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CORONAVIRUS
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AZD1222 (ChAdOx1 nCoV-19), a replication-deficient simian adenovirus-vectored vaccine, has
demonstrated safety, efficacy, and immunogenicity against coronavirus disease 2019 (COVID-19) in clinical
trials and real-world studies. We characterized CD4* and CD8* T cell responses induced by AZD1222
vaccination in peripheral blood mononuclear cells (PBMCs) from 296 unique vaccine recipients aged 18 to
85 years who enrolled in the phase 2/3 COVO0O02 trial. Total spike protein-specific CD4* T cell helper type 1
(Thl) and CD8* T cell responses were increased in AZD1222-vaccinated adults of all ages following two
doses of AZD1222. CD4* Th2 responses following AZD1222 vaccination were not detected. Furthermore,
AZD1222-specific Thl and CD8* T cells both displayed a high degree of polyfunctionality in all adult age
groups. T cell receptor (TCR) p sequences from vaccinated participants mapped against TCR sequences
known to react to SARS-CoV-2 revealed substantial breadth and depth across the SARS-CoV-2 spike
protein for both AZD1222-induced CD4* and CD8* T cell responses. Overall, AZD1222 vaccination induced a
polyfunctional Thl-dominated T cell response, with broad CD4* and CD8* T cell coverage across the SARS-

CoV-2 spike protein.

INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is continuing to cause substantial widespread
morbidity and mortality worldwide (I). Cellular immunity
may be critical in an individual’s response to SARS-CoV-2 in-
fection, particularly in the face of neutralizing-antibody
(nAb) escape by emerging variants, and for reducing the se-
verity of COVID-19 disease. Cases of asymptomatic COVID-19
have been associated with T cell responses without serocon-
version, suggesting a role for T cell responses following SARS-
CoV-2 exposure in the absence of nAbs (2). Furthermore,
studies of patients with COVID-19 show that the presence of
SARS-CoV-2-specific CD4* and CD8* T cells are associated
with lower disease severity (3-5). SARS-CoV-2 vaccines have
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also been shown to elicit T cell responses (6-10), but more in-
depth analyses of the functionality and breadth of vaccine-
specific T cells could provide valuable information on poten-
tial determinants of protection.

AZD1222 (ChAdOx1 nCoV-19) is a replication-deficient
simian adenovirus-vectored vaccine indicated for the preven-
tion of COVID-19. The safety, efficacy, and immunogenicity
of AZD1222 has been extensively demonstrated in a global
clinical development program, supporting regulatory submis-
sions for conditional or emergency use of AZD1222 (11-14). In
a phase 1/2 trial conducted in the United Kingdom, COV001,
AZD1222 induced marked increases in SARS-CoV-2 spike pro-
tein-specific effector T cell responses in adults aged 18-55
years, which peaked at Day 14 post vaccination. These re-
sponses were reported as early as Day 8 and were maintained
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through Day 56, which was the latest timepoint analyzed (12).
Similar responses were reported in adults aged 18 to =70
years in a phase 2/3 study conducted in the United Kingdom,
COV002, in which SARS-CoV-2 spike protein-specific effector
T cell responses peaked at Day 14 post vaccination (13). Peak
responses in adults 18 to 55 years old were characterized by
interferon (IFN)-y-, interleukin (IL)-2-, and tumor necrosis
factor (TNF)-producing T cell helper type 1 (Th1) CD4* T cells
and CD8* T cells (1I). However, the cytokine profile of
AZD1222-induced T cell responses beyond Day 14 in younger
adults or following a second dose of AZD1222 remains un-
known. Furthermore, a full characterization of AZD1222-
induced T cell cytokine responses in adults older than 55 is
also undetermined (11).

Here, we aimed to characterize functional CD4* and CD8*
T cell responses following the first and second doses of
AZD1222 in healthy adults aged 18 to 85 years enrolled in
phase 1-3 trials conducted in the United Kingdom. Further-
more, we describe the breadth and depth of unique SARS-
CoV-2 spike protein-specific T cell responses induced by
AZD1222 vaccination. These data provide a comprehensive
analysis of the AZD1222 T cell response in an adult popula-
tion.

RESULTS

Study participants

Evaluable samples were obtained from 296 participants
enrolled in the COV001 and COV002 studies. Participant
samples analyzed in this study were selected from three dif-
ferent age cohorts who received two doses of either 5x10% vi-
rus particles of AZD1222 or control meningococcal conjugate
vaccine (MenACWY) (Table 1). Of the 296 participants, 83
participants were analyzed for spike protein-specific cytokine
secretion by intracellular cytokine staining (ICS) and 233
were analyzed by T cell receptor (TCR) sequencing. Twenty
participants had samples in both sets of analyses.

AZD1222 induced strong Thi-biased T cell responses
to the SARS-CoV-2 spike protein

SARS-CoV-2 spike protein-specific T cell responses from
all participants vaccinated with AZD1222 or MenACWY were
assessed by measuring intracellular cytokine production in
peripheral blood mononuclear cells (PBMCs) following in
vitro stimulation with two separate overlapping peptide
pools covering the entire SARS-CoV-2 spike protein sequence.
Total spike protein-specific Thl responses significantly in-
creased from a median frequency of 0.01% (interquartile
range [IQR], 0.00 to 0.03) at Day 0 to 0.063% (IQR, 0.04 to
0.11) in AZD1222-vaccinated participants at Day 28 post vac-
cination and 0.062% (IQR, 0.04 to 0.10) at Day 56 post vac-
cination (4 weeks following the second dose) (P <0.0001, Fig.
1A, table S1). In MenACWY-vaccinated participants, no in-
creases in the median frequencies of spike protein-specific
Thl responses were observed over time. Thl responses in
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AZD1222-vaccinated participants were significantly greater
than the median frequencies from those who received Men-
ACWY at both Day 28 (0.01% median frequency, IQR, 0.00 to
0.02, P <0.0001) and Day 56 (0.02% median frequency, IQR
0.01to 0.02, P <0.0001) post vaccination, although lower than
responses observed in COVID-19 convalescent patients
(0.13% median frequency, IQR 0.12 to 0.21) (fig. S1A). The Thl
response followed a hierarchical pattern of cytokine produc-
tion, with most spike protein-specific Thl cells producing
TNF (0.06% median frequency, IQR 0.03 to 0.08), followed by
IL-2 (0.04% median frequency, IQR 0.02 to 0.07) and IFN-y
(0.03 median frequency, IQR 0.01 to 0.04) at Day 56 post vac-
cination (Fig. 1B and fig. S1B). Spike protein-specific Th2 re-
sponses were near absent following AZDI1222 vaccination
(Fig. 1C and D and fig. S1C).

In comparison with the Thl response, total spike protein-
specific CD8" T cells were detected at lower frequencies at
Day 28 and Day 56 post vaccination. However, at Day 56 post
AZD1222 vaccination, the 0.34% (IQR, 0.02 to 0.07) median
frequency of spike protein-specific CD8* T cells was signifi-
cantly elevated compared with the 0.04% median frequency
(IQR, 0.00 to 0.02, P <0.0001) at Day 0 and compared with
the median frequency of 0.01% (IQR, 0.00 to 0.06, P = 0.0296)
at Day 56 in participants vaccinated with MenACWY (Fig. 1E,
table S1). Spike protein-specific CD8* T cell responses in-
duced by AZD1222 were also equivalent to those observed in
COVID-19 convalescent patients (0.04% median frequency,
IQR 0.02 to 0.10) (fig. S2A). In contrast to the Thl response,
at Day 56 most spike protein-specific CD8" T cells produced
IFN-y with a median frequency of 0.03% (IQR, 0.01 to 0.07),
followed by TNF (0.02% median frequency, IQR 0.01 to 0.05)
and IL-2 (0.01% median frequency, IQR 0.00 to 0.03) (Fig. 1F
and fig. S2B). Utilizing a two-fold increase in any spike pro-
tein-specific CD4* and CD8* T cell responses, study partici-
pants vaccinated with AZD1222 induced response rates of
79.2% and 68.6%, respectively, 28 days after a second dose
(table S2). These data demonstrate that AZD1222 elicited a
robust Thl-dominated T cell response with an expanded CD8*
T cell response post vaccination compared with Day 0, albeit
at a smaller magnitude than the CD4* response.

AZD1222 vaccination generated a polyfunctional
CD4* T cell cytokine response across adult age groups

To determine if CD4"* T cell responses to AZD1222 vaccina-
tion varied by age, subgroup analyses according to partici-
pants’ age (18 to 55, 56 to 69, and =70 years) were performed.
Significant increases in spike protein-specific CD4* T cell re-
sponses at Day 28 over Day 0 were observed for participants
within each age group (18 to 55, P <0.0001; 56 to 69, P =
0.0015; =70 years, P = 0.0024, Fig. 2A). The median frequency
of spike protein-specific CD4* T cells producing any Thl cy-
tokine increased from 0.00% (IQR 0.00 to 0.02) at Day O to
0.05% (IQR 0.03 to 0.10) at Day 56 for 18 to 55-year-olds,
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0.02% (IQR, 0.01 to 0.05) at Day 0 to 0.08% (IQR, 0.04 to 0.11)
at Day 56 for 56 to 69-year-olds, and 0.01% (IQR, 0.00 to 0.02)
at Day 0 to 0.06% (IQR, 0.04 to 0.08) at Day 56 in =70-year-
olds. Individual Th1 cytokine production followed a similar
hierarchical pattern within each age group (TNF>IL-2>IFN-
v) (Fig. 2A, fig. S3A and table S3). However, the Kkinetics of
the AZD1222-specific Thl cell response differed by age. In
participants aged 18 to 55 years, the median frequency of
spike protein-specific CD4* T cells producing any Thl cyto-
kine increased to 0.06% (IQR, 0.04 to 0.09) at Day 28 and
remained at a consistent frequency through Day 56 post vac-
cination (Fig. 2A). In participants aged 55 to 69 years, the
spike protein-specific Thl any response median frequency
peaked at 0.13% (IQR, 0.07 to 0.16) on Day 28 and declined
by Day 56, despite receiving a second vaccine dose. Although
Thi cell responses observed at Day 28 post vaccination were
at a lower frequency in participants aged =70 years compared
with other age groups (0.04% median frequency, IQR 0.02 to
0.06), spike protein-specific responses demonstrated an in-
creased frequency at Day 56, potentially aided by the second
vaccine dose at Day 28. Importantly, no age-specific differ-
ences in AZD1222-specific Th1 cell responses were observed
at Day 56.

The frequencies (Fig. 2B) and proportions (Fig. 2C) of
AZD1222-specific Thl cells producing each combination of
Th1 cytokines were compared among age groups at Day 28
and Day 56 post vaccination. Spike protein-specific Th1 cells
displayed a high degree of polyfunctionality at Day 28 post
vaccination in all three age groups with 50% of the spike pro-
tein-specific CD4* T cells in 18 to 55-year-olds and 65% of the
responses in 56 to 69- and =70-year-olds producing two or
more Th1 cytokines. Spike protein-specific Th1 cells remained
polyfunctional through Day 56 among participants aged 56
to 69 and =70 years. However, in participants aged 18 to 55
years, the proportion of polyfunctional spike protein-specific
Th1 cells increased to 64%. Furthermore at Day 56, spike pro-
tein-specific Thl cells producing all three cytokines repre-
sented 32% of the response in participants aged 18 to 55, 28%
in participants aged 56 to 69 years and 23% in participants
aged >70 years. These data show that AZD1222 induces a
polyfunctional Thl cell response that is equivalent in fre-
quency and functionality across all adult age groups at Day
56 post vaccination.

Polyfunctional CD8* T cell responses are generated
Jollowing AZD1222 vaccination

AZD1222-specific CD8" T cell responses were generated in
all age groups, but at lower frequencies compared with the
Thi responses. Spike protein-specific CD8* T cell responses
peaked at Day 28 post vaccination in participants aged 18 to
55 years (0.04% median frequency, IQR 0.00 to 0.07) and 56
to 69 years (0.02% median frequency, IQR 0.01 to 0.05), with
little change at Day 56 for 18 to 55-year-olds (0.03% median
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frequency, IQR 0.01 to 0.11) or 56 to 69-year-olds (0.03% me-
dian frequency, IQR 0.02 to 0.07) (Fig. 3A, fig. S3B, and table
S3). However, participants aged =70 years seemed to benefit
from a second vaccine dose, as significant expansion of spike
protein-specific CD8* T cells was observed at Day 56 post vac-
cination (0.03% median frequency, IQR 0.02 to 0.06) above
Day 0 (0.01% median frequency, IQR 0.00 to 0.03, P = 0.0103)
and Day 28 (0.01% median frequency, IQR 0.00 to 0.02, P =
0.0050). Importantly, by Day 56, no statistical differences in
spike protein-specific CD8* T cell responses were observed
among age groups.

The frequency and proportion of each combination of
spike protein-specific CD8* T cell cytokines was also exam-
ined for each age group. At Day 28 post vaccination, 51% of
spike protein-specific CD8* T cells in participants aged 18 to
55 and 58% of spike protein-specific CD8 T cells in partici-
pants =70 years only produced a single cytokine (Fig. 3B and
C). However, participants aged 56 to 69 years generated a
multicytokine response at Day 28 post vaccination with 72%
of spike protein-specific CD8* T cells producing two or more
cytokines. Although the total frequency of spike protein-spe-
cific CD8* T cells in participants aged 18 to 55 years did not
increase from Day 28 through Day 56, the proportion of mul-
ticytokine-producing cells increased to 74% of all responding
CD8" T cells, with 32% of responding CD8* T cells producing
TNF, IL-2, and IFN-y. Frequencies of polyfunctional, spike
protein-specific CD8* T cells in participants aged =70 years
also increased from Day 28 through Day 56, with 23% pro-
ducing TNF, IL-2, and IFN-y at Day 56. Together, these data
demonstrate that AZD1222-specific CD8* T cells are largely
polyfunctional, and that the size of the response is equivalent
across all age groups at Day 56 post vaccination. The correla-
tion between magnitude of nAb response and frequency of
spike protein-specific CD4* Thl T cell response was further
examined in a subset of AZD1222 and MenACWY vaccinated
study participants (fig. S4). Although no correlations were ob-
served between magnitude of nAb responses and frequency
of Thl responses after a first or second dose of AZD1222, this
may be influenced by the limited sample size (n=34) for
which both humoral and cell mediated responses were avail-
able. If these data are observed in a larger cohort, it may in-
dicate that T cell responses can complement a lower-
magnitude nAb response in those vaccinated with AZD1222.

AZD1222-specific T cell responses were genetically
diverse and covered a broad range of SARS-CoV-2 spike
protein epitopes

To better understand the diversity and specificity of the T
cell response to SARS-CoV-2 spike protein following AZD1222
vaccination, TCRR chain sequencing was performed on 233
PBMC samples collected at Day 0 and Day 28 post second
dose. Individual TCRs in each repertoire were compared
against a library of TCRs with known specificity for SARS-
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CoV-2 that had been generated using the Multiplex Identifi-
cation of T cell Receptor Antigen Specificity (MIRA) platform
(15). The total number of unique and total antigen-specific
TCRs pre and post vaccination were characterized for each
repertoire. PBMCs from study participants treated with two
doses of AZD1222 at different dose intervals were used to in-
crease the power of the TCR repertoire analysis. In addition
to the participants used in the ICS analysis who received a
second dose at approximately 4 weeks (18 to 60 days) post
initial vaccination, a second cohort of participants who re-
ceived a second dose at approximately 12 weeks (61 to 130
days) post vaccination were also analyzed. Participants vac-
cinated with AZD1222 at approximately 4-week and approxi-
mately 12-week second dose schedules both had a significant
increase in the fraction of total T cells that were spike pro-
tein-specific (SARS-CoV-2-associated T cells of total T cells;
depth) (P <0.0001, fig. S5A) and fraction of unique TCRs that
were spike protein-specific (SARS-CoV-2-associated unique
TCRs of total unique TCRs; breadth) (fig. S5B) post second
dose. There was no statistical difference in either the depth
or the breadth of the responses between the two dosing regi-
mens. Because of this equivalency, data from these two dos-
ing regimens were combined into single “Day 0” and “Day 28
post second dose” groups.

Looking first at the breadth of spike protein-specific TCRs
from AZD1222-vaccinated participants, a significant increase
was observed from Day O to Day 28 post second dose (P
<0.0001, Fig. 4A). Furthermore, spike protein-specific TCR
breadth was also significantly elevated in AZD1222-
vaccinated participants compared with MenACWY-vac-
cinated participants at Day 28 post second dose (P <0.0001,
Fig. 4A). No increase in TCR breadth of non-spike protein-
specific SARS-CoV-2 TCRs was observed in either AZD1222-
or MenACWY-vaccinated participants (fig. S6A). When par-
ticipants were separated by age cohorts, all three age groups
had a significant increase in spike protein-specific TCR
breadth from Day O to Day 28 post second dose (P <0.0001,
Fig. 4B). In addition to TCR breadth, total TCR templates
were also quantified for each group. Further confirming the
ICS data (Fig. 1), the number of spike protein-specific TCRs,
or depth, was significantly increased in AZD1222-vaccinated
participants at Day 28 post second dose compared with Day
0, and also compared with MenACWY-vaccinated partici-
pants (P <0.0001, Fig. 4C). The trends observed with regards
to spike protein-specific TCR depth after vaccination were
the same across age groups, but in the 56 to 69 years group,
these responses did not meet significance for depth of re-
sponse, likely due to the lower power given the smaller num-
ber of analysis points for this age group (P = 0.14).
Participants aged 18 to 55 years and =70 years displayed sig-
nificant increases in spike protein-specific TCR depth post
vaccination (P <0.0001, P = 0.0003 respectively, Fig. 4D).
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Additionally, two COVID-19 convalescent patients were se-
quenced and the depth and breadth of spike protein-specific
T cells were comparable to patients at Day 28 post second
dose (table S4). There were no changes in depth within non-
spike protein-specific TCRs in AZD1222- or MenACWY-vac-
cinated participants (fig. S6B).

To better understand the breadth and depth of the T cell
response in AZD1222-vaccinated participants, each unique
spike protein-specific TCR sequence was mapped to the re-
gion of the spike protein to which it reacted in the MIRA data
(15). Spike protein-specific CD4" T cell responses spanned the
entire spike protein (Fig. 5A and B and table S5). Dominant
responses (those with the highest frequency) were observed
in the N-terminal region 160-218 and the C-terminal side
743-854. Fewer unique spike protein-specific CD8" T cell
TCRs were sequenced, likely due to the lower response post
vaccination at these timepoints (Fig. 1) and the greater hu-
man leukocyte antigen (HLA) restriction of class I peptides.
Half of all unique CD8* TCRs mapped to a single region of
the spike protein, with the other TCRs spread evenly across
the other regions (Fig. 5C and D). Overlaying known muta-
tions in variants of concern, including B.1.1.7 and B.1.351, in-
dicates that although nearly 30% of unique TCRs mapped to
a single region of the spike protein that is mutated in the
B.1.351 SARS-CoV-2 variant, nearly half of all unique spike
protein-specific TCRs recognized epitopes outside of the mu-
tated regions found in the B.1.351 and B.1.1.7 variants. More-
over, the mutation within this single region is a single point
mutation, D215G. Therefore, these data demonstrate that
AZD1222 vaccination induces an expansion of SARS-CoV-2
spike protein-specific T cells with TCR sequences that map to
a number of epitopes across the entire spike protein.

DISCUSSION

Correlates of protection against COVID-19 are currently
undetermined (16); however, cellular immunity is associated
with positive outcomes (3-5). Here, we have provided a com-
prehensive assessment of the T cell response to AZD1222 vac-
cination. AZDI1222 vaccination elicited a robust and
polyfunctional Thi-dominated T cell response to the SARS-
CoV-2 spike protein with a spike protein-specific CD8* T cell
response across all age groups 28 days post second dose.
These responses may be critical in reducing the clinical symp-
toms associated with COVID-19 disease, as evidenced by lon-
gitudinal follow-up of patients with SARS-CoV-2 infection,
where rapid CD4* T cell responses in acute COVID-19 were
shown to be associated with mild disease and accelerated vi-
ral clearance, and early appearance of SARS-CoV-2-specific T
cells was associated with shorter duration of infection (17). In
a study that measured SARS-CoV-2-specific antibodies, CD4+*,
and CD8* T cells in participants with a range of COVID-19
disease severities, severe or fatal disease was shown to be as-
sociated with minimal or lacking SARS-CoV-2-specific CD4*
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and CD8" T cell responses (3). Furthermore, SARS-CoV-2-
specific CD4" T cells were associated with less severe disease.
SARS-CoV-2-specific CD8* T cells were also associated with
lower disease severity, reinforcing the potential importance
of T cell-mediated immunity for minimizing disease caused
by SARS-CoV-2 infection. Finally, there is evidence with some
vaccinations, such as influenza, that T cell-mediated immun-
ity may be a more reliable correlate of protection than anti-
body responses in older adults (18). The AZD1222 primed T
cell responses that formed across all age groups may provide
critical protection from severe illness due to COVID-19, as
seen in vaccinated participants in these trials.

Strong Thl responses are an important safety indicator for
vaccines against respiratory pathogens. Previous whole inac-
tivated virus vaccines for measles (19) and respiratory syncyt-
ial virus (20) led to vaccine-associated enhanced respiratory
disease (VAERD). This disease, characterized by an intense
allergic inflammation of the airways, is driven by vaccine-spe-
cific Th2 cells (21). Furthermore, vaccination of mice with
SARS-CoV-1 and Middle East respiratory syndrome corona-
virus (MERS-CoV) vaccines has been shown to result in im-
munopathology that was attributed to Th2-biased responses
(22, 23). Thl-predominant responses and balanced CD4* and
CD8" T cell responses are less likely to induce immunopathol-
ogy and are therefore preferred COVID-19 vaccine character-
istics. Importantly, spike protein-specific Th2 responses were
minimal following AZD1222 vaccination in all age groups.
These data are consistent with other SARS-CoV-2 vaccines, in
which similar Thl-dominated responses have been reported
(6-9).

When we further characterized this T cell response, the
majority of spike protein-specific Thl and CD8* T cells were
polyfunctional across all age groups. Whereas previous data
have suggested that T cells, as analyzed by IFN-y ELISpot, do
not increase following a second dose of AZD1222, the in-
creases in polyfunctionality that are seen post second dose
suggest that the quality, rather than quantity, of the response
may be improved by a two-dose regimen. The quality of the T
cell response by cytokine characterization can give clues as to
how well T cells are performing effector functions and organ-
izing immune responses (24). Numerous studies have demon-
strated that both vaccine and infection-elicited,
multicytokine-producing T cells correlate with enhanced pro-
tection against cytomegalovirus (CMV), hepatitis C virus, hu-
man herpesvirus-8, human immunodeficiency virus,
influenza virus, yellow fever virus, and Leishmania major
(25-30). The polyfunctional responses that we observe in our
analyses therefore support the contribution of T cell immun-
ity to the protective effect of AZD1222 vaccination. Although
there was more limited polyfunctionality of CD8* T cell re-
sponses after the first dose of AZD1222 in adults aged =70
years, after a second dose, CD8" T cells improved in quantity
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and polyfunctionality. Therefore, two doses of AZD1222 may
be required in adults aged =70 years to achieve the same de-
gree of polyfunctionality that is achieved in other age groups
following the first dose. Data from clinical trials and emerg-
ing real-world evidence in individuals aged =65 has demon-
strated the effectiveness of AZD1222 for protection of COVID-
19 disease following one or two doses (13, 31-33).

Although T cells are important for minimizing disease
caused by SARS-CoV-2, nAbs have also been found to be as-
sociated with protection against reinfection (34). B cells de-
pend upon CD4* T cell help for the development of pathogen-
specific antibody responses (35). In fact, anti-spike protein
receptor-binding domain (RBD) antibody responses in pa-
tients who have recovered from COVID-19 correlated with the
magnitude of spike protein-specific CD4* T cell responses
(86). Such antibody responses are facilitated specifically by a
subset of CD4* T cells called T follicular helper (Tfh) cells
through the development of germinal centers in secondary
lymphoid tissues (37). Circulating Tfh cells have been de-
tected in patients who have recovered from COVID-19 (38)
and have even been shown to be prominent among specific
CD4"* T cells in individuals during acute COVID-19 or after
convalescence (3). Characterizing the frequency and pheno-
type of circulating Tfh cells following AZD1222 vaccination
may be informative to future studies.

In the present study, AZD1222-expanded T cells were re-
active to a variety of epitopes spanning the length of spike
protein. Analysis by TCR sequencing (TCRseq) showed an in-
crease in both breadth and depth across multiple epitopes of
the SARS-CoV-2 spike protein. Increased T cell breadth is an
important protective mechanism against viruses that genet-
ically diverge from parental strains (39-42). Recently, the
SARS-CoV-2 spike genome has accumulated mutations, re-
sulting in the emergence of SARS-CoV-2 variants, including
the B.1.351 lineage that was first identified in South Africa,
and the B.1.1.7 lineage that was first identified in the United
Kingdom (43, 44). Efficacy of AZD1222 against SARS-CoV-2
variants B.1.351 and B.1.1.7 investigated in Syrian hamsters
showed that, despite an observed reduction in nAb titers
against B.1.351 in AZD1222-vaccinated hamsters compared
with those against B.1.1.7, there was evidence of protection in
the lower respiratory tract against both variants post
AZD1222 vaccination (45). AZD1222 vaccination has been
shown to provide protection against symptomatic disease in
adults aged =18 years caused by the B.1.1.7 lineage, shortening
the duration of shedding and viral load, which may result in
reduced transmission of disease (46). Although AZD1222 was
not able to prevent mild to moderate symptomatic infection
against B.1.351 in humans, we believe the vaccine may still
play a protective role against severe disease and further study
is warranted. Importantly, recent studies in patients exposed
to SARS-CoV-2 demonstrated that CD4* and CD8" T cell
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responses were not affected by mutations found in the B.1.351
and B.1.1.7 variants (47, 48). The breadth of T cell responses
across multiple viral epitopes spanning the length of SARS-
CoV-2 spike protein following vaccination with AZD1222 is
similar to the response following Ad26.CoV2.S vaccination
(49) and suggests that the cellular immune response to
AZD1222 may be resilient to point mutations in SARS-CoV-2.

Limitations of the study included that it was run in the
United Kingdom, with a majority of participants who were
white and of British descent, and with more females than
males in the overall population. This may have therefore re-
sulted in underestimating clonal diversity induced by
AZD1222, due to a population with a more limited HLA pro-
file and may be a factor responsible for reduced spike protein-
specific CD8* T cell clonal diversity and lower frequencies
compared with corresponding Thl responses. Furthermore,
spike protein-specific CD8* T cell frequencies may have been
reduced because samples were analyzed at Day 28 post vac-
cination, which is 2 weeks past the peak timepoint of the T
cell responses (13), although they were still comparable to
CDS8* T cell responses. Lack of availability of biospecimens at
the Day 14 timepoint in the present study prevented analyses
of AZD1222-induced T cell responses against SARS-CoV-2 and
characterization of the TCR repertoire at this peak timepoint.
Furthermore, in this study, only six participants vaccinated
with AZD1222 were seropositive at Day 0, providing limited
data for the effect of AZD1222 vaccination on seropositive
participants. Despite these study limitations, our observa-
tions are still consistent with data that SARS-CoV-2-specific
CD4+ T cell responses are more prominent than CD8" T cell
responses following infection (36) and vaccination (7, 8, 10).

In summary, a combination of antibody and T cell im-
munity is likely needed to provide long-term protection
against SARS-CoV-2 infection (50). Previous studies have
shown that AZD1222 leads to a robust nAb response across
multiple age groups (12, 13). Here, we demonstrate that
AZD1222 vaccination also induces a polyfunctional Th1-dom-
inated T cell response to SARS-CoV-2 spike protein in all
adult age groups, including expansion of SARS-CoV-2 spike
protein-specific CD4* and CD8* T cells, with unique TCR se-
quences that mapped to multiple epitope regions across the
entire spike protein, which may provide long-lasting protec-
tion from severe disease associated with SARS-CoV-2 vari-
ants.

MATERIALS AND METHODS

Study design

Healthy adults aged 18 to =70 years were enrolled in a sin-
gle-blind, randomized, controlled, phase 2/3 trial for the
SARS-CoV-2 vaccine, AZD1222 (ChAdOx1 nCoV-19), as de-
scribed in the previously published safety and immunogenic-
ity report (13). Full descriptions of the methods of the studies
have been previously published, including full study
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protocols (12, 13). Briefly, participants were enrolled in an
age-escalation manner, into 18 to 55 years, 56 to 69 years, and
>70 years immunogenicity subgroups. Participants were ran-
domly assigned to receive either AZD1222 or control Men-
ACWY, using block randomisation. Due to a dosing error in
the study, some participants received a low dose (2-2x10% vi-
rus particles) rather than the intended standard dose (5x10%
virus particles) as their first dose. A licensed vaccine compar-
ator such as MenACWY has the potential to provide a benefit
to participants (prevention of infection with Neisseria men-
ingitidis) and facilitates the participant blinding, who, upon
control vaccination, may experience local and general ad-
verse events similar to those experienced by those vaccinated
with the experimental vaccine. Participants aged 18 to 55
years were randomly assigned (1:1) to either two doses of
AZD1222 or two doses of MenACWY. Participants aged 56 to
69 years were randomly assigned (3:1:3:1) to one dose of
AZD1222, one dose of MenACWY, two doses of AZD1222, or
two doses of MenACWY. Participants aged =70 years were
randomly assigned (5:1:5:1) to one dose of AZD1222, one dose
of MenACWY, two doses of AZD1222, or two doses of Men-
ACWY. Prime-booster regimens were given 28 days apart.
Participants were then recruited to the standard-dose cohort
(5x10'° virus particles of AZD1222) and the same randomisa-
tion procedures were followed, except pariticipants aged 18
to 55 years were randomly assigned in a 5:1 ratio to two doses
of AZD1222 or two doses of MenACWY. Participants, clinical
investigators, and the laboratory team, but not staff adminis-
tering the vaccine, were masked to vaccine allocation for the
duration of the study.

For the analysis performed in this study, participant sam-
ples, for whom PBMCs were available at matched timepoints,
were selected from all three age cohorts who received either
two doses of AZD1222 (5x10% virus particles) or control Men-
ACWY (Table 1). In total, samples were obtained from 296
unique participants in studies COV001 and COV002. A win-
dowing convention was applied to ICS and TCRseq data. For
ICS, Day 28 refers to 28 +7 days after the first dose and Day
56 refers to 28 +7 days from the second dose (or approxi-
mately 56 days post the first dose). Written informed consent
was obtained from all participants, and the trials were done
in accordance with the principles of the Declaration of Hel-
sinki and Good Clinical Practice. COV001 was approved in the
United Kingdom by the Medicines and Healthcare products
Regulatory Agency (reference 21584/0424/001-0001) and the
South-Central Berkshire Research Ethics Committee (refer-
ence 20/SC/0145). COV002 was sponsored by the University
of Oxford and approved in the United Kingdom by the Medi-
cines and Healthcare products Regulatory Agency (reference
21584/0428/001-0001) and the South-Central Berkshire Re-
search Ethics Committee (reference 20/SC/0179). Vaccine use
was authorized by Genetically Modified Organisms Safety
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Committees at each participating site.

Samples from 83 participants were used for ICS analysis
and samples from 233 participants for TCR analysis, with 20
participant samples present in both datasets (Table 1). One
patient in TCR analysis from the 18 to 55 age group was con-
firmed to have received a lower first dose (2.25x10% virus par-
ticles) and a standard second dose (5x10™° virus particles) of
AZD1222.

ICS assay and analysis

PBMCs were isolated from vaccine recipient blood sam-
ples within 6 hours of venipuncture and cryopreserved at be-
low -150°C prior to use in ICS assays. Human convalescent
samples were obtained following symptom onset from adults
with previous SARS-CoV-2 infection. Specimens were col-
lected after participants provided written informed consent
under an institutional review board approved protocol at the
National Institutes of Health Clinical Center (NCT00067054).
PBMCs were isolated and cryopreserved similarly to those
from vaccine recipients. ICS was performed on samples ob-
tained at Day 0, Day 28, second dose (if different than Day
28), and Day 28 post second dose.

Antibody titration of all antibodies included in the analy-
sis was performed prior to the analysis of clinical specimens.
The ICS assay was used to evaluate T cell responses, as previ-
ously described (10). Briefly, PBMCs were thawed and rested
overnight before being stimulated with pools of 15-mer pep-
tides overlapping by 10 amino acids covering the N terminus
of SARS-CoV-2 spike protein up to the furin cleavage site (S1
pool) and the C terminus of the SARS-CoV-2 spike protein up
to the furin cleavage site (S2 pool) for 6 hours at 37°C with
5% CO,. Peptide pools were custom ordered from JPT Peptide
Technologies GmbH and were >85% pure.

Following stimulation, cells were stained and analyzed as
described previously (51). Briefly, cells were washed with
phosphate-buffered saline (PBS) and stained with viability
dye for 20 min at room temperature, followed by surface stain
for 20 min at room temperature, cell fixation, and permea-
bilization with BD cytofix/cytoperm Kit (catalog # 554714) for
20 min at room temperature, and then intracellular stain for
20 min at room temperature. All antibody staining was per-
formed in the dark. Surface staining and all pre-fixation
washes were performed with FACS buffer (PBS + 1% FBS +
0.02% NaN;) and intracellular staining and post-fixation
washes were performed in 1X BD Perm/Wash buffer (BD Bi-
osciences, catalog # 554714). See table S6 for a complete list
of antibodies used. Upon completion of staining, cells were
collected on a BD FACSymphony Flow Cytometer. Samples
were invalidated if <20,000 live CD3* T cells were collected.
On average, 280,000 were collected for each sample. Sam-
ples were analyzed using FlowJo 10.6.2 (BD Biosciences).
Anomalous “bad” events were separated from “good” events
using FlowAl (52). “Good events” were used for all
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downstream gating. Gating strategy can be found in fig. S7.
Individual cytokines were plotted on the Y-axis versus CD69*
cells on the X-axis, and only CD69* events were used to de-
termine positive responses. No cytokine-positive responses
were detected above background in the CD69  gate. Repre-
sentative flow plots for cytokine gating are shown in fig. S8.
CD69* activated cells were increased over baseline following
AZD1222 vaccination but did not differ between peptide
pools or by age groups (fig. S9). All antigen-specific cytokine
frequencies are reported after background subtraction of
identical gates from the same sample incubated with negative
control stimulation with dimethyl sulfoxide (DMSO).

Assay qualification was performed by the Vaccine Immu-
nology Program at the Vaccine Research Center, National In-
stitute of Allergy and Infectious Diseases, National Institutes
of Health. Assay qualification included assessment of Th1 and
Th2 specificity, Th1 and Th2 intra-assay precision, inter-assay
precision, and SARS-CoV-2 peptide pool validation. Thl and
Th2 specificity was conducted by utilizing PBMCs from
acutely infected CMV donors (for Th1 specificity) or Filaria
parasite donors (for Th2 specificity), given the established cy-
tokine profiles of these pathogens.

T cell receptor B chain sequencing

Immunosequencing of the CDR3 regions of human TCR
chains was performed using the ImmunoSEQ Assay (Adap-
tive Biotechnologies). Extracted genomic DNA was amplified
in a bias-controlled multiplex polymerase chain reaction
(PCR), followed by high-throughput sequencing. Sequences
were collapsed and filtered to identify and quantitate the ab-
solute abundance of each unique TCRR complementarity-de-
termining region (CDR)3 region for further analysis as
previously described (53-55). The fraction of T cells was cal-
culated by normalizing TCRR template counts to the total
amount of DNA usable for TCRseq, where the amount of us-
able DNA was determined by PCR amplification and sequenc-
ing of several reference genes that are expected to be present
in all nucleated cells.

Mapping of SARS-CoV-2 TCR B sequences

TCR sequences from participants receiving AZD1222 were
mapped against a set of TCR sequences that are known to
react to SARS-CoV-2. Briefly, these sequences were first iden-
tified by MIRA (56). TCRs that reacted were further screened
for enrichment in COVID-19-positive repertoires collected as
part of immuneCODE (15) and compared with COVID-19-
negative repertoires to remove TCRs that may be highly pub-
lic or cross-reactive to common antigens. Individual response
could be quantified by the number or frequency of SARS-CoV-
2 TCRs seen post-vaccination. TCRs were further analyzed to
determine position within spike protein based on the MIRA
antigens.

Sequences of known variants were obtained from GISAID
(www.gisaid.org) and aligned to known MIRA antigen
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locations. Antigens that contain any mutations observed in
the B.1.1.7 or B.1.351 variants were labeled as potentially im-
pacted.

Statistical Analysis

For ICS analysis, significant differences between vaccina-
tion groups were determined by Mann-Whitney nonparamet-
ric two-tailed ¢ tests with a 95% confidence interval.
Significant differences between timepoints within each vac-
cine group were determined by Kruskal-Wallis nonparamet-
ric one-way analysis of variance (ANOVA) with Dunn’s test to
correct for multiple comparisons. For all TCR analyses, sig-
nificant differences were determined by one-way ANOVA fol-
lowed by Sidak’s multiple comparisons tests. Raw data are
available in Data Files S1 and S2.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scitransimed.abj7211
Figs. S1to S9

Tables S1to S6

Data files S1and S2

REFERENCES AND NOTES

1. J. M. Dan, J. Mateus, Y. Kato, K. M. Hastie, E. D. Yu, C. E. Faliti, A. Grifoni, S. I.
Ramirez, S. Haupt, A. Frazier, C. Nakao, V. Rayaprolu, S. A. Rawlings, B. Peters, F.
Krammer, V. Simon, E. O. Saphire, D. M. Smith, D. Weiskopf, A. Sette, S. Crotty,
Immunological memory to SARS-CoV-2 assessed for up to 8 months after
infection. Science 371, eabf4063 (2021). di:10.1126/science.abf4063 Medline

2. F. Gallais, A. Velay, C. Nazon, M. J. Wendling, M. Partisani, J. Sibilia, S. Candon, S.
Fafi-Kremer, Intrafamilial Exposure to SARS-CoV-2 Associated with Cellular
Immune Response without Seroconversion, France. Emerg. Infect. Dis. 27, 113—
121(2021). di:10.3201/eid2701.203611 Medline

3. C. Rydyznski Moderbacher, S. I. Ramirez, J. M. Dan, A. Grifoni, K. M. Hastie, D.
Weiskopf, S. Belanger, R. K. Abbott, C. Kim, J. Choi, Y. Kato, E. G. Crotty, C. Kim,
S. A.Rawlings, J. Mateus, L. P. V. Tse, A. Frazier, R. Baric, B. Peters, J. Greenbaum,
E. Ollmann Saphire, D. M. Smith, A. Sette, S. Crotty, Antigen-Specific Adaptive
Immunity to SARS-CoV-2 in Acute COVID-19 and Associations with Age and
Disease Severity. Cell 183, 996-1012.e19 (2020). doi:10.1016/].cell.2020.09.038
Medline

4.R. Zhou, K. K.-W. To, Y.-C. Wong, L. Liu, B. Zhou, X. Li, H. Huang, Y. Mo, T.-Y. Luk, T.
T.-K. Lau, P. Yeung, W.-M. Chan, A. K.-L. Wu, K.-C. Lung, O. T.-Y. Tsang, W.-S.
Leung, I. F.-N. Hung, K.-Y. Yuen, Z. Chen, Acute SARS-CoV-2 Infection Impairs
Dendritic Cell and T Cell Responses. Immunity 53, 864-877.e5 (2020).

X - . ledli

doi:10.1016/].immuni.2020.07.026

5. M. Liao, Y. Liu, J. Yuan, Y. Wen, G. Xu, J. Zhao, L. Cheng, J. Li, X. Wang, F. Wang, L.
Liu, I. Amit, S. Zhang, Z. Zhang, Single-cell landscape of bronchoalveolar immune
cells in patients with COVID-19. Nat. Med. 26, 842-844 (2020).
doi:10.1038/541591-020-0901-3 Medline

6. U. Sahin, A. Muik, E. Derhovanessian, |. Vogler, L. M. Kranz, M. Vormehr, A. Baum,
K. Pascal, J. Quandt, D. Maurus, S. Brachtendorf, V. Lorks, J. Sikorski, R. Hilker, D.
Becker, A. K. Eller, J. Grutzner, C. Boesler, C. Rosenbaum, M. C. Kihnle, U.
Luxemburger, A. Kemmer-Brick, D. Langer, M. Bexon, S. Bolte, K. Kariké, T.
Palanche, B. Fischer, A. Schultz, P. Y. Shi, C. Fontes-Garfias, J. L. Perez, K. A.
Swanson, J. Loschko, I. L. Scully, M. Cutler, W. Kalina, C. A. Kyratsous, D. Cooper,
P. R. Dormitzer, K. U. Jansen, 0. Tireci, COVID-19 vaccine BNT162b1 elicits
human antibody and Tul T cell responses. Nature 586, 594-599 (2020).
d0i:10.1038/541586-020-2814-7 Medline

7. E. J. Anderson, N. G. Rouphael, A. T. Widge, L. A. Jackson, P. C. Roberts, M.
Makhene, J. D. Chappell, M. R. Denison, L. J. Stevens, A. J. Pruijssers, A. B.
McDermott, B. Flach, B. C. Lin, N. A. Doria-Rose, S. O'Dell, S. D. Schmidt, K. S.
Corbett, P. A. Swanson 2nd, M. Padilla, K. M. Neuzil, H. Bennett, B. Leav, M.
Makowski, J. Albert, K. Cross, V. V. Edara, K. Floyd, M. S. Suthar, D. R. Martinez, R.
Baric, W. Buchanan, C. J. Luke, V. K. Phadke, C. A. Rostad, J. E. Ledgerwood, B. S.

www.science.org/journal/stm

Graham, J. H. Beigel; mRNA-1273 Study Group, Safety and Immunogenicity of
SARS-CoV-2 mRNA-1273 Vaccine in Older Adults. N. Engl. J. Med. 383, 2427-
2438 (2020). doi:10.1056/NE IM0a2028436 Medline

8. J. Sadoff, M. Le Gars, G. Shukarev, D. Heerwegh, C. Truyers, A. M. de Groot, J. Stoop,
S. Tete, W. Van Damme, I. Leroux-Roels, P. J. Berghmans, M. Kimmel, P. Van
Damme, J. de Hoon, W. Smith, K. E. Stephenson, S. C. De Rosa, K. W. Cohen, M. J.
McElrath, E. Cormier, G. Scheper, D. H. Barouch, J. Hendriks, F. Struyf, M.
Douoguih, J. Van Hoof, H. Schuitemaker, Interim Results of a Phase 1-2a Trial of
Ad26.COV2.S Covid-19 Vaccine. N. Engl. J. Med. 384, 1824-1835 (2021).
doi10.1056/NE JM0a2034201 Medline

9. C. Keech, G. Albert, I. Cho, A. Robertson, P. Reed, S. Neal, J. S. Plested, M. Zhu, S.
Cloney-Clark, H. Zhou, G. Smith, N. Patel, M. B. Frieman, R. E. Haupt, J. Logue, M.
McGrath, S. Weston, P. A. Piedra, C. Desai, K. Callahan, M. Lewis, P. Price-Abbott,
N. Formica, V. Shinde, L. Fries, J. D. Lickliter, P. Griffin, B. Wilkinson, G. M. Glenn,
Phase 1-2 Trial of a SARS-CoV-2 Recombinant Spike Protein Nanoparticle
Vaccine. N. Engl. J. Med. 383, 2320-2332 (2020). doi:10.1056/NE IM0a?2026920
Medline

10. L. A. Jackson, E. J. Anderson, N. G. Rouphael, P. C. Roberts, M. Makhene, R. N.
Coler, M. P. McCullough, J. D. Chappell, M. R. Denison, L. J. Stevens, A. J.
Pruijssers, A.McDermott, B. Flach, N. A. Doria-Rose, K. S. Corbett, K. M. Morabito,
S.0'Dell, S. D. Schmidt, P. A. Swanson 2nd, M. Padilla, J. R. Mascola, K. M. Neuzil,
H. Bennett, W. Sun, E. Peters, M. Makowski, J. Albert, K. Cross, W. Buchanan, R.
Pikaart-Tautges, J. E. Ledgerwood, B. S. Graham, J. H. Beigel; mRNA-1273 Study
Group, An mRNA Vaccine against SARS-CoV-2 - Preliminary Report. N. Engl. J.
Med. 383, 1920-1931 (2020). doi:10.1056/NE IM0a2022483 Medline

11.K. J. Ewer, J. R. Barrett, S. Belij-Rammerstorfer, H. Sharpe, R. Makinson, R. Morter,
A. Flaxman, D. Wright, D. Bellamy, M. Bittaye, C. Dold, N. M. Provine, J. Aboagye,
J. Fowler, S. E. Silk, J. Alderson, P. K. Aley, B. Angus, E. Berrie, S. Bibi, P. Cicconi,
E. A. Clutterbuck, I. Chelysheva, P. M. Folegatti, M. Fuskova, C. M. Green, D. Jenkin,
S. Kerridge, A. Lawrie, A. M. Minassian, M. Moore, Y. Mujadidi, E. Plested, I.
Poulton, M. N. Ramasamy, H. Robinson, R. Song, M. D. Snape, R. Tarrant, M.
Voysey, M. E. E. Watson, A. D. Douglas, A. V. S. Hill, S. C. Gilbert, A. J. Pollard, T.
Lambe; Oxford COVID Vaccine Trial Group, T cell and antibody responses induced
by a single dose of ChAdOx1 nCoV-19 (AZD1222) vaccine in a phase 1/2 clinical
trial. Nat. Med. 27, 270-278 (2021). d0i:10.1038/s41591-020-01194-5 Medline

12. P. M. Folegatti, K. J. Ewer, P. K. Aley, B. Angus, S. Becker, S. Belij-Rammerstorfer,
D. Bellamy, S. Bibi, M. Bittaye, E. A. Clutterbuck, C. Dold, S. N. Faust, A. Finn, A. L.
Flaxman, B. Hallis, P. Heath, D. Jenkin, R. Lazarus, R. Makinson, A. M. Minassian,
K. M. Pollock, M. Ramasamy, H. Robinson, M. Snape, R. Tarrant, M. Voysey, C.
Green, A. D. Douglas, A. V. S. Hill, T. Lambe, S. C. Gilbert, A. J. Pollard; Oxford
COVID Vaccine Trial Group, Safety and immunogenicity of the ChAdOx1 nCoV-19
vaccine against SARS-CoV-2: A preliminary report of a phase 1/2, single-blind,
randomised controlled trial. Lancet 396, 467-478 (2020). doi:10.1016/S0140-
6736(20)31604-4 Medline

13. M. N. Ramasamy, A. M. Minassian, K. J. Ewer, A. L. Flaxman, P. M. Folegatti, D. R.
Owens, M. Voysey, P. K. Aley, B. Angus, G. Babbage, S. Belij-Rammerstorfer, L.
Berry, S. Bibi, M. Bittaye, K. Cathie, H. Chappell, S. Charlton, P. Cicconi, E. A.
Clutterbuck, R. Colin-Jones, C. Dold, K. R. W. Emary, S. Fedosyuk, M. Fuskova, D.
Gbesemete, C. Green, B. Hallis, M. M. Hou, D. Jenkin, C. C. D. Joe, E. J. Kelly, S.
Kerridge, A. M. Lawrie, A. Lelliott, M. N. Lwin, R. Makinson, N. G. Marchevsky, Y.
Mujadidi, A. P. S. Munro, M. Pacurar, E. Plested, J. Rand, T. Rawlinson, S. Rhead,
H. Robinson, A. J. Ritchie, A. L. Ross-Russell, S. Saich, N. Singh, C. C. Smith, M. D.
Snape, R. Song, R. Tarrant, Y. Themistocleous, K. M. Thomas, T. L. Villafana, S. C.
Warren, M. E. E. Watson, A. D. Douglas, A. V. S. Hill, T. Lambe, S. C. Gilbert, S. N.
Faust, A. J. Pollard; Oxford COVID Vaccine Trial Group, Safety and
immunogenicity of ChAdOx1 nCoV-19 vaccine administered in a prime-boost
regimen in young and old adults (COVO02): A single-blind, randomised,
controlled, phase 2/3 trial. Lancet 396, 1979-1993 (2021). doi:10.1016/S0140-
6736(20)32466-1 Medline

14.M. Voysey, S. A. C. Clemens, S. A. Madhi, L. Y. Weckx, P. M. Folegatti, P. K. Aley, B.
Angus, V. L. Baillie, S. L. Barnabas, Q. E. Bhorat, S. Bibi, C. Briner, P. Cicconi, A. M.
Collins, R. Colin-Jones, C. L. Cutland, T. C. Darton, K. Dheda, C. J. A. Duncan, K. R.
W. Emary, K. J. Ewer, L. Fairlie, S. N. Faust, S. Feng, D. M. Ferreira, A. Finn, A. L.
Goodman, C. M. Green, C. A. Green, P. T. Heath, C. Hill, H. Hill, I. Hirsch, S. H. C.
Hodgson, A. Izu, S. Jackson, D. Jenkin, C. C. D. Joe, S. Kerridge, A. Koen, G. Kwatra,

First release: 30 September 2021

(Page numbers not final at time of first release) 8

1202 ‘11 3990300 uo /(usm/\[u N PIPLIAYS 1 310'90u91:)S'MMM//:sduq WOl papeo[UMO(]



R. Lazarus, A. M. Lawrie, A. Lelliott, V. Libri, P. J. Lillie, R. Mallory, A. V. A. Mendes,
E. P. Milan, A. M. Minassian, A. McGregor, H. Morrison, Y. F. Mujadidi, A. Nana, P.
J. O'Reilly, S. D. Padayachee, A. Pittella, E. Plested, K. M. Pollock, M. N. Ramasamy,
S. Rhead, A. V. Schwarzbold, N. Singh, A. Smith, R. Song, M. D. Snape, E. Sprinz,
R. K. Sutherland, R. Tarrant, E. C. Thomson, M. E. Toérok, M. Toshner, D. P. J.
Turner, J. Vekemans, T. L. Villafana, M. E. E. Watson, C. J. Williams, A. D. Douglas,
A. V. S. Hill, T. Lambe, S. C. Gilbert, A. J. Pollard; Oxford COVID Vaccine Trial
Group, Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against
SARS-CoV-2: An interim analysis of four randomised controlled trials in Brazil,
South Africa, and the UK. Lancet 397, 99-111 (2021). doi:10.1016/S0140-
-1 Medline

6736(20)32661-1
15.T. M. Snyder, R. M. Gittelman, M. Klinger, D. H. May, E. J. Osborne, R. Taniguchi, H.

16.

J. Zahid, I. M. Kaplan, J. N. Dines, M. T. Noakes, R. Pandya, X. Chen, S. Elasady, E.
Svejnoha, P. Ebert, M. W. Pesesky, P. De Almeida, H. O'Donnell, Q. DeGottardi, G.
Keitany, J. Lu, A. Vong, R. Elyanow, P. Fields, J. Greissl, L. Baldo, S. Semprini, C.
Cerchione, F. Nicolini, M. Mazza, O. M. Delmonte, K. Dobbs, R. Laguna-Goya, G.
Carreno-Tarragona, S. Barrio, L. Imberti, A. Sottini, E. Quiros-Roldan, C. Rossi, A.
Biondi, L. R. Bettini, M. D’Angio, P. Bonfanti, M. F. Tompkins, C. Alba, C. Dalgard,
V. Sambri, G. Martinelli, J. D. Goldman, J. R. Heath, H. C. Su, L. D. Notarangelo, E.
Paz-Artal, J. Martinez-Lopez, J. M. Carlson, H. S. Robins, Magnitude and Dynamics
of the T-Cell Response to SARS-CoV-2 Infection at Both Individual and Population
Levels. medRxiv, (2020).

P. Supasa, D. Zhou, W. Dejnirattisai, C. Liu, A. J. Mentzer, H. M. Ginn, Y. Zhao, H. M.
E. Duyvesteyn, R. Nutalai, A. Tuekprakhon, B. Wang, G. C. Paesen, J. Slon-
Campos, C. Lépez-Camacho, B. Hallis, N. Coombes, K. R. Bewley, S. Charlton, T.
S. Walter, E. Barnes, S. J. Dunachie, D. Skelly, S. F. Lumley, N. Baker, I. Shaik, H. E.
Humphries, K. Godwin, N. Gent, A. Sienkiewicz, C. Dold, R. Levin, T. Dong, A. J.
Pollard, J. C. Knight, P. Klenerman, D. Crook, T. Lambe, E. Clutterbuck, S. Bibi, A.
Flaxman, M. Bittaye, S. Belij-Rammerstorfer, S. Gilbert, D. R. Hall, M. A. Williams,
N. G. Paterson, W. James, M. W. Carroll, E. E. Fry, J. Mongkolsapaya, J. Ren, D. I.
Stuart, G. R. Screaton, Reduced neutralization of SARS-CoV-2 B.1.1.7 variant by
convalescent and vaccine sera. Cell 184, 2201-2211.e7 (2021).

doi:10.1016/].cell.2021.02.033
17.A. T.Tan, M. Linster, C. W. Tan, N. Le Bert, W. N. Chia, K. Kunasegaran, Y. Zhuang,

18.

C.Y.L.Tham, A. Chia, G. J. D. Smith, B. Young, S. Kalimuddin, J. G. H. Low, D. Lye,
L. F. Wang, A. Bertoletti, Early induction of functional SARS-CoV-2-specific T cells
associates with rapid viral clearance and mild disease in COVID-19 patients. Cell
Rep. 34,108728 (2021). doi:10.1016/].celrep.2021.108728 Medline

K. Hag, J. E. McEIhaney Immunosenescence: Influenza vaccination and the

elderly. Curr. Opin. Immunol. 29, 38-42 (2014). doi:10.1016/}.c0i.2014.03.008
Medline

19. V. A. Fulginiti, J. J. Eller, A. W. Downie, C. H. Kempe, Altered reactivity to measles

20.

virus. Atypical measles in children previously immunized with inactivated measles

virus vaccines. JAMA 202, 1075-1080 (1967).
110.100/i 1967.03130250057008 .

H. W.Kim, J. G. Canchola, C. D. Brandt, G. Pyles, R. M. Chanock, K. Jensen, R. H.

Parrott, Respiratory syncytial virus disease in infants despite prior administration

of antigenic inactivated vaccine. Am. J. Epidemiol. 89, 422-434 (1969).
Medline

doi:10.1093/oxfordjournals.aje.al20955
21.B.S. Graham, G. S. Henderson, Y. W. Tang, X. Lu, K. M. Neuzil, D. G. Colley, Priming

22.

23.

24.

First release: 30 September 2021

immunization determines T helper cytokine mRNA expression patterns in lungs of
mice challenged with respiratory syncytial virus. J. Immunol. 151, 2032-2040
(1993). Medline

F. Yasui, C. Kai, M. Kitabatake, S. Inoue, M. Yoneda, S. Yokochi, R. Kase, S.
Sekiguchi, K. Morita, T. Hishima, H. Suzuki, K. Karamatsu, Y. Yasutomi, H. Shida,
M. Kidokoro, K. Mizuno, K. Matsushima, M. Kohara, Prior immunization with
severe acute respiratory syndrome (SARS)-associated coronavirus (SARS-CoV)
nucleocapsid protein causes severe pneumonia in mice infected with SARS-CoV.
J. Immunol. 181, 6337-6348 (2008). doi:10.4049/jimmunol.181.9.6337 Medline
A.S. Agrawal, X. Tao, A. Algaissi, T. Garron, K. Narayanan, B. H. Peng, R. B. Couch,
C. T. Tseng, Immunization with inactivated Middle East Respiratory Syndrome
coronavirus vaccine leads to lung immunopathology on challenge with live virus.
Hum. Vaccin. Immunother. 12, 2351-2356 (2016).
doi:10.1080/21645515.2016.1177688 Medline

E. Panagioti, P. Klenerman, L. N. Lee, S. H. van der Burg, R. Arens, Features of

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

www.science.org/journal/stm

Effective T Cell-Inducing Vaccines against Chronic Viral Infections. Front.
Immunol. 9, 276 (2018). doi:10.3389/fimmu.2018.00276 Medline
P.A.Darrah, D. T. Patel, P. M. De Luca, R. W. Lindsay, D. F. Davey, B. J. Flynn, S. T.
Hoff, P. Andersen, S. G. Reed, S. L. Morris, M. Roederer, R. A. Seder,
Multifunctional TH1 cells define a correlate of vaccine-mediated protection
against Leishmania major. Nat. Med. 13, 843-850 (2007). doi:10.1038/nm1592
Medline
E. Barnes, A. Folgori, S. Capone, L. Swadling, S. Aston, A. Kurioka, J. Meyer, R.
Huddart, K. Smith, R. Townsend, A. Brown, R. Antrobus, V. Ammendola, M.
Naddeo, G. O'Hara, C. Willberg, A. Harrison, F. Grazioli, M. L. Esposito, L. Siani, C.
Traboni, Y. Oo, D. Adams, A. Hill, S. Colloca, A. Nicosia, R. Cortese, P. Klenerman,
Novel adenovirus-based vaccines induce broad and sustained T cell responses to
HCVinman. Sci. Transl. Med. 4,115ral (2012). doi:10.1126/scitranslmed.3003155
Medline
F.Bihl, C. Berger, J. V. Chisholm 3rd, L. M. Henry, B. Bertisch, A. Trojan, D. Nadal,
R. F. Speck, M. Flepp, C. Brander, N. J. Mueller; Swiss HIV Cohort Study, Cellular
immune responses and disease control in acute AlDS-associated Kaposi's
sarcoma. AIDS 23, 1918-1922 (2009). dai:10.1097/QAD.0b013e3283300a91
Medline
R. S. Akondy, N. D. Monson, J. D. Miller, S. Edupuganti, D. Teuwen, H. Wu, F.
Quyyumi, S. Garg, J. D. Altman, C. Del Rio, H. L. Keyserling, A. Ploss, C. M. Rice, W.
A. Orenstein, M. J. Mulligan, R. Ahmed, The yellow fever virus vaccine induces a
broad and polyfunctional human memory CD8+ T cell response. J. Immunol. 183,
7919-7930 (2009). doi:10.4049/jimmunol.0803903 Medline
S. Kannanganat, B. G. Kapogiannis, C. Ibegbu, L. Chennareddi, P. Goepfert, H. L.
Robinson, J. Lennox, R. R. Amara, Human immunodeficiency virus type 1
controllers but not noncontrollers maintain CD4 T cells coexpressing three
cytokines. J. Virol. 81,12071-12076 (2007). doi:10.1128/JV1.01261-07 Medline
E. Van Braeckel, I. Desombere, F. Clement, L. Vandekerckhove, C. Verhofstede, D.
Vogelaers, G. Leroux-Roels, Polyfunctional CD4(+) T cell responses in HIV-1-
infected viral controllers compared with those in healthy recipients of an
adjuvanted polyprotein HIV-1 vaccine. Vaccine 31, 3739-3746 (2013).
o ' : ledi
E. Vasileiou, C. R. Simpson, T. Shi, S. Kerr, U. Agrawal, A. Akbari, S. Bedston, J.
Beggs, D. Bradley, A. Chuter, S. de Lusignan, A. B. Docherty, D. Ford, F. R. Hobbs,
M. Joy, S. V. Katikireddi, J. Marple, C. McCowan, D. McGagh, J. McMenamin, E.
Moore, J. L. Murray, J. Pan, L. Ritchie, S. A. Shah, S. Stock, F. Torabi, R. S. Tsang,
R. Wood, M. Woolhouse, C. Robertson, A. Sheikh, Interim findings from first-dose
mass COVID-19 vaccination roll-out and COVID-19 hospital admissions in
Scotland A national prospective cohort study. Lancet 397, 1646-1657 (2021).
-2 Medline
J. Lopez Bernal, N Andrews, C. Gower C. Robertson, J. Stowe, E. Tessier, R.
Simmons, S. Cottrell, R. Roberts, M. O'Doherty, K. Brown, C. Cameron, D.
Stockton, J. McMenamin, M. Ramsay, Effectiveness of the Pfizer-BioNTech and
Oxford-AstraZeneca vaccines on covid-19 related symptoms, hospital
admissions, and mortality in older adults in England: Test negative case-control
study. BMJ 373, n1088 (2021). Medline
Public Health England, COVID-19 vaccine surveillance report Week 20. Available

Last accessed May 2021.

A. Addetia, K. H. D. Crawford, A. Dingens, H. Zhu, P. Roychoudhury, M. L. Huang,
K. R. Jerome, J. D. Bloom, A. L. Greninger, Neutralizing Antibodies Correlate with
Protection from SARS-CoV-2 in Humans during a Fishery Vessel Outbreak with a

High Attack Rate. J. Clin. Microbiol.
doi10.1128/JCM.02107-20 Medline

S. Crotty, A brief history of T cell help to B cells. Nat. Rev. Immunol. 15, 185-189
(2015). dai:10.1038/nri3803 Medline

A. Grifoni, D. Weiskopf, S. I. Ramirez, J. Mateus, J. M. Dan, C. R. Moderbacher, S.
A. Rawlings, A. Sutherland, L. Premkumar, R. S. Jadi, D. Marrama, A. M. de Silva,
A. Frazier, A. F. Carlin, J. A. Greenbaum, B. Peters, F. Krammer, D. M. Smith, S.
Crotty, A. Sette, Targets of T Cell Responses to SARS-CoV-2 Coronavirus in
Humans with COVID-19 Disease and Unexposed Individuals. Cell 181, 1489-

1501.e15 (2020). doi:10.1016/}.cell.2020.05.015 Medline

58, e02107-e02120 (2020).

(Page numbers not final at time of first release) 9

1202 ‘11 3990300 uo /(usm/\[u (1 PIPLIRYS 18 S10°90UdI0s mmm//:sdyy WwoIy popeoumo(]



37.

S. Crotty, T Follicular Helper Cell Biology: A Decade of Discovery and Diseases.
Immunity 50, 1132-1148 (2019). Medline

doi10.1016/}.immuni.2019.04.011
38.J.A. Juno, H. X. Tan, W. S. Lee, A. Reynaldi, H. G. Kelly, K. Wragg, R. Esterbauer, H.

3.

E.Kent, C. J. Batten, F. L. Mordant, N. A. Gherardin, P. Pymm, M. H. Dietrich, N. E.
Scott, W. H. Tham, D. I. Godfrey, K. Subbarao, M. P. Davenport, S. J. Kent, A. K.
Wheatley, Humoral and circulating follicular helper T cell responses in recovered
patients with COVID-19. Nat. Med. 26, 1428-1434 (2020). doi:10.1038/s41591-
S. Santra, H. X. Liao, R. Zhang, M. Muldoon, S. Watson, W. Fischer, J. Theiler, J.
Szinger, H. Balachandran, A. Buzby, D. Quinn, R. J. Parks, C. Y. Tsao, A. Carville,
K. G. Mansfield, G. N. Pavlakis, B. K. Felber, B. F. Haynes, B. T. Korber, N. L. Letvin,
Mosaic vaccines elicit CD8+ T lymphocyte responses that confer enhanced
immune coverage of diverse HIV strains in monkeys. Nat. Med. 16, 324-328
(2010). doi:10.1038/nm.2108 Medline

40.D. H. Barouch, K. L. O'Brien, N. L. Simmons, S. L. King, P. Abbink, L. F. Maxfield, Y.

41.

42.

43.

44,

45.

46.

First release: 30 September 2021

H. Sun, A. La Porte, A. M. Riggs, D. M. Lynch, S. L. Clark, K. Backus, J. R. Perry, M.
S. Seaman, A. Carville, K. G. Mansfield, J. J. Szinger, W. Fischer, M. Muldoon, B.
Korber, Mosaic HIV-1 vaccines expand the breadth and depth of cellular immune
responses in rhesus monkeys. Nat. Med. 16, 319-323 (2010).
d0i:10.1038/nm.2083 Medline

M. A. Martins, L. Gonzalez-Nieto, M. J. Ricciardi, V. K. Bailey, C. M. Dang, G. F.
Bischof, N. Pedrefio-Lopez, M. G. Pauthner, D. R. Burton, C. L. Parks, P. Earl, B.
Moss, E. G. Rakasz, J. D. Lifson, R. C. Desrosiers, D. I. Watkins, Rectal Acquisition
of Simian Immunodeficiency Virus (SIV) SIVmac239 Infection despite Vaccine-
Induced Immune Responses against the Entire SIV Proteome. J. Virol. 94, <+«
(2020). doi:10.1128/JV1.00979-20 Medline

A. Nelde, T. Bilich, J. S. Heitmann, Y. Maringer, H. R. Salih, M. Roerden, M. Libke,
J. Bauer, J. Rieth, M. Wacker, A. Peter, S. Horber, B. Traenkle, P. D. Kaiser, U.
Rothbauer, M. Becker, D. Junker, G. Krause, M. Strengert, N. Schneiderhan-Marra,
M. F. Templin, T. O. Joos, D. J. Kowalewski, V. Stos-Zweifel, M. Fehr, A. Rabsteyn,
V. Mirakaj, J. Karbach, E. Jager, M. Graf, L. C. Gruber, D. Rachfalski, B. Preu, I.
Hagelstein, M. Méarklin, T. Bakchoul, C. Gouttefangeas, O. Kohlbacher, R. Klein, S.
Stevanovi¢, H. G. Rammensee, J. S. Walz, SARS-CoV-2-derived peptides define
heterologous and COVID-19-induced T cell recognition. Nat. Immunol. 22, 74-85
(2021). doi:10.1038/541590-020-00808-x Medline

H. Tegally, E. Wilkinson, M. Giovanetti, A. Iranzadeh, V. Fonseca, J. Giandhari, D.
Doolabh, S. Pillay, E. J. San, N. Msomi, K. Mlisana, A. von Gottberg, S. Walaza, M.
Allam, A. Ismail, T. Mohale, A. J. Glass, S. Engelbrecht, G. Van Zyl, W. Preiser, F.
Petruccione, A. Sigal, D. Hardie, G. Marais, N. Y. Hsiao, S. Korsman, M. A. Davies,
L. Tyers, I. Mudau, D. York, C. Maslo, D. Goedhals, S. Abrahams, O. Laguda-
Akingba, A. Alisoltani-Dehkordi, A. Godzik, C. K. Wibmer, B. T. Sewell, J. Lourenco,
L. C. J. Alcantara, S. L. Kosakovsky Pond, S. Weaver, D. Martin, R. J. Lessells, J. N.
Bhiman, C. Williamson, T. de Oliveira, Detection of a SARS-CoV-2 variant of
concern in South Africa. Nature 592, 438-443 (2021). doi:10.1038/s41586-021-
03402-9 Medline

B.Meng, S. A. Kemp, G. Papa, R. Datir, I. A. T. M. Ferreira, S. Marelli, W. T. Harvey,
S. Lytras, A. Mohamed, G. Gallo, N. Thakur, D. A. Collier, P. Micochova, L. M.
Duncan, A. M. Carabelli, J. C. Kenyon, A. M. Lever, A. De Marco, C. Saliba, K. Culap,
E. Cameroni, N. J. Matheson, L. Piccoli, D. Corti, L. C. James, D. L. Robertson, D.
Bailey, R. K. Gupta,; COVID-19 Genomics UK (COG-UK) Consortium, Recurrent
emergence of SARS-CoV-2 spike deletion H69/V70 and its role in the Alpha
variant B.1.1.7. Cell Rep. 35, 109292 (2021). doi:10.1016/j.celrep.2021.109292
Medline

R. J. Fischer, N. v. Doremalen, D. . Adney, C. K. Yinda, J. R. Port, M. G. Holbrook, J.
E. Schulz, B. N. Williamson, T. Thomas, K. Barbian, S. L. Anzick, S. Ricklefs, B. J.
Smith, D. Long, C. Martens, G. Saturday, E. de Wit, S. C. Gilbert, T. Lambe, V. J.
Munster, ChAdOx1 nCoV-19 (AZD1222) protects against SARS-CoV-2 B.1.351 and
B.1.1.7. bioRxiv, 2021.2003.2011.435000 (2021).

K.R. W. Emary, T. Golubchik, P. K. Aley, C. V. Ariani, B. Angus, S. Bibi, B. Blane, D.
Bonsall, P. Cicconi, S. Charlton, E. A. Clutterbuck, A. M. Collins, T. Cox, T. C.
Darton, C. Dold, A. D. Douglas, C. J. A. Duncan, K. J. Ewer, A. L. Flaxman, S. N.
Faust, D. M. Ferreira, S. Feng, A. Finn, P. M. Folegatti, M. Fuskova, E. Galiza, A. L.
Goodman, C. M. Green, C. A. Green, M. Greenland, B. Hallis, P. T. Heath, J. Hay, H.
C. Hill, D. Jenkin, S. Kerridge, R. Lazarus, V. Libri, P. J. Lillie, C. Ludden, N. G.
Marchevsky, A. M. Minassian, A. C. McGregor, Y. F. Mujadidi, D. J. Phillips, E.

47.

48.

49.

50.

5L

52.

53.

54.

95.

56.

Plested, K. M. Pollock, H. Robinson, A. Smith, R. Song, M. D. Snape, R. K.
Sutherland, E. C. Thomson, M. Toshner, D. P. J. Turner, J. Vekemans, T. L.
Villafana, C. J. Williams, A. V. S. Hill, T. Lambe, S. C. Gilbert, M. Voysey, M. N.
Ramasamy, A. J. Pollard; COVID-19 Genomics UK consortium; AMPHEUS Project;
Oxford COVID-19 Vaccine Trial Group, Efficacy of ChAdOx1 nCoV-19 (AZD1222)
vaccine against SARS-CoV-2 variant of concern 202012/01 (B.1.17): An
exploratory analysis of a randomised controlled trial. Lancet 397, 1351-1362
(2021). doi:10.1016/50140-6736(21)00628-0 Medline
A. Tarke, J. Sidney, N. Methot, E. D. Yu, Y. Zhang, J. M. Dan, B. Goodwin, P. Rubiro,
A. Sutherland, E. Wang, A. Frazier, S. |. Ramirez, S. A. Rawlings, D. M. Smith, R. da
Silva Antunes, B. Peters, R. H. Scheuermann, D. Weiskopf, S. Crotty, A. Grifoni, A.
Sette, Impact of SARS-CoV-2 variants on the total CD4* and CD8* T cell reactivity
in infected or vaccinated individuals. Cell Rep Med 2, 100355 (2021).
£10.1016/i 2021100355 ;
A.D. Redd, A. Nardin, H. Kared, E. M. Bloch, A. Pekosz, O. Laeyendecker, B. Abel,
M. Fehlings, T. C. Quinn, A. A. R. Tobian, CD8+ T-Cell Responses in COVID-19
Convalescent Individuals Target Conserved Epitopes From Multiple Prominent
SARS-CoV-2 Circulating Variants. Open Forum Infect. Dis. 8, bl43 (2021).
doi10.1093/cfid/ofabl43 Medline
G. Alter, J. Yu, J. Liu, A. Chandrashekar, E. N. Borducchi, L. H. Tostanoski, K.
McMahan, C. Jacob-Dolan, D. R. Martinez, A. Chang, T. Anioke, M. Lifton, J.
Nkolola, K. E. Stephenson, C. Atyeo, S. Shin, P. Fields, I. Kaplan, H. Robins, F.
Amanat, F. Krammer, R. S. Baric, M. Le Gars, J. Sadoff, A. M. de Groot, D.
Heerwegh, F. Struyf, M. Douoguih, J. van Hoof, H. Schuitemaker, D. H. Barouch,
Immunogenicity of Ad26.COV2.S vaccine against SARS-CoV-2 variants in
humans. Nature 596, 268-272 (2021). doi:10.1038/s41586-021-03681-2 Medline
A. Sette, S. Crotty, Adaptive immunity to SARS-CoV-2 and COVID-19. Cell 184,
861-880 (2021). doi:10.1016/j.cell.2021.01.007 Medline
P. A. Swanson 2nd, R. A. Seder, OMIP-067: 28-Color Flow Cytometry Panel to
Evaluate Human T-Cell Phenotype and Function. Cytometry A 97, 1032-1036
(2020). d0i:10.1002/cyt0.2.24189 Medline
G. Monaco, H. Chen, M. Poidinger, J. Chen, J. P. de Magalhaes, A. Larbi, flowAl:
Automatic and interactive anomaly discerning tools for flow cytometry data.
Bioinformatics 32, 2473-2430 (2016). doi:10.1093/bicinformatics/btwl91
Medline
H. Robins, C. Desmarais, J. Matthis, R. Livingston, J. Andriesen, H. Reijonen, C.
Carlson, G. Nepom, C. Yee, K. Cerosaletti, Ultra-sensitive detection of rare T cell
clones. J. Immunol. Methods 375, 14-19 (2012). doi:10.1016/}.jim.2011.09.001
Medline
H. S.Robins, P. V. Campregher, S. K. Srivastava, A. Wacher, C. J. Turtle, O. Kahsai,
S. R. Riddell, E. H. Warren, C. S. Carlson, Comprehensive assessment of T-cell
receptor B-chain diversity in alphabeta T cells. Blood 114, 4099-4107 (2009).
C. S. Carlson, R. 0. Emerson, A. M. Sherwood, C. Desmarais, M.-W. Chung, J. M.
Parsons, M. S. Steen, M. A. LaMadrid-Herrmannsfeldt, D. W. Williamson, R. J.
Livingston, D. Wu, B. L. Wood, M. J. Rieder, H. Robins, Using synthetic templates
to design an unbiased multiplex PCR assay. Nat. Commun. 4, 2680 (2013).
doi10.1038/ncomms3680 Medline
M. Klinger, F. Pepin, J. Wilkins, T. Asbury, T. Wittkop, J. Zheng, M. Moorhead, M.
Faham, Multiplex Identification of Antigen-Specific T Cell Receptors Using a
Combination of Immune Assays and Immune Receptor Sequencing. PLOS ONE 10,

e0141561 (2015). doi:10.1371/journal pone. 0141561 Medline

Acknowledgments: Writing and editing assistance, including revision of drafts under

www.science.org/journal/stm

the direction and guidance of the authors, incorporating author feedback, and
manuscript submission, was provided by Heather Shawcross, Emily Feist, and
Rebecca Lawson (Fishawack Health). Funding: Funding was received from
United Kingdom Research and Innovation (HCR1610) to TL, National Institutes
for Health Research (NIHR) (HCR01621/HCR01620) to TL, Coalition for
Epidemic Preparedness Innovations (HCR1590) to TL, Thames Valley and South
Midlands NIHR Clinical Research Network to AP, The Bill and Melinda Gates
Foundation to TL, and AstraZeneca. Author contributions: All authors reviewed
and edited the manuscript. TL, AJP, SB and SNF conducted and supported the
clinical study design; EJK, NMD, PAS, ABM, TL and AJP designed the analysis;
MP, PAS and WH generated the ICS data; NMD, PAF and KM generated the
immunosequencing data; NMD, PAS and PAF analyzed the data; EJK, NMD and

(Page numbers not final at time of first release) 10

1202 ‘1T 3990100 UO AJISIOATU[) P[OLIIAYS B 310'90u91:)S'MMM//:sduq WOl papeo[UMO(]



PAS wrote the manuscript. Competing interests: PAS, ABM, MP, WH, and SB
have no competing interests to declare. EJK, NMD, and KM are employees of
AstraZeneca and hold or may hold AstraZeneca stock. TL was consultant to
vaccitech and is named as an inventor on a patent application covering a SARS-
CoV-2 (nCoV-19) vaccine (UK patent application no. 2003670.3). PAF has a
financial interest in Adaptive Biotechnologies. AJP is Chair of the United
Kingdom Department of Health and Social Care’s (DHSC) Joint Committee on
Vaccination and Immunisation (JCVI), but does not participate in COVID-19
vaccine policy discussions, and is a member of the WHO's SAGE. Fees or grants
for contract commerecial clinical trials were paid to SNF's institution (with no
personal payment of any kind) from AstraZeneca/Medimmune, Sanofi, Pfizer,
Segirus, Sandoz, Merck, GSK, J&J, Valneva and Merck, outside the submitted
work. AJP is chief investigator on clinical trials of Oxford University's COVID-19
vaccine funded by the NIHR. The views expressed in this article do not
necessarily represent the views of DHSC, JCVI, NIHR, or WHO. Oxford University
has entered a joint COVID-19 vaccine development partnership with
AstraZeneca. Data and materials availability: All data associated with this study
are in the paper or supplementary materials. TCR@ immunosequencing data
have been deposited at the publicly available immuneACCESS platform at:

: i . This work is licensed under a Creative
Commons Attribution 4.0 International (CC BY 4.0) license, which permits
unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited. To view a copy of this license, visit

: i i . This license does not apply to
figures/photos/artwork or other content included in the article that is credited
to a third party; obtain authorization from the rights holder before using this
material.

AstraZeneca/Oxford/VRC study group

In addition to the authors listed, the following investigators were part of the Astra-
Zeneca/Oxford/VRC study group: Syed Adlou®, Parvinder K. Aley?, Brian Angus'®, Ra-
chel Anslow?, Philip Baker!, Himanshu Bansal?, Amy Beveridge®, Alice Bridges-
Webb?, Steven Ching!3, Paola Cicconil®, Elizabeth A. Clutterbuck®, Andrea M. Collins',
Thomas C. Darton® 16, Tesfaye Demissie®, Tanya Dinesh?®, Alexander D. Douglas,
Christopher J. A. Duncan!”-8, Katie J. Ewer'©, Sally Felle®, Daniela M. Ferreira'4, Pedro
M. Folegatti'®, Michelle Fuskoval®, Martin Gaudinskil®, Sarah C. Gilbert’°, Anna L.
Goodman?- 2., Ingelise Gordon®, Christopher A. Green®? 23, Elizabeth Harbolick!, Su-
sana Hayes'3, Adrian V. S. Hill®-24 Helen Hill**, Daniel Jenkin®, Brett M. Jepson!3. 25,
Mwila Kasanyinga®, Vincenzo Libri®- %7, Patrick J. Lillie®®, Alastair C. McGregor?®, An-
gela M. Minassian!®, Yama F. Mujadidi®, Laura Novik™®, Ruth Payne!® %, Fernanda Pi-
lataxi’3, Emma Plested®, Samuel Provstgaard-Morys®, Maheshi Ramasamy® 3,
Hannah Robinson?, Katherine Sanders®, Andrew Smith3, Matthew D. Snape®, Rinn
Song®, Rebecca K. Sutherland®, Emma C. Thomson®* 3, Mark Toshner3- 338 David
P. J. Turner3-49, Merryn Voysey?®, Alicia T. Widge™®, Christopher J. Williams*.42

www.science.org/journal/stm

90xford Vaccine Group, Department of Paediatrics, University of Oxford, Oxford, OX4
6PG, UK. 1°The Jenner Institute, Nuffield Department of Medicine, University of Ox-
ford, Oxford 0X3 7DQ, UK. "Academic Centre, Oxford University Hospitals NHS Trust,
Oxford, 0X3 7JX, UK. Mother Cell Spinal Injury and Stem Cell Research, Anupam
Hospital, Rudrapur, Uttarakhand, 263153, India. *Translational Medicine, Oncology
R&D, AstraZeneca, Gaithersburg, MD 20878, USA. “Department of Clinical Sciences,
Liverpool School of Tropical Medicine and Liverpool University Hospitals NHS Foun-
dation Trust, Liverpool, L3 5QA, UK. ®Department of Infection, Immunity and Cardio-
vascular Disease, University of Sheffield, Sheffield, S10 2RX, UK. Department of
Infection and Tropical Medicine, Sheffield Teaching Hospitals NHS Foundation Trust,
Sheffield, S10 2RX, UK. YDepartment of Infection and Tropical Medicine, Newcastle
upon Tyne Hospitals NHS Foundation Trust, Newcastle upon Tyne, NE1 4LP, UK
8Translational and Clinical Research Institute, Immunity and Inflammation Theme,
Newcastle University, Newcastle upon Tyne, NE2 4HH, UK. ®Vaccine Research Cen-
ter, National Institute of Allergy and Infectious Diseases, National Institutes of Health,
Bethesda, MD 20892, USA. ®Department of Infection, Guy's and St Thomas' NHS
Foundation Trust, St Thomas' Hospital, London, SE1 7EH, UK. 2MRC Clinical Trials
Unit, University College London, London, WC1V 6LJ, UK. 2NIHR/Wellcome Trust Clin-
ical Research Facility, University Hospitals Birmingham NHS Foundation Trust, Bir-
mingham, B15 2TH, UK. ZInstitute of Microbiology and Infection, University of
Birmingham, Birmingham, B15 2TT, UK. ?Centre for Clinical Vaccinology and Tropical
Medicine, The Jenner Institute, University of Oxford and the NIHR Oxford Biomedical
Research Centre, Oxford, OX3 7LE, UK. ®Cytel Inc., Cambridge, MA 02139, USA.
2NIHR UCLH Clinical Research Facility, London, W1T 7HA, UK. #NIHR UCLH Biomed-
ical Research Centre, London, W1T 7DN, UK. 28Hull University Teaching Hospitals NHS
Trust, Hull, HU3 2JZ, UK. 2Department of Infectious Diseases and Tropical Medicine,
London Northwest University Healthcare, Harrow, HAL 3UJ, UK. 3°Sheffield Teaching
Hospitals NHS Foundation Trust, Sheffield, S10 2RX, UK. 3Oxford University NHS
Foundation Trust, Headington, Oxford, OX3 9DU, UK. 32College of Medical, Veterinary
& Life Sciences, Glasgow Dental Hospital & School, University of Glasgow, Glasgow,
G12 8QQ, UK. 3Clinical Infection Research Group, Regional Infectious Diseases Unit,
Western General Hospital, Edinburgh, EH4 2JP, UK. 3*MRC-University of Glasgow Cen-
tre for Virus Research, Glasgow, G61 1QH, UK. 3London School of Hygiene and Tropi-
cal Medicine, London, WC1E 7HT, UK. ®Heart Lung Research Institute, Department of
Medicine, University of Cambridge, Cambridge, CB2 0QQ, UK. 3’NIHR Cambridge Clin-
ical Research Facility, Cambridge, CB2 OSL, UK. 3¥Cambridge University Hospital and
Royal Papworth NHS Foundation Trusts, Cambridge, CB2 OAY, UK. ¥School of Life
Sciences, University of Nottingham, Nottingham, NG7 2RD, UK. “°Nottingham Univer-
sity Hospitals NHS Trust, Nottingham, NG7 2UH, UK. #Public Health Wales, Cardiff,
CF10 4BZ, UK. *?Aneurin Bevan University Health Board, Newport, NP18 3XQ, UK.

Submitted 28 May 2021

Accepted 27 September 2021

Published First Release 30 September 2021
10.1126/scitransimed.abj7211

First release: 30 September 2021

(Page numbers not final at time of first release) 11

1202 ‘11 1990100 UO AJISIOATU[) P[OLFAYS 18 T10°00UdI0S" mMm//:sd1IY WIOI) papeo[uUMO(]



A *hkk B

dededeok

*kkk

0 103 - 10
8 ] £
=3 s
0O 14 . &2 1
O E ? o 8
s ] B
8 1 Oy
:5 O.1—§ 9 E 8 0.1
e 1 25
Z ] l ] a2
£ o017 5-4 0w 001
O Jj|o a
4 |a o] x
E E [0]
= T ® R
2 0.001 -t 0.001 A
Day 0 Day 28
= MenACWY @ AZD1222 @ IFN-y O IL-2
C D
10 10
15 1
0.1 0.1

L1 il

of total CD4* T cells

0.01 0.01

% expressing indicated cytokine

B8

m=a N 4

1]
=L

o

o

o

bt
1

Day0  Day28 Day 56
B MenACWY @ AZD1222

0.001

% Th2 cytokine® of total CD4* T cells

1202 ‘1T 3990100 UO AJNSIOATU[) P[OLFIYS 18 SI10°00UdI0s" mMm//:sd)NY WIOI) papeo[uUMO(]

E F

105 10
2 E dedkkek 2
3 ] = 5
L 14 50 1
0 E ° 8
(@) b %’) ®F
I 1 S &
5 0.14 Ta 01
i 3 % £0
o 1 8 25 @
o ] - 3 3 B
= 0014 8% 001 i
g 1™ 1 3 g
& 3 g ® B
® ] " R

0.001 -t & R 0.001 T
Day 0 Day28  Day 56
B MenACWY @ AZD1222 @IFNy = IL2 A TNF

First release: 30 September 2021 www.science.org/journal/stm (Page numbers not final at time of first release) 12




Fig. 1. Thl and CD8* T cell responses are elicited following vaccination with AZD1222 or MenACWY. PBMCs
from human participants vaccinated with AZD1222 or MenACWY at the indicated timepoint post vaccination were
stimulated with SARS-CoV-2 spike peptide pools, and the intracellular cytokine response was measured. (A)
Frequencies of total spike protein-specific CD4* T cells producing any combination of Thl (IFN-v, IL-2, or TNF)
cytokines are shown. (B) Frequencies of total spike protein-specific CD4* T cells producing individual Thl
cytokines at the indicated timepoints are shown. (C) Frequencies of total spike protein-specific CD4* T cells
producing any combination of Th2 (IL-4 or IL-13) cytokines are shown. (D) Frequencies of total spike protein-
specific CD4* T cells producing individual Th2 cytokines at the indicated timepoints are shown. (E) Frequencies
of total spike protein-specific CD8* T cells producing any combination of IFN-v, IL-2, or TNF following vaccination
with AZD1222 or MenACWY. (F) Frequencies of individual CD8* T cell cytokines at the indicated timepoints in
participants vaccinated with AZD1222. For all data, responses to each peptide pool were combined to determine
the total spike protein-specific response. In the box and whisker plots, the horizontal line represents median,
boxes represent interquartile range, whiskers extend to the min and max, and symbols represent each participant.
Significant differences between AZD1222 and MenACWY at each timepoint were determined by two-tailed Mann-
Whitney tests. Significant differences between timepoints within each vaccine group were determined by Kruskal-
Wallis test with Dunn’s test to correct for multiple comparisons. All comparisons are not significant unless stated
as significant; *p<0.05, ****p<0.0001.
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Fig. 2. Age-specific CD4* T cell responses are observed following AZD1222 vaccination. (A) Median
frequencies with interquartile ranges are shown for CD4* T cells from participants within each age
cohort producing IFN-v, IL-2, TNF, or any combination of these cytokines at the indicated timepoints
following stimulation with SARS-CoV-2 spike peptide pools. Significant differences between timepoints
within each vaccine group were determined by Kruskal-Wallis tests with Dunn'’s test to correct for
multiple comparisons. All comparisons are not significant unless stated as significant; **p<0.01,
**¥p<0.001, ****p<0.0001. (B) Frequencies of antigen-stimulated CD4* T cells producing each
combination of IFN-v, IL-2, TNF cytokines at Day 28 (left) or Day 56 (right) post vaccination are shown.
Individual participant responses are shown with median represented by the horizontal line. (C) Pie
graphs indicate the total proportion of spike protein-specific Thl cytokine production averaged for all
participants within the indicated age groups at Day 28 and Day 56 post vaccination. Proportion of
multicytokine responses are represented by the black (three cytokines) and gray (two cytokines) arcs.
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Fig. 3. Age-specific CD8* T cell responses are elicited after AZD1222 vaccination. (A)
Median frequencies with interquartile ranges of CD8* T cells producing IFN-v, IL-2, TNF, or
any combination of these cytokines are shown for the indicated timepoints following
stimulation with SARS-CoV-2 spike peptide pools. Significant differences between
timepoints within each vaccine group were determined by Kruskal-Wallis tests with Dunn’s
test to correct for multiple comparisons. All comparisons are not significant unless stated as
significant; *p<0.05, **p<0.01. (B) Frequencies of antigen-stimulated CD8" T cells
producing each combination of IFN-vy, IL-2, TNF cytokines at Day 28 (left) or Day 56 (right)
post vaccination at the individual level are shown. Individual participant responses are shown
with median represented by the horizontal line . (C) Pie graphs indicate the total proportion
of spike protein-specific CD8* T cell cytokine production within the indicated age groups at
Day 28 and Day 56 post vaccination. Proportion of multi-cytokine responses are represented
by the black (three cytokines) and gray (two cytokines) arcs.
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Fig. 4. Spike protein-specific TCR breadth and depth increased following vaccination with two
doses of AZD1222. (A) Spike protein-specific TCR breadth following dose two (D2) of vaccination with
MenACWY (blue) or AZD1222 (orange) is shown. Breadth indicates SARS-CoV-2-associated unique
TCRs of total unique TCRs. (B) Spike protein-specific TCR breadth is shown disaggregated by age. (C)
Spike protein-specific TCR depth following vaccination with MenACWY (blue) or AZD1222 (orange) is
shown. Depth indicates SARS-CoV-2—-associated T cells of total T cells. (D) Spike protein-specific TCR
depth is shown disaggregated by age. Data are logip transformed, where all O values have been
converted to half of the lowest nonzero value. In the box and whisker plots, the horizontal line
represents median, boxes represent interquartile range, whiskers extend to the min and max, and
symbols represent each participant. The dotted lines represent the lower detected value. Significant
differences were determined by one-way ANOVA followed by Sidak's multiple comparisons tests. All
comparisons are not significant unless stated as significant; ***p<0.001, ****p<0.0001.
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Fig. 5. Spike protein-specific CD4*and CD8* T cell responses demonstrate substantial breadth and
depth across the entire spike protein. TCR sequences from participants vaccinated with AZD1222 at
Day 28 post second dose were mapped against TCR sequences known to react to SARS-CoV-2. (A and
B) CD4* T cell breadth (A) and depth (B) were analyzed for each participant. (C and D) CD8* T cell
breadth (C) and depth (D) were analyzed for each participant. The number of participants displaying
responses for each epitope region is indicated at the top of each plot (n). Sequences of known variants
were aligned to known Multiplex Identification of T cell Receptor Antigen Specificity (MIRA) antigen
locations, with any mutations observed in B.1.351 (yellow), B.1.1.7 (blue), or both (red) highlighted. In
the box and whisker plots, the horizontal line represents median, boxes represent interquartile range,
whiskers extend to 5th and 95th percentiles, and individual symbols represent outlier samples.
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Table 1. Details of participants included in this analysis.

Patients with

paired samples

Patients Patients Patients Patients (Day 0 & Day 28
all ages aged 18to 55 aged 56to 69 aged =70 post dose 2)

26 9 7 10 26
MenACWY
I 57 20 17 20 55
CS AZD1222
flow
Total 83 29 24 30 81
MenACWY 26 18 2 6 14
207 130 26 51 114
TCRseq AZD1222
Total 233 148 28 57 128
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