long-term maintenance and recall of
S-specific T cellimmunity (Figure 6). This included two individuals
infected with the ancestral (Hu-1) virus, subsequently immunized
twice with S-encoding vaccines and then acquiring an Omicron
BTI (Figure 6A), and five individuals who received three doses
of S-encoding vaccines and subsequently infected with Omicron
(Figure 6B). Although each exposure had a variable impact on the
frequency of S-specific T cells, the cumulative impact of multiple
vaccinations/infections was the durable maintenance of memory
T cell populations substantially above the pre-vaccination levels
(Figure 6B). At the end of the follow-up, S-specific CD8* T cell fre-

quencies were 3- to 240-fold higher compared with pre-vaccina-
tion baseline samples, with S-specific CD4* T cells 22- to 83-fold
higher. Two participants with high S-specific T cell frequencies
and limited CD8"* T cell expansion following BTI (COR039 and
COR281) exhibited particularly high frequencies of S-specific
CD8* T cell following the 3™ vaccine dose, comprising 0.6%-—
1.3% of the CD8" T cell compartment at the peak (Figure 6B).
Across the cohort, each exposure to S also resulted in consider-
able but transient activation of both CD4* (ICOS*CD38") and
CD8* (CD38") S-specific T cells. Although the sample size limits
formal comparisons, BTl with BA.1 or BA.2 virus did not appear
to boost circulating S-specific T cell frequencies or their activa-
tion phenotype to as great an extent as observed after the 3" vac-
cine dose (Figures 6A and 6B). Taken together, our longitudinal
follow-up over an extended period of time demonstrates the
durability and long-term maintenance of circulating vaccine-
induced S-specific CD4* and CD8" T memory cells.

DISCUSSION

As SARS-CoV-2 variants increasingly escape neutralizing anti-
body responses, T cell responses that target conserved epi-
topes are likely to be of increasing immunological importance.®
Here, we characterized multiple epitope-specific CD4* and

Figure 4. Early expansion of primary N-specific CD8"* T cells and recall of spike-specific CD8" T cells after breakthrough infection

(A) Representative flow cytometry plots of HLA-A*02-Sye9 and HLA-B*07-N4qs-specific CD8* T cells and their phenotypic analysis based on CCR7, CD45RA, and
CD95 from baseline throughout vaccination and subsequent SARS-CoV-2 breakthrough infection. Kinetics are shown for n = 9 donors with paired analysis spike-
specific CD8* T cells (either A*02, A*03, and A*24) and B*07-N,gs, for 4 of which pre-breakthrough samples were available.

(B) Representative flow cytometry plots for HLA-A*3-S375 and HLA-B*07-N¢s-specific CD8" T cells. Frequencies of single marker* cells are shown in red for B7-
N105 only. Kinetics of phenotypic markers for S- or N-specific CD8* T cells following SARS-CoV-2 breakthrough infection, n = 9 donors with paired spike-specific
CD8" T cells (either A*02, A*03, and A*24) and B*07-N0s. Throughout the figure, colored lines represent individual donors for each pMHC-specific population.
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CD8" T cells in a longitudinal cohort of finely sampled individuals
early after BTI. Our kinetic analyses clearly demonstrate a rapid
activation of both CD4* and CD8" T cells that precedes serolog-
ical increases in neutralizing antibodies. Furthermore, we find an
association between high levels of S-specific CD8"* T cell activa-
tion and more rapid viral decline in the SARS-CoV-2 RNA levels
in the URT.

Although mechanistic roles have been established for
neutralizing antibodies in protection from the acquisition of
infection and progression to severe disease,”® questions
have persisted over the contributions of CD4* or CD8*
T cells.* Identification of immune correlates that predict avoid-
ance of severe outcomes following BTl is challenging due to the
relatively low frequency of severe infections. For this reason,
studies of the correlation between T cell responses and viral ki-
netics have been proposed.*? It is pertinent to note that in mild/
moderate BTI, vaccination has no apparent impact on peak
viral load, """ with SARS-CoV-2 viral replication being cur-
tailed at or before the onset of symptoms in most individuals.*’
Nonetheless, the significantly faster decline of viral load in the
URT among vaccinated individuals in the first week post-
onset'®'® suggests that vaccine-induced immune memory
contributes to viral clearance. Our study therefore places the
activation of S-specific CD4* and CD8* memory T cells in an
immunologically relevant window following BTI.

Further support for a protective role for T cells comes from our
observation that the higher CD8" T cell activation level in periph-
eral blood correlated with the lower peak viral load and a faster
rate of viral clearance in the URT. Additional studies will be
required to gain mechanistic insights into the role of cytotoxic
T cells in directly controlling viral replication during BTI. Impor-
tantly, being based on the estimated kinetic parameters of viral
load and T cell immunity, this association does not simply reflect
temporal relationships between an activated immune response
and a declining virus. Our findings are also consistent with animal
studies in which CD8" T cell depletion results in delayed viral
clearance.” Although data derived from peripheral blood may
not necessarily reflect T cell responses in tissues, we find that
activated S-specific T cells express chemokine receptors that
should facilitate trafficking to inflamed tissues, as well as effector
molecules such as GzmB that can lead to clearance of infected
cells. It is important to note that we were unable to assess the
role of T cell activation in the context of diverse clinical out-
comes, which will need to be addressed in future studies. A
key issue that remains poorly understood is whether or how
accelerated viral clearance in the URT is related to protection
from severe disease among vaccinated individuals. It is possible
that immune responses contributing to viral clearance in the URT
also prevent the spread of viruses to the lower respiratory tract,
thus mitigating disease progression®; in this context, both anti-
bodies and cytolytic T cells could contribute to the containment
of viral replication.

¢ CellP’ress

Parallel tracking of CD4* and CD8" T cell responses revealed
the extent to which the memory T cell pools can be reactivated
following antigen exposure. In particular, the rapid appearance
of highly activated S-specific CD4* T cells in the periphery (often
within a 24-h sampling window) demonstrated the remarkable
efficiency of the CD4" T cell recall during BTI. Furthermore,
long-term tracking of S-specific T cell populations through mul-
tiple vaccinations and infections demonstrated the ability of
memory cells to be established and recalled multiple times
over the course of one to 2 years with no evidence for progres-
sive exhaustion or anergy. Similar longitudinal tracking of the to-
tal S-specific memory pool using functional assays in cohorts
with diverse vaccine histories, including heterologous vaccine
regimens, would further improve our understanding of the
long-term maintenance of T cell memory.

Previous characterization of nucleoprotein (B7-N1qs)-specific
CD8" T cells in the pre-pandemic samples and uninfected individ-
uals has indicated that most cells have a naive phenotype,®>*°
which is further supported by our analysis. Thus, the analysis of
S- and nucleoprotein-specific CD8" T cells in our S-vaccinated
BTl cohort provides an opportunity to analyze both primary and
recall CD8* T cell responses together. Intriguingly, we did not
find any major differences in the kinetics of primary and recalled
responses, consistent with a previous report on recalled yellow fe-
ver virus-specific CD8* T cells.*® We do note that the high degree
of variability for S-specific CD8" T cell recall in this cohort could
mask subtle kinetic differences between primary and recall re-
sponses. In addition, as the high naive-precursor frequency of
B7-N;g5 observed in our study and by others®>*° may not apply
to other pMHC-I specificities and may bias response kinetics, an-
alyses of primary responses to other epitopes could be informa-
tive. Given that both the activation time and response peak time
of primary B7-Ngs-specific CD8" T cells in peripheral blood occur
early after symptom onset, it is plausible that both primary and re-
called responses contribute to viral clearance.

In vitro restimulation assays have typically been employed to
measure the functionality of vaccine- or infection-elicited
T cells before BTI.""** In the context of ongoing viral replication,
the use of pMHC multimers allowed us to quantitatively
and qualitatively track epitope-specific T cells at markedly
augmented resolution. This was particularly advantageous as re-
stimulation-based T cell assays may be confounded during
acute infection due to a combination of in vivo T cell activation
and a lack of sensitivity to detect subtle changes in the anti-
gen-specific T cell frequency. In particular, we noted a subset
of individuals with no observable change in the frequency of
S-specific CD8" T cells throughout BTI, but with robust evidence
of activation. Furthermore, our observation of a correlation be-
tween viral clearance and T cell recall was based on the mea-
surement of activation, rather than T cell frequency. The ability
to accurately determine the phenotype of antigen-specific
CD8" T cells directly ex vivo has therefore provided critical

Figure 6. Long-term stability of T cell responses following multiple antigen exposures

(A) Kinetics for two participants with an initial Hu-1 infection.

(B) Kinetics for 5 participants after vaccination, with no previous exposure. The horizontal line indicates the pre-exposure levels for each epitope-specific T cell
population. Throughout the figure, each plot represents longitudinal data from one donor, with the frequency of pMHC™* cells within CD4* or CD8™ T cells (top) and
the frequency of activated (CD38*ICOS* for pMHC-II*CD4* T cells or CD38* for pMHC-I*CD8* T cells) cells within pMHC™ cells (bottom). Each arrow on the top of

the plot indicates an exposure to spike antigen by infection or vaccination.
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insights into the recall of immunological memory and viral clear-
ance. Although restimulation assays do not allow for the determi-
nation of the ex vivo activation phenotype of antigen-specific
T cells, they can provide a highly relevant measure of the total
magnitude of antigen-specific responses and functionality that
is not captured by our current analysis. Given our data, a key
consideration for future research will be to define how functional
attributes of CD8* T cells, including cytokine production or cyto-
lytic potential, compared with phenotypic activation and viral
decay during BTI.

We and others have previously described how cTFH re-
sponses serve as correlates of humoral immunity during viral
infection and vaccination, including for SARS-CoV-2.%94547
The low frequency of S-specific cTFH cells in our BTI cohort
was therefore intriguing. It is possible that the interval between
antigen exposures affects the emergence of cTFH, as second
and third doses of mMRNA-encoded S also result in a limited in-
duction of CXCR5* S-specific CD4* T cells relative to the first
dose.?® Similarly, analyses of influenza HA-specific CD4*
T cells after vaccination indicated a limited induction of a cTFH
response in individuals who were vaccinated within the past
12 months compared with those who were not.“® In addition to
the limited S-specific cTFH phenotype, the lack of correlation
between CD4" T cell and antibody recalls among our cohort
was also surprising. This may reflect an overall less stringent
involvement of T cell help in recall humoral responses, consistent
with animal models.***° Given the evidence of germinal center
activity following SARS-CoV-2 infection,®’ further studies are
thus needed to characterize lymphoid TFH and cTFH activity
during recall following BTl with SARS-CoV-2 and its utility as a
biomarker of humoral immunity in this context.

Although our study is focused on 23 individuals, the thorough
kinetic analyses of 150 nasal swabs and 138 blood samples
may facilitate a more targeted sampling of larger cohorts at key
time points defined in our study. The analysis of more diverse co-
horts may facilitate further dissection of factors affecting immune
recall and viral clearance including previous antigen exposures,
age, or disease severity, which was not possible in our cohort.
Nonetheless, our study provides considerable evidence that
T cell activation occurs before detectable expansion in the num-
ber of cells and that such activation is correlated with the rate of
virological control during BTl with SARS-CoV-2. This emphasizes
the need to further understand the role of vaccine-elicited T cell
immunity both mechanistically and as a correlate of protection.

Limitations of the study

We note that our analysis is limited to specific HLA allotypes that
may not be representative of the global population. Further
studies are needed to establish equivalent pMHC multimer re-
agents across different HLA allotypes and antigens as well as
to develop strategies that may allow for their application in larger
cohorts of genetically diverse populations. In addition, the use of
pMHC multimers precludes assessment of the entirety of the
T cell memory pool and does not provide information on the
functionality of epitope-specific cells. Indeed, there is a need
to determine the optimal readouts for both monitoring the extent
of T cell recall and identifying functional correlates of protection
in larger cohorts, which may require the combined use of multi-
mer staining and functional assays.
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CD8 RPA-T8 BUV496

CD71 M-A712 BUV395

CD38 HB7 BUV737

ICOS C398.4A PerCP-Cy5.5
CD4 RPA-T4 APC-Cy7

CCR5 J418F1 Bv421

CXCR3 G02H57 Pe-Dazzle594
PD-1 EH12.2H7 BV605
CD45RA HI100 AlexaFluor700
CXCR5 MU5UBEE PeCy7
GzmB GB11 BV510

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
ThermoFisher
BD Biosciences

Cat# 555622; RRID:
Cat# 612893; RRID:
Cat# 564804; RRID:
Cat# 743308; RRID:
Cat# 612824; RRID:
Cat# 313518; RRID:
Cat# 300556; RRID:
Cat# 359118; RRID:
Cat# 353736; RRID:
Cat# 329924; RRID:
Cat# 304120; RRID:

AB_395988
AB_2870181
AB_2744460
AB_2741416
AB_2870148
AB_10641280
AB_2564391
AB_2563577
AB_2564288
AB_2563212
AB_493763

Cat# 25-9185-42; RRID: AB_2573540

Cat# 563388; RRID:

AB_2738174

Bacterial and virus strains

SARS-CoV-2 (CoV/Australia/VIC/01/2020)

SARS-CoV-2 BA.1 (NSW/1933)

SARS-CoV-2 BA.2 (VIC/35858)

Victorian Infectious Diseases
Reference Laboratory
Victorian Infectious Diseases
Reference Laboratory
Victorian Infectious Diseases
Reference Laboratory

N/A

N/A

N/A

Biological samples

Whole blood samples and derivatives

(peripheral blood mononuclear cells (PBMCs),
plasma and serum) from SARS-CoV-2 infected subjects

Nasal swabs from SARS-CoV-2 infected subjects

The University of Melbourne

The University of Melbourne

N/A

N/A

Chemicals, peptides, and recombinant proteins

TMB substrate
CytoFix/CytoPerm
Trypsin TPCK

ProT2 MHC Class Il biotinylated monomer
HLA-DRB1*15:01 S751-767

Pro5 MHC Class | pentamer HLA-A*02:01
S269-277 conjugated to PE

Pro5 MHC Class | pentamer HLA-A*03:01
S378-386 conjugated to PE

Pro5 MHC Class | pentamer HLA-A*24:02
S1205-1213 conjugated to PE

Biotinylated monomer
HLA-B*07:02 N105-113

Biotinylated monomer
HLA-DP*04:01 S167-180

Streptavidin PE
Streptavidin APC

Sigma

BD Biosciences
Fisher Scientific
Prolmmune

Prolmmune

Prolmmune

Prolmmune

Monash University

Monash University

BD Biosciences
BioLegend

Cat#T0440-1L
Cat#554714
Cat# NC9783694
MT4414-1B-G

F4339-2A-G

F4443-2A-G

F4668-2A-G

In house

In house

Cat#554061
Cat#405207

(Continued on next page)
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Continued

REAGENT or RESOURCE Source Identifier

alamarBlue Cell Viability Reagent ThermoFisher Cat#A50101

Experimental models: Cell lines

Vero cells Victorian Infectious Diseases N/A
Reference Laboratory

HAT-24 cells Turville Laboratory, N/A

Kirby Institute, UNSW

Software and algorithms

FlowJo v10 Tree Star https://www.flowjo.com/
GraphPad Prism v9 GraphPad https://www.graphpad.com/
Monolix Lixoft https://lixoft.com/products/monolix/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Jennifer
Juno (jennifer.juno@unimelb.edu.au).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any addi-
tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

A cohort of previously vaccinated participants with a nasal PCR-confirmed breakthrough COVID-19 were recruited through contacts
with the investigators and invited to provide serial blood samples following self-reported symptom onset (Table S1), some of whom
were previously described in 2’. For all participants, whole blood was collected with sodium heparin anticoagulant. Plasma was
collected and stored at -80°C, and PBMCs were isolated via Ficoll-Paque separation, cryopreserved in 10% DMSO/FCS and stored
in liquid nitrogen. For some individuals, additional PBMC samples were available from participation in previous vaccine or SARS-
CoV-2 infection studies.?®*">? Study protocols were approved by the University of Melbourne Human Research Ethics Committee
(2021-21198-15398-3, 2056689), and all associated procedures were carried out in accordance with approved guidelines. All par-
ticipants provided written informed consent in accordance with the Declaration of Helsinki. HLA typing was performed by the Victo-
rian Transplantation and Immunogenetics Service.

METHOD DETAILS

pHLA production and staining
Pro5 MHC Class | pentamers for HLA-A*02:01 (Sse9.077 YLQPRTFLL), HLA-A*03:01 (S378.38s KCYGVSPTK), and HLA-A*24:02
(S1205-1213 QYIKWPWY]I) pre-conjugated to PE were purchased from Prolmmune. ProT2 MHC Class Il monomers for HLA-
DRB1*15:01 (S751-767 NLLLQYGSFCTQLNRAL) were purchased from Prolmmune and conjugated to Streptavidin-PE (BD Biosci-
ences) at a molar ratio of 8:1 monomer:S-PE. HLA-B*07:02 (N1gs5-113 SPRWYFYYL) and HLA-DP*04:01 (S1s7-180 TFEYVSQPFL
MDLE) monomers were produced as described previously.*>*®* Monomers were conjugated to Streptavidin-APC at a molar ratio
of 8:1 monomer:S-APC.

Cryopreserved PBMC were thawed in RPMI-1640 with 10% fetal calf serum (FCS) and penicillin-streptomycin (RF10), and washed.
7 —13x10° cells were washed in PBS with 2% FCS before incubation in 50nM dasatinib (Sigma) at 37°C for 30 minutes. HLA class Il
and HLA-B*07:02 tetramers were added directly to the tubes and stained at a final concentration of 2ug/mL for 60 minutes at 37°C.
Class | pentamers were then added (final concentration 2ug/mL) and incubated for 15 minutes at room temperature in the dark. Cells
were washed in PBS, stained with Live/Dead green (Life Technologies), and incubated for 30 minutes at 4°C with an antibody cocktail
including: CD20 FITC (2H7), CD3 BUV805 (SK7), CD8 BUV496 (RPA-T8), CD71 BUV395 (M-A712), CD38 BUV737 (HB7, all from BD
Biosciences), ICOS PerCP-Cy5.5 (C398.4A), CD4 APC-Cy7 (RPA-T4), CCR5 BV421 (J418F1), CXCR3 Pe-Dazzle (G02H57), PD-1
BV605 (EH12.2H7), CD45RA AlexaFluor700 (HI100, all from Biolegend), and CXCR5 PeCy7 (MU5UBEE; ThermoFisher). Cells
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were washed in PBS+2% FCS and permeabilised for 10 minutes in 70ul of Cytofix/Cytoperm (BD Biosciences). After washing in 2mL
of PermWash, cells were incubated with anti-GzmB BV510 (GB11, BD Biosciences) for 30 minutes at 4°C. Cells were washed, re-
suspended in PBS+2% FCS, and acquired on a BD Fortessa using BD FACS Diva software.

SARS-CoV-2 virus propagation and titration

Ancestral SARS-CoV-2 (VICO01) isolate was grown in Vero cells in serum-free DMEM with 1pg/ml TPCK trypsin while Omicron BA.1
and BA.2 strains were grown in Calu3 cells in DMEM with 2% FCS. Cell culture supernatants containing infectious virus were har-
vested on Day 3 for VICO1 and Day 4 for Omicron strains, clarified via centrifugation, filtered through a 0.45uM cellulose acetate filter
and stored at -80°C. Infectivity of VICO1 stocks was determined by titration on Vero cells via cytopathic effect observation and calcu-
lated using the Reed-Muench method, as previously described.*” Infectivity of Omicron stocks was determined by titration on HAT-
24 cells (a clone of transduced HEK293T cells stably expressing human ACE2 and TMPRSS2%%). In a 96-well flat bottom plate, virus
stocks were serially diluted five-fold (1:5-1:78,125) in DMEM with 5% FCS, added with 30,000 freshly trypsinised HAT-24 cells per
well and incubated at 37°C. After 46 hours, 10ul of alamarBlue™ Cell Viability Reagent (ThermoFisher) was added into each well and
incubated at 37°C for 1 hour. The reaction was then stopped with 1% SDS and read on a FLUOstar Omega plate reader (excitation
wavelength 560nm, emission wavelength 590nm). The relative fluorescent units (RFU) measured were used to calculate %viability
(‘sample’ + 'no virus control’ X 100), which was then plotted as a sigmoidal dose response curve on Graphpad Prism to obtain
the virus dilution that induces 50% cell death (50% lethal infectious dose; LDsg). Each virus was titrated in quintuplicate in three in-
dependent experiments to obtain mean LDs5, values.

SARS-CoV-2 microneutralization assay with ELISA-based readout

For Delta breakthrough infections, plasma neutralization activity against ancestral SARS-CoV-2 (CoV/Australia/VIC/01/2020 strain)
was measured using a microneutralization assay as previously described.?” 96-well flat bottom plates were seeded with Vero cells
(20,000 cells per well in 100ul). The next day, Vero cells were washed once with 200 pl serum-free DMEM and added with 150ul of
infection media (serum-free DMEM with 1.33 pg/ml TPCK trypsin). 2.5-fold serial dilutions of heat-inactivated plasma (1:20-1:12207)
were incubated with SARS-CoV-2 virus at 2000 TCID5s¢/ml at 37°C for 1 hour. Next, plasma-virus mixtures (50ul) were added to Vero
cells in duplicate and incubated at 37°C for 48 hours. ‘Cells only’ and ‘virus+cells’ controls were included to represent 0% and 100%
infectivity respectively. After 48 hours, all cell culture media were carefully removed from wells and 200 pl of 4% formaldehyde was
added to fix the cells for 30 mins at room temperature. The plates were then dunked in a 1% formaldehyde bath for 30 minutes to
inactivate any residual virus prior to removal from the BSLS3 facility. Cells were washed once in PBS and then permeabilized with 150l
of 0.1% Triton-X for 15 minutes. Following one wash in PBS, wells were blocked with 200ul of blocking solution (4% BSA with 0.1%
Tween-20) for 1 hour. After three washes in PBST (PBS with 0.05% Tween-20), wells were incubated with 100ul of rabbit polyclonal
anti-SARS-CoV N antibody (Rockland, #200-401-A50) at a 1:8000 dilution in dilution buffer (PBS with 0.2% Tween-20, 0.1% BSA and
0.5% NP-40) for 1 hour. Plates were then washed six times in PBST and added with 100ul of goat anti-rabbit IgG (Abcam, #ab6721) at
a 1:8000 dilution for 1 hour. After six washes in PBST, plates were developed with TMB and stopped with 0.15M H,SO,4. OD values
read at 450nm were then used to calculate %neutralization with the following formula: (‘Virus + cells’ — ‘sample’) = (‘Virus + cells’ -
‘Cells only’) x 100. ICsq values were determined using four-parameter nonlinear regression in GraphPad Prism with curve fits con-
strained to have a minimum of 0% and maximum of 100% neutralization.

SARS-CoV-2 microneutralization assay with viability dye readout

For Omicron breakthrough infections, plasma neutralization activity against Omicron BA.1 and BA.2 was measured in HAT-24 cells
using a viability dye readout. In 96-well flat bottom plates, heat-inactivated plasma samples were diluted 2.5-fold (1:20-1:12,207) in
duplicate and incubated with SARS-CoV-2 virus at a final concentration of 2x LD50 at 37°C for 1 hour. Next, 30,000 freshly trypsi-
nised HAT-24 cells in DMEM with 5% FCS were added and incubated at 37°C. ‘Cells only’ and ‘Virus+Cells’ controls were included to
represent 0% and 100% infectivity respectively. After 46 hours, 10ul of alamarBlue™ Cell Viability Reagent (ThermoFisher) was
added into each well and incubated at 37°C for 1 hour. The reaction was then stopped with 1% SDS and read on a FLUOstar Omega
plate reader (excitation wavelength 560nm, emission wavelength 590nm). The relative fluorescent units (RFU) measured were used to
calculate %neutralisation with the following formula: (‘Sample’ - ‘Virus+Cells’) + (‘Cells only’ — ‘Virus+Cells’) x 100. IC50 values were
determined using four-parameter non-linear regression in GraphPad Prism with curve fits constrained to have a minimum of 0% and
maximum of 100% neutralisation.

Analysis of viral RNA load by qPCR

For viral RNA extraction, 200 pL of nasal swab sample was extracted with the QlAamp 96 Virus QlAcube HT kit (Qiagen, Germany) on the
QlAcube HT System (Qiagen) according to manufacturer’s instructions. Purified nucleic acid was then immediately converted to cDNA
by reverse transcription with random hexamers using the SensiFAST cDNA Synthesis Kit (Bioline Reagents, UK) according to manu-
facturer’s instructions. cDNA was used immediately in the rRT-PCR or stored at -200C. Three microlitres of cDNA was added to a com-
mercial real-time PCR master mix (PrecisionFast gPCR Master Mix; Primer Design, UK) in a 20 pL reaction mix containing primers and
probe with a final concentration of 0.8puM and 0.1uM for each primer and the probe, respectively. Samples were tested for the presence
of SARS-CoV-2 N genes using previously described primers and probes.**°° Thermal cycling and rRT-PCR analyses for all assays were
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performed on the ABI 7500 FAST real-time PCR system (Applied Biosystems, USA) with the following thermal cycling profile: 950C for
2 min, followed by 45 PCR cycles of 950C for 5 s and 600C for 30 s for N gene.

QUANTIFICATION AND STATISTICAL ANALYSIS

Modeling of viral and immune kinetics
We used a piecewise model to estimate the activation time and growth rate of various immune responses following breakthrough
infections. The model of the immune response y for subject i at time y; can be written as:

(B+b,‘); t> T1 + 71
yi(t) = (B+b)e G o t=T+mi) T\ o <t < Ty +7y
(B +bi)e(G+9/‘)((Tz+Tz/')*(T1 +717) % @ (D+di)(t—(T2 +72f)); t>To+10

The model has 5 parameters; B, G, T1,D, and T,. For a period before T;, we assumed a constant baseline value B for the immune
response. After the activation time T4, the immune response will grow at a rate of G until T,. From T,, the immune response will decay
at a rate of D. For each subject i, the parameters were taken from a normal distribution, with each parameter having its own mean
(fixed effect). A diagonal random effect structure was used, where we assumed there was no correlation within the random effects.
The model was fitted to the log-transformed data values, with a constant error model distributed around zero with a standard devi-
ation ¢. Model fitting was performed using MonolixR2019b. A binary covariate was used to quantify the difference in parameters be-
tween different groups (i.e. S-specific CD8 vs N-specific CD8 responses), and significance was determined based on the value of this
binary covariate using a Wald test. Spearman correlation analyses were conducted based on the estimated parameters for each in-
dividual in GraphPad Prism 9.
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Figure S1. Gating strategy for the identification of pMHC-specific CD4* and CD8* T
cells and their phenotypic characterisation, related to Figures 1-4. (A) Lymphocytes
were identified by FSC-A vs SSC-A gating, followed by doublet exclusion (FSC- A vs
FSC-H), a time gate and then gating on live T cells (CD3*CD197) and subsequently
CD4*CD8" cells. HLA-DR*15-S75; and HLA-DP*04-S,¢7,-specific cells were identified
within CD4* T cells, and phenotyped as indicated, with the total CD4* T cell
population serving as a reference for gating of phenotypic markers. (B) CD8" T cell
were identified as CD4CD8" within live T cells gated as in (A). HLA-A*02-S,g9, HLA-
A*03-S373 and HLA-A*24-S,50s and HLA-B*07-N,gs-specific CD8* T cells were
identified within CD8* T cells and phenotyped as indicated, with the total CD8" T
cell population serving as a reference for gating of phenotypic markers.
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Figure S2. Limited cTFH phenotype following BTI, related to Figure 2. (A) Representative
flow cytometry plots of the cTFH phenotype (CXCR5*CD45RA") for HLA-DP*04-S,¢7-specific
CD4* T cells. A post-vaccination sample was included in acquisition and analysis, serving
as a reference for the cTFH activation and cTFH activation (CD38/ICOS expression). (B)
Kinetics of CXCR5" cells for both pMHC-II populations, n=19 for DP*04-Ss; and n=9 for
DR*15-S751. (C) Correlations between the initial or peak frequency of S-pMHC-II* CD4* T cells
and initial or peak frequency of ICOS*CD38" S-pMHC-II* CD4* T cells with the growth rate
and peak value of neutralising antibody titres. Spearman correlation coefficient and p-values
along with a linear regression line are shown for statistically significant comparisons
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(p<0.05), n=29 datapoints, pooled for both S-pMHC-II* CD4* T cell populations.
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Figure S3. Phenotype of S-specific CD4" T cells, related to Figure 2.
(A) Representative flow cytometry plots of HLA-DR*15-S;5; and HLA-DP*04-
Sie7-specific CD4* T cells from a single participant showing co-expression of
CCR7 and CD45RA. Kinetics of Ty and Tgy for both pMHC-II populations. (B)
Flow cytometry plots of HLA-DP*04-Sis7-specific CD4* T cells from a single
participant for CCR5 and CXCRS5 expression, representative of the data shown
in Fig 2. (C) Estimated kinetics of CCR5 and CXCR3 expression. The lines
indicate the mean estimate for measurement from the piecewise linear
regression model, using pooled data from both pMHC-II populations as no
significant differences were found between the two. (D) Flow cytometry plots
of HLA-DR*15-S;51 and HLA-DP*04-S,¢7-specific CD4* T cells from a single
participant showing expression of Granzyme B, with kinetics from all
participants shown both pMHC-II populations. Throughout the figure, coloured
lines represent individual donors for each pMHC-specific population, n=19
for DP*04-S 57 and n=9 for DR*15-Sv5;.
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Figure S4. CD8" T cell responses following BTI, related to Figure 3.
(A) Representative flow cytometry plots of HLA-A*02-S,s9 and HLA-A*24-
Si208 -specific CD8" T cell kinetics. (B) pMHC-I* CD8* T cell kinetics colour
coded for individuals with an observable expansion and those without. (C)
Vaccination history of individuals with an observable expansion and those without.
(D) pMHC-I" CD8" T cell frequency at earliest available timepoint for individuals
with an observable expansion and those without. (E) Time from last vaccination
to BTl for individuals with an observable and those without. (F) CD38*
phenotype for pMHC-I* CD8* T cell kinetics colour coded for individuals with an
observable expansion and those without.
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Figure S5. Phenotype of S-specific CD8" T cells, related to Figures 3 and
4. (A) Flow cytometry plots of HLA-A*02-S,59 and HLA-A*24-S,,qs-specific CD8*
T cells from a single participant for different phenotypic markers, representative
of the data shown in Fig 3. (B) Estimated kinetics of CCR5, CXCR3, CD71
and GzmB expression. The lines indicate the mean estimate for measurement
from the piecewise linear regression model, using pooled data from both
pMHC-I populations as no significant differences were found between the
two. (C) Changes in CCR5, CXCR3 and CD71 expression during the course
of BTI, binned according to the Kkinetics estimated by linear regression
(n=12-15). Statistics assessed by Friedman test. Data are shown for individuals
with samples available at all timepoints indicated.(D) Representative flow
cytometry plots of HLA-A*03-S375 -specific CD8* T cells from a single participant
showing co-expression of CCR7 and CD45RA. Kinetics of T¢cy Tem and Tgyra for
all 3 pMHC-I populations. Throughout the figure, coloured lines represent
individual donors for each pMHC-I-specific population, n=11 for A*02-Sjye9, N=4
A*03-S373 and n=4 for A*24-S,,0s. (E) Frequency of spike-specific and
nucleoprotein-specific CD8" T cells in convalescent samples from primary
SARS-CoV-2 infection. For (C), n=6 donors with paired analysis of spike-specific
CD8* T cells (either A*02, A*03 and A*24) and B*07-N1¢s.
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Figure S6. Correlations between immune recall and viral clearance, related to
Figure 5. Correlations between the initial or peak frequency of (A) S-pMHC-I* CD8*
T cells, (B) N-pMHC-I* CD8* T cells or (C) CD38* N-pMHC-I* CD8* T cells, (D) S-
pMHC-II* CD4* T cells, (E) ICOS*CD38*S-pMHC-II" CD4* T cells, (F) neutralisation
ICs titre against infecting or antigenically similar live virus and viral clearance rate
or peak Ct value (amongst available timepoints). Throughout the figure Spearman
correlation coefficient and p-values along with a linear regression line are
shown for statistically significant comparisons (p<0.05), n=19 for (A), n=9 for (B-C),
n=29 datapoints, pooled for both S-pMHC-II* CD4* T cell populations for (D-E), n=23
for (F).



Supplementary Table 1. Cohort demographics, related to Figure 1

s 5 # Prior | Lastvaccine | Class | Alleles Class Il Alleles
Q T g Vaccine | tosymptom | (relevant to this . Q
o) S 2 (relevant to this study) o
3 S doses onset (days) study) >
CP105 M 29 2 N.D. A*02:01 - Delta
CP106 F 30 2 139 - DP*04:01 Delta
CP107 F 31 2 77-106 A*02:01 DP*04:01 Delta
CP108 M 29 2 132 - DP*04:01 Delta
CORO034 M 2 126 A*02:01, DR*15:01, DP*04:01 Delta
31 B*07:02
COR136 F 2 158 A*02:01, DP*04:01 Delta
50 A*03:01
CORO015 F 27 3 39 A*02:01 - BA.1
CORO032 F 3 33 A*24:02, DR*15:01, DP*04:01 BA.1
23 B*07:02
CP110 M 24 2 84 A*02:01 DP*04:01 BA.1
CP111 M 34 2 83 A*24:02 - BA.1
CP112 F 35 2 90 A*02:017 DP*04:01 BA.1
COR198 F 60 3 39 A*02:01 DP*04:02 BA.1
CP69* F 36 2 111 A*02:01 DR*15:01, DP*04:01 BA.1
CP40* M 63 3 49 - DR*15:01, DP*04:01 BA.2
COR291 M 50 3 134 A*02:01 DR*15:01 BA.2
CORO043 F 55 3 64 A*02:01 DP*04:01 BA.2
CP117 M 3 52 A*03:01, DR*15:01, DP*04:01 BA.2
40 B*07:02
COR281 F 3 129 A*03:01, DR*15:01, DP*04:01 BA.2
43 B*07:02
CP118 M 66 3 100 - DP*04:01 BA.2
COR274 F 57 3 155 A*03:01 DP*04:01, 04:02 BA.2
COR275 M 3 83 A*02:01, DR*15:01, DP*04:01 BA.2
62 B*07:02
COR215 F 3 125 A*24:02, DR*15:01, DP*04:01 BA.2
55 B*07:02
CORO039 F 3 169 A*24:02, DR*15:01, DP*04:01 BA.2
58 B*07:02

*Previously infected during Hu-1 wave. *Data not shown, due to lack of A*02:01 pentamer binding
in any longitudinal samples from participant; N.D., not determined.



Supplementary Table 2. Piecewise linear regression parameters of viral kinetics and neutralising
antibodies (with 95% CI), related to Figure 1. Values in bold indicate a significant difference

between VOCs.
. Delay Growth Rate Peak Time Decay Rate
Initial value d PSO d d
(days PSO) (per day) (days PSO) (per day)
36.5 5.47 3.22 3.97
Delta (44.71 — 28.29) NA (2.83 - 10.57) (2.53 - 4.1) (3.03 - 5.22)
Viral
31.79 4.41 2.43 2.13
(FZ’;/?) BA.1 (49.98 — 13.6) NA (0.82 - 23.77) (1.24 — 4.78)* (1.03 — 4.43)
24.2 6.73 1.12 2.04
BA2 (49.5-1.1) NA (0.32 — 139.23) (0.47 — 2.63) (1.12-3.73)
51.29 43 0.12 14.58
Nab (ICso) (30.52-86.18) | (2.2-8.42) | (0.084-0.18) | (12.23-17.39) N/A




Supplementary Table 3. Estimates of spike-specific CD4" T cell expansion, activation and
phenotypic parameters (with 95% CI), related to Figures 2 and 5. Pooled estimates from both
epitopes are shown if the epitope-specific estimates were not significantly different for any
parameter. Separate epitope-specific estimates are shown if at least one of the parameters of
that makers were significantly different between epitopes. Values in bold indicate a significant
difference between epitopes for the indicated marker.

Initial (%) Delay Growth Rate Peak Time Decay Rate
° (days PSO) (per day) (days PSO) (per day)
%pMCH* of 0.0093 2.51 0.24 5.42 0.014
CD4* (0.0071 -0.012) (1.86 —3.4) (0.16 — 0.35) (4.81-6.1) (0.01-10.019)
0, +
Iégg?if 244 1.12 0.62 3.60 0.057
N (1.1 -5.42) (0.7-1.8) (0.5-0.76) (3.22-4.01) (0.051 - 0.063)
pMCH
i Growth Rate (per Peak Time (days Decay Rate
0,
Initial (%) day) PSO) (per day)
%CCR5"* (pooled 16.59 0.26 248 0.0064
epitopes) (12 — 22.96) (0.1900.35) (2.15-2.85) (0.0043 — 0.0095)
%CXCR3" 14.4 0.27 1.93 0.0064
(pooled epitopes) (7.51-27.8) (0.13-10.54) (1.25 - 2.96) (0.0032 - 0.013)
%GzmB* 7.34 0.13 1.97 0.019
(pooled epitopes) (4.27 - 12.62) (0.04 -0.4) (0.88 —4.38) (0.013 - 0.029)
22.38 0.11 4.05 0.0078
%PD-1* (pPo4)
(10.49 — 47.78) (0.05-0.26) (3.29 - 5) (0.004 - 0.015)
34.04 0.12 2.71 0.00047
%PD-1* (DR15)
(6.7-172.82) (0.019-0.78) (1.46 — 5.03) (0.00023 — 0.0093)
1.05 0.38 3.35 0.077
%CD71" (pPo4)
(0.39 — 2.86) (0.23-0.62) (2.73-4.11) (0.056 —0.11)
0.038
%CD71* oris) | 1.32(0.08—21.71) | 04 1(053201 1= | 164 (0.001 - 2.588)
.821) (0.014 - 0.1)




Supplementary Table 4. Estimates of S-specific CD8" T cell expansion and activation (with 95%
Cl), related to Figures 3 and 5. Pooled estimates from all three epitopes are shown.

o Delay Growth Rate Peak Time Decay Rate (per
Initial (%) d d
(days PSO) (per day) (days PSO) ay)
0.055 (0.024 - 4.39 (34 - 0.15 (0.07 — 5.81 (4.87 — | 0.00068 (4.7e-7 —
0, + +
%pMCH? of CD8 0.12) 5.68) 0.3) 6.94) 0.98)
15.85(10.82 - | 0.24 (0.019 - 0.082 (0.055 7.1(5.86 — 0.036 (0.028 —
0, + +
%»CD38" of pMCH 23.21) 3.06) ~0.12) 8.6) 0.046)
Growth Rate Peak Time Decay Rate
Initial (%)
(per day) (days PSO) (per day)
\ . 40.74 0.031 (0.018 — 6.89 0.0032
%CCR5 0.052
(34.41 — 48.23) 052) (5.17 = 9.17) (0.0015 — 0.0068)
6.68 0.2 3.49 0.0093
%CXCR3*
(2.93 — 15.26) (0.12 - 0.34) (2.56 — 4.75) (0.0049 — 0.017)
23.99 0.12 1.4 0.0069
%GzmB*
(13.77 — 41.79) (0.007 - 2.14) (0.15 — 12.58) (0.0039 - 0.012)
0.64 0.23 5.36 0.033
%CD71*
(0.2-2) (0.14 — 0.38) (4.25-6.77) (0.022 — 0.049)
7.52 0.096 3.32 0.0079
%PD-1*
(4.53 — 12.46) (0.04 —0.23) (2.14 - 5.16) (0.0047 - 0.013)




Supplementary Table 5. Estimates of S- and N-specific CD8" T cell expansion and activation
(with 95% Cl), related to Figures 4 and 5. Values in bold indicate a significant difference between
epitopes for the indicated marker.

Initial (%) Delay Growth Rate Peak Time Decay Rate
0
(days PSO) (per day) (days PSO) (per day)
%pMCH- of CD8" 0.098 6.29 0.087 7.69 o
S (0.012-0.82) | (1.49-26.46) | (0.013—0.556) | (3.56 — 16.57)
%pMCH- of CD8" 0.012 3.06 0.12 817 o
(N) (0.0048 —0.03) | (1.62-5.81) (0.071-02) | (6.32—10.56)
10.16 0.95 0.073 ( 8.29 0.047
%CD38" (S)
(166 —62.36) | (0.001-86.85) | 0.01-052) | (4.45-15.43) | (0.014—0.16)
17.78 3.63 0.19 6.89 0.019
%CD38" (N)
(9.58 — 33) (2.28-579) | (0.077-045) | (526-9.02) | (0.011—0.034)




Supplementary Table 6. Estimates of S- and N-specific CD8" T cell phenotypic parameters (with
95% CI) for individuals presented in Figure 4. Estimates for N-specific CD8" T cells only are shown
if the S -and N-specific estimates were not significantly different for any parameter (estimates for
S only are shown in Supplementary Table 6. Separate epitope-specific estimates are shown if at
least one of the parameters of that makers were significantly different between epitopes. Values
in bold indicate a significant difference between epitopes for the indicated marker. Growth and
decay parameters for PD-1 expression kinetics could not be determined.

Growth Rate Peak Time Decay Rate
Initial (%)
(per day) (days PSO) (per day)

. . 22.75 0.100 1.22 0.0081

#GzmE(S) (4.81 —135.88) (0.0002 — 5.43) (0.01 —141.04) (0.0015 - 0.042)
. . 6.83 0.08 5.26 0.021
oGzmE () (3.4 -13.76) (0.045-0.17) (3.14-8.81) (0.012-0.038)
. . 40.93 0.017 7.52 0.0002

PEERSS) (14.96 — 111.96) (0.0043 - 0.071) (2.69 — 21.05) (1e-13 - 3.6)

. . 2.15 0.29 4.95 0.01 (
PEeRSTN) (1.32 - 3.48) (0.2-0.41) (3.75-6.52) 0.0066 — 0.016)
%CD71* (N) 0.74 (0.11 - 5.05) 0.36 (0.16-0.85) | 4.13(3.09-5.54) | 0.045 (0.027 - 0.073)
%CXCR3*(N) 12.89 (6.79 - 24.45) 0'1302)'8(;62 i 4.75 (3.08 - 7.33) 0'003(%23006 i
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