Med

¢? CellPress

Evolution of long-term vaccine-induced and
hybrid immunity in healthcare workers after
different COVID-19 vaccine regimens

Shona C. Moore, Barbara
Kronsteiner, Stephanie
m SARS-Cov-2 228 SARS-Cov-2 131 f 2 f 3 ! p
Naive o BNT162b2 long interval | mRNA vaccine Longet, ..., Susanna Dunachie,
y ;
Infected prior to 1st dose or BN1162b2 shortinterval .
anytime after 2nd dose AZD1222 Lance Turt|e, PITCH Consortium
Antibodies ¥ Tcells @ - paul.klenerman@ndm.ox.ac.uk (P.K.)
cells & .
lance.turtle@liverpool.ac.uk (L.T.)
m : : i
2 ] : Highlights
g .
& ] . : Antibody responses wane much
o ; i .
g : more than T cell responses in
s} i .
2 H between COVID vaccine doses
& :
—_— : e : People benefit from a third dose
s A A4 A A A A 7 A A 2 . ‘ ’
Months  +1 42 +1 46 +1 46 41 40, 47 6 31 6 s e 81 whatever the first vaccine,
whether infected or not
Responses to VOC Omicron
o AT @ Neutralizing antibody responses
I L e e e T XTIl responses to i
22 i v ¥ ronsselc broaden to recognize more
a> . .
. variants after the third dose
]
85
2% T cell responses post dose 3 cross-
P2 I:l react with Omicron variants and
Y ¥ o o . are long lastin
Neutralization Binding 1gG+ IFN-y Tcell 9 9
memB cells  secretion  Proliferation

Moore et al. studied antibody and cellular responses to COVID-19 vaccines before
and after dose 3. Antibody responses waned, but T cell responses were well
maintained. T cells recognized Omicron variants better and for longer than
antibodies. Differences due to vaccine regimen and previous infection evened out

over time.
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SUMMARY

Background: Both infection and vaccination, alone or in combination,
generate antibody and T cell responses against severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2). However, the mainte-
nance of such responses—and hence protection from disease—re-
quires careful characterization. In a large prospective study of UK
healthcare workers (HCWs) (Protective Immunity from T Cells in
Healthcare Workers [PITCH], within the larger SARS-CoV-2 Immunity
and Reinfection Evaluation [SIREN] study), we previously observed that
prior infection strongly affected subsequent cellular and humoral im-
munity induced after long and short dosing intervals of BNT162b2
(Pfizer/BioNTech) vaccination.

Methods: Here, we report longer follow-up of 684 HCWs in this cohort
over 6-9 months following two doses of BNT162b2 or AZD1222 (Oxfor-
d/AstraZeneca) vaccination and up to 6 months following a subsequent
mRNA booster vaccination.

Findings: \We make three observations: first, the dynamics of humoral
and cellular responses differ; binding and neutralizing antibodies
declined, whereas T and memory B cell responses were maintained af-
ter the second vaccine dose. Second, vaccine boosting restored immu-
noglobulin (Ig) G levels; broadened neutralizing activity against variants
of concern, including Omicron BA.1, BA.2, and BA.5; and boosted T cell
responses above the 6-month level after dose 2. Third, prior infection
maintained its impact driving larger and broader T cell responses
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CONTEXT AND SIGNIFICANCE

There is public concern about
waning immunity to SARS-CoV-2. In
addition, booster vaccines might be
less effective as the virus changes.
As such, how measures of immunity
to SARS-CoV-2 relate to protection
is a key question. Researchers from
the PITCH consortium in the UK
observed in healthcare workers that
antibodies drop after SARS-CoV-2
vaccination; however, T cell
responses do not. After a third
vaccine dose, the immune response
lasted longer and recognized
different variants. It also made much
less difference which vaccine had
been used for the first
immunizations, while before the
third dose, the response to mRNA
vaccines was the strongest. As time
goes on, the differences in immune
response to the vaccine or the virus
even out.
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compared with never-infected people, a feature maintained until
6 months after the third dose.

Conclusions: Broadly cross-reactive T cell responses are well main-
tained over time—especially in those with combined vaccine and infec-
tion-induced immunity (“hybrid” immunity)—and may contribute to
continued protection against severe disease.

Funding: Department for Health and Social Care, Medical Research
Council.

INTRODUCTION

As vaccines have been deployed to tackle the severe acute respiratory syndrome co-
ronavirus 2 (SARS-CoV-2) pandemic, crucial questions have emerged regarding
long-term maintenance of protective immunity against disease. The appearance
of viral variants leading to successive waves of infection has clearly shown the limits
of vaccine protection against infection.’ Despite this, vaccine protection against se-
vere disease has been well maintained across the recent Delta” and Omicron BA.1°
waves. To understand the underlying immune responses that determine these pop-
ulation-level observations, large-scale studies of individuals with high exposure to
SARS-CoV-2, such as healthcare workers (HCWs), can provide valuable insights, as
has been demonstrated by the SARS-CoV-2 Immunity and Reinfection Evaluation
(SIREN) study in the UK.*® Protective Immunity from T Cells in Healthcare Workers
(PITCH), a study aligned closely with SIREN, is focused on the longitudinal analysis of
antiviral T and B cell responses after infection and/or vaccination with BNT162b2
(Pfizer/BioNTech) or AZD1222 (Oxford/AstraZeneca). PITCH has already provided
data indicating that the extended interval vaccine regimen for BNT162b2 mRNA
vaccine deployed in the UK was associated with enhanced antibody and CD4*
T cell helper responses.” All immune responses were strongly enhanced by prior
SARS-CoV-2 infection.

The long-term impacts of prior exposure, vaccine regimen, and vaccine type have
not been fully defined, especially at the level of T cell responses. Characterizing
the response to vaccines and infections in healthy people is essential to determine
future vaccination policies, while identification of vulnerable non-responders can
inform additional interventions, such as extra booster doses of vaccine and/or
monoclonal antibody therapies. Correlations with protection from infection at a
population level have been observed for binding®? and neutralizing antibodies.” "
The role of other, non-neutralizing antibody functions, such as antibody-dependent
natural killer (NK) cell activity, antibody-dependent phagocytosis, or complement
deposition, requires further investigation.'*'® However, monitoring of SARS-CoV-
2-specific T cell immunity is also essential, as T cell defense is potentially a key expla-
nation for lower case hospitalization and mortality for the Omicron variant compared
with earlier variants,'” despite Omicron’s high mortality in unvaccinated popula-
tions.'® T cells are a cornerstone of antiviral defense, orchestrating the immune
response, including cytotoxic activity against virally infected cells and optimizing
production of antibodies from B cells.'” Macaque?® and human®'~?* studies support
this key role for T cells in protection against the severe effects of SARS-CoV-2 infec-
tion, potentially alongside functional antibody properties beyond neutraliza-
tion.”** In some cases, cross-reactive T cells are associated with protection against
infection in exposed seronegative groups.?® There is also evidence of SARS-CoV-2-
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specific cell responses in highly exposed HCWs without seroconversion,
expansion of pre-existing RNA-polymerase-specific T cells in seronegative SARS-

CoV-2 infection.?®
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There is a body of emerging data on the waning of antibody responses, especially
after the shorter dose interval regimen for BNT162b2.77°° Waning of antibody is
associated with loss of protection against infection,>" whereas protection against
severe disease is relatively well maintained.'*?** T cell responses to spike protein
post vaccination do not correlate strongly with binding or neutralizing antibody re-
sponses.” Importantly, while antibodies generated in response to vaccination

neutralize Omicron much less well than the ancestral strain,*°¢

the T cell response
to SARS-CoV-2 is minimally affected by mutations in the Alpha, Beta, Gamma, and
Delta variants of concern,”*” and 75%-85% preserved against the Omicron BA.1
variant.”*** Given that, at this point in the pandemic, public health decisions are
increasingly being made around limiting severe disease rather than preventing
milder infections in the community, having robust data at scale that indicates the tra-
jectory of the T cell responses after different vaccine regimens is of increasing value.
The impact of subsequent vaccine dosing on T and B cell responses is additionally a
key focus in such decision making.

We previously observed higher anti-spike binding, higher neutralizing antibody re-
sponses, and lower spike-specific T cell magnitude but increased interleukin (IL)-2
production 1 month after second dose when BNT162b2 was delivered with a longer
dosing interval (median 10 weeks) compared with the licensed shorter (3-4 weeks)
interval.” This pattern was reproduced in an elderly population,”® and the antibody
findings have been confirmed in the larger SIREN cohort.*® Evidence of improved
vaccine effectiveness with a longer dose interval was reported in a study of two
Canadian provinces.”’

In the study presented here, our objective was to explore the characteristics of
adaptive and humoral immunity following two and three vaccine doses, to
consider the longer-term impacts of regimen variation, vaccine type (including
the Oxford-AZ ChadOx1-based vaccine), and infection over time. We observed
the long term impact of prior infection even after two doses of vaccine, which is
consistent with protection documented in SIREN.® We saw no decline in T cell re-
sponses over time regardless of vaccine regimen; this contrasts with waning of
both binding and neutralizing antibody (NAb) titers, which remained strongest
and broadest in the long-interval BNT162b2 group. The third dose of vaccine
boosted binding antibody responses such that differences seen between vaccine
regimens after only two doses were reduced, as were differences associated
with prior infection. Overall, the data indicate a stable pool of T cell memory is
induced and maintained across vaccine types/regimens, consistent with the sus-
tained impact of vaccination with or without prior infection in protection against
severe disease.

RESULTS

Participants vaccinated with a primary course and a booster dose of COVID
vaccine

We studied 684 participants who had been vaccinated with a primary course of
COVID-19 vaccine between 9th December 2020 and 23rd May 2021 (Table 1
and Figure 1A). In total, 592 participants received a primary course of
BNT162b2 vaccine (Pfizer), of whom 84 participants received the second dose
of BNT162b2 vaccine after a short (3-5 weeks, median 24 days) interval,
and 508 participants received the second dose of BNT162b2 vaccine after an
extended (6-17 weeks, median 71 days) interval.” Ninety-two participants received
a primary course of AZD1222 vaccine administered with an interval of 7-23 weeks
(median 74 days). The median age of all participants was 43 years (range 22-77
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Table 1. Demographic characteristics of participants in the study

All AZ Pfizer short Pfizer long p? value
Total N 684 92 84 508 NT
Dosing intervals
Median days 71 74 24 71 NT
Median weeks 10 11 3 10 NT
IQR (days) 63-77 64.75-78 21-27 66-78 NT
Maximum days 158 158 38 120 NT
Minimum days 14 53 0 0 NT
Range (days) 14-158 53:158 0:38 0:120 NT
Infection status
Naive, N (%) 342 (50.0) 45 (51.1) 49 (41.7) 248 (52.4) NT
Total previous SARS-CoV-2, N (%) 342 (50.0) 47 (48.9) 35 (58.3) 266 (48.8) 0.22
Previous infection at baseline, N® 269 39 30 200 NT
PCR + breakthrough infections, N° 33 5 4 24 NT
Seroconverted during study, N° 49 6 1 42 NT
Age
Maximum age (years) 77 77 71 71 NT
Minimum age (years) 22 22 22 22 NT
Age range (years) 22-77 22-77 22-71 22-71 NT
Median age (years) 43 43 45 43 NT
Interquartile age range (years) 33-52.3 27-56 37-55 33-51.25 NT
Sex
Female, N (%) 505 (73.8) 68 (73.9) 50 (59.5) 387 (76.2) NT
Male, N (%) 179 (26.2) 24 (26.1) 34 (40.5) 121 (23.8) 0.006
Ethnicity
White, N (%)° 464 (83.8) 71(79.8) 56 (84.8) 337 (84.5) NT
Asian, N (%)° 56 (10.1) 12(13.5) 5(7.6) 39 (9.8) NT
Black, N (%)° 7(1.3) 0(0.0) 1(1.5 6(1.5) NT
Other, N (%)° 27 (4.9) 6(6.7) 4(6.1) 17 (4.3) NT
Unreported, N 130 3 18 109 NT

NT, not tested.
°Differences between the groups were assessed using the chi-square test.

BPrevious infection at baseline (time of first vaccination) = previous PCR + SARS-CoV-2 +/— anti-nucleocapsid IgG positive at baseline.
“PCR + breakthrough infections include nine re-infections that were in the “previous infection at baseline” group.

9Seroconverted during study = no documented PCR+, lateral flow test, or suspected SARS-CoV-2 infection but asymptomatic rise in anti-nucleocapsid IgG (MSD)

above assay positivity threshold and >2x baseline.
®Percentage using total reported ethnicities as the denominator.

years), and 73.8% of participants were female, reflecting the demographic of
HCWs in the UK and consistent with our previous reports and the wider SIREN
cohort.

Symptomatic infection and asymptomatic anti-nucleocapsid seroconversion
were common during the study period

During follow-up of this cohort (May 2021 to March 2022), some participants became
infected during the SARS-CoV-2 waves of Delta and Omicron BA.1 or BA.2 (Table 1).
Thirty-three participants developed symptomatic COVID-19 confirmed by positive
SARS-CoV-2 PCR assay. A further 49 participants had evidence of asymptomatic
infection between 1 and 6 months after the second vaccine, reflected by SARS-
CoV-2 nucleocapsid (N) antibody seroconversion detected in the 6-month samples.
After accounting for those infections, half the cohort (342 participants) met the defi-
nition of infection naive at the time of the third vaccination. In addition, 11 partici-
pants of 21 followed up to 6 months post third dose became infected with Omicron
variants.

194  Med 4, 191-215, March 10, 2023



Med

A

Primary Vaccine course
1. BNT162b2 x 2 Short (dose interval 3-5 weeks) n =84
2.BNT162b2 x 2 Long (dose interval 6-17 weeks) n = 508

Study Design

3rd Dose Boost
BNT162b2 or mRNA-1273

3.A71222x2 (dose interval 9-22 weeks) n = 92
1
st 3rd o
‘vaccine' T ‘vaccine T L
dose Dose2  dose  Dose3 Dose3
+6months +1month +6months

© ® O  Naive - never infected SARS-CoV-2 n = 342

e

® @@ Hybrid infection SARS-CoV-2 n=2342

S (;\luding 72 people with new infection by Dose 3+ 1 month)

/7 /7

A further 11/21 previously naive people studied at Dose 3 + 6 months had become infected since Dose 3 + 1 month

© Naive ® Infected at baseline

¢? CellPress

Association between
M+N Specific T Cells and Anti-N IgG

© Spearman's r=0.1273 P = 0.1670 N = 482
©® Spearman's r = 0.0627 P = 0.0108 N = 400

10%4

1024

IFNy SFU/10° PBMCs

104

Olnfected during study

Comparison of T cell and IgG responses six months after the second dose of vaccine according to vaccine
regime and infection status.

C T cells: SARS-CoV-2 Spike at V2 + 6 months

<0.0001 (1.6%)
001842 1%

104

1034

1074

IFNy SFU/10° PBMCs

e

shot Long AZ  Shot Long  AZ
BNT16252 BNT16202
Naive Hybrid immunity

D IgG: SARS-CoV-2 Spike at V2 + 6 months
<0.0001 (4:4%)
<0001 (33%)
50001 @7

0.0007 (36%) 00008

107 <0001 2%
350 3

104

E IgG: SARS-CoV-2 RBD at V2 + 6 months
<0.0001 3.7%)
<0000 (2.7%)
<0.0001 (3.1%)
00138 (29%)
1077 <00001 00017
32x 2% o
1054

shot __Long  AZ
BNT162b2

Shot  Long  AZ

BNT162b2

Naive

Hybrid immunity

Short  Long Az Shot long  AZ
BNT16262 BNT16262
Naive Hybrid immunity

Time course of T cell, binding IgG and B cell responses for all participants, and cross section of responses
one month post dose 3 after 2 doses of BNT162b2 (short or long interval) or AZD1222 vaccine.

T

T Cells: Timecourse

00001240
10°7 <0.0001(1.7%)
)
104 00027 00001
3 ) 1.6 200 ,
H : . i :
2103 3 £ - .
: &
: : g
101 ¥
z . ¢ g
101 ; g R I R B
. . e N 8
. s . . . -

Doses 2 2 3 3 2 2 3 3
Months +1 +6 +1 +6 +1 46 +1 46

Naive Hybrid immunity

I T Cells: Cross-section at V3 + 1 month

109

<0.0001 (2.4x)

8 104 0.0036(3.1%) .
=
2
o 10°4
.
2
01024
3
B

10"

Short Long AZ  Short Long AZ
BNT162b2 BNT162b2
Naive Hybrid immunity

G IgG: Timecourse
<0.0001 (1.4x)
<0.0001 (3.2x)
<0.0001 (1.9x)
10° 00001 5 LI
00001014 00213 (1.8%)
1084 o000t <0.0001
56x <0.0001 <00001 “36x 00118
33x Tiex

31

H P

2 2 3 3
1 46 1 +6

Naive Hybrid immunity
J IgG: Cross-section at V3 + 1 month

1079
100

==

108 &
£ o .

210 .

10°
1024 .

10" T T T T T T
Doses Shot Long AZ  Short Long AZ
Months  BNTi6262 BNT162b2

Naive Hybrid immunity

H B Cells: Timecourse

104

8

S108

@

o

k)

2102

S

4

7 . :

Bor . . :

Doses 2 2 3 2 2 3
Months  +1 +6 M 4% M

Naive Hybrid immunity

K B cells: Cross-section at V3 + 1 month

105+
104
S s
Bl - =

10°1 3 —_——
e —_— 4
> = =
2 4024 H
& 102
o
El . 4

104 °

0.

Short Long AZ  Short Long AZ
BNT162b2 BNT162b2
Naive Hybrid immunity

Med 4, 191-215, March 10, 2023

195




¢? CellP’ress Med

Figure 1. Study design and T cell and IgG responses 6 months after vaccine dose 2, time course of T cell binding IgG and B cell responses for all
participants, and cross section of responses 1 month post dose 3 after two doses of BNT162b2 (short or long interval) or AZD1222 vaccine

(A) Schematic representation of vaccination and phlebotomy time points. Figure created using BioRender.

(B) Association of membrane (M) and nucleocapsid (N) protein-specific T cell and SARS-CoV-2 N-specific IgG responses in participants 6 months after
second dose and 28 days after third dose (hence participants can have >1 value) by infection status.

(C) Comparison of IFNy ELISpot responses to spike (S, ancestral strain) from cryopreserved peripheral blood mononuclear cells (PBMCs) in naive (gray
circles) participants 6 months after two doses of BNT162b2 (Pfizer-BioNTech) delivered with a short dosing interval short, 3-5 weeks, n = 33), or a long
dosing interval (long, 6-17 weeks, n = 116), or 6 months after two doses of AZD1222 (AstraZeneca) vaccine (AZ, n = 29), or previously infected (closed red
circles infected at baseline, open red circles infected during study) BNT162b2 short (n = 13), previously infected BNT162b2 long (n = 94), and AZ (n = 16)-
vaccinated individuals.

(D) Effect of vaccine regimen and infection status on SARS-CoV-2 S-specific IgG responses in naive short (n = 38), long (n = 170), and AZ (n = 39) and
previously infected short (n = 18), long (n = 99), and AZ (n = 28)-vaccinated individuals.

(E) Effect of vaccine regime and infection status on SARS-CoV-2 RBD-specific IgG responses in naive short (n = 38), long (n = 169), and AZ (n = 37) and
previously infected short (n = 18), long (n = 99), and AZ (n = 28)-vaccinated individuals.

(F) Time course comparison of T cell responses to SARS-CoV-2 spike by IFNy ELISpot assay for all vaccine regimens up to 6 months post third dose
(n=613).

(G) Tlme course comparison of IgG antibody response to SARS-CoV-2 spike by MSD assay for all vaccine regimens up to 6 months post third dose
(n = 680).

(H) Tlme course comparison of B cell responses to SARS-CoV-2 spike by B cell ELISpot assay for all vaccine regimens up to 1 month post third dose.
() Comparison of T cell responses 1 month after the third booster dose by primary vaccine regimen (BNT162b2 short, long, or AZD1222).

(J) Comparison of IgG antibody responses 1 month after the third booster dose by primary vaccine regimen.

(K) Comparison of B cell responses 1 month after the third booster dose by primary vaccine regimen. Gray circles, naive individuals; red circles, hybrid
immunity. ELISpot values are expressed as spot-forming units per million (SFU/10%) PBMCs. Data displayed are responses to peptide pools
representing the sum of S1.and S2 units of S (ancestral strain). IgG responses were measured in serum 6 months after the second dose using multiplexed
MSD immunoassays and are shown in arbitrary units (AU)/mL. Bars represent the median. Comparisons within groups were compared with Kruskal-
Wallis and Dunn’s multiple comparisons test (C-K) and Spearman’s tests (B), with two-tailed p values shown above linking lines for significant
differences with p < 0.05. Where p values are absent, comparison was not statistically significant (p > 0.05). Dashed lines in (B) represent thresholds for a
positive response: SARS-CoV-2 N IgG based on the mean concentrations measured in 103 pre-pandemic sera +3 SDs (3,874 AU/mL); SARS-CoV-2 M and
N IFNy ELISpot assay, mean +2 SDs of the DMSO wells across all experiments in the study (33 SFU/10°). Unpaired comparisons between naive and
hybrid immune time points were tested with the Mann-Whitney test.

We measured T cell responses 6 months after the second vaccine dose and found
that participants infected between 1 and 6 months after the second dose had similar
T cell responses to those infected prior to their first vaccine dose (Figure S1). Spike
immunoglobulin (Ig) G, measured by MesoScale Discovery (MSD), was lower in those
infected during the study compared with those infected before vaccination, but was
higher than infection-naive participants. Therefore, in this report, participants with
natural infection at any point were analyzed together as a “hybrid immunity” group,
regardless of when the infection occurred in relation to vaccine doses.

6 months post second vaccination, T cell IFNy ELISpot responses are greatest
following BNT162b2 short dose interval at 6 months and are augmented in
participants with hybrid immunity

In infection-naive participants, at 6 months post vaccine dose 2, there was no signifi-
cant difference in the T cell response by interferon gamma (IFNy) ELISpot assay be-
tween the three primary vaccine groups, although there was a trend toward higher
T cell responses in those who received BNT162b2 vaccine with a short interval (median
3 weeks) than those groups who were vaccinated with a BNT162b2 long interval (me-
dian 10 weeks), or the group vaccinated with AZD1222 (Figure 1C). This difference was
significant for the BNT162b2 short- and long-interval groups 1 month after the second
dose.” Spike-specific T cell responses 6 months after the second vaccination were
considerably greater in all groups (105 spot-forming units [SFU]/10® peripheral blood
mononuclear cells [PBMCs], interquartile range [IQR] 48-240) than the historical me-
dian responses we observed using the same assay in this cohort pre-vaccination in
2020"° 6 months after wave 1 infection (44 SFU/10° PBMC, IQR 1-107).

For anti-spike binding antibody responses, levels were higher for BNT162b2 recip-
ients than AZD1222 recipients irrespective of the dosing interval (Figure 1D).

196 Med 4, 191-215, March 10, 2023
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A similar pattern was apparent for receptor-binding domain (RBD) antibody
(Figure 1E). As was observed at 1 month post second dose, T cell and antibody re-
sponses were greater in magnitude in those who were previously infected at any
point before the 6-month post-second-dose sample was collected (Figures 1C-
1E). T cell responses against M and N were, as expected, higher in those with hybrid
immunity, and correlated with N antibody levels (Figure 1B).

After a booster (third) vaccine, IFNy ELISpot T cell responses were equivalent in all
groups irrespective of primary vaccine regimen.

Over the 6-month period following the second vaccine dose, T cell IFNy responses
were well maintained, with a modest fall that did not reach statistical significance,
and, overall, were boosted significantly after the third dose in both naive and hybrid
immune participants (Figure 1F). This apparent boost was accounted for by the
largest group, the BNT162b2 long-interval group (Figure S2D), while the other,
smaller groups did not achieve statistical significance (Figure S2A and S2G). These
responses were well maintained for 6 months following the third dose, with no sig-
nificant change in T cell response between 1 and 6 months post third dose, although
fewer hybrid immune participants were tested at this time point (Figure 1F). One
month after the third vaccine dose, participants receiving all three vaccine regimens
had equivalent T cell IFNYy responses (Figure 11). The post-dose-3 boosting effect did
not generate T cell responses any higher than those measured 28 days post dose 2,
but responses were higher than those measured 6 months post dose 2 value. Thus,
all groups derived a detectable benefit on the T cell response from the third vac-
cine dose.

Infection leads to boosting of IFNy ELISpot T cell responses following all
vaccine regimens

Spike-specific T cell responses were higher in those with hybrid immunity compared
with infection naive. This was the case for both BNT162b2-vaccinated groups
(Figures S2A and S2D) but was not the case in the AZD1222 group (Figure S2G).
T cell responses were still higher 1 month post dose 3 in those who had been previ-
ously infected with SARS-CoV-2 (Figure 1F). However, by 6 months post dose 3, the
spike-specific T cell response in naive and hybrid immune participants was equiva-
lent (Figure 1F). M and N responses were higher in BNT162b2-vaccinated partici-
pants with hybrid immunity (Figure S3A and S3D), but this difference was not seen
in the AZD1222 group (Figure S3G). Between 1 month post dose 2 and 1 month
post dose 3, even in the group who did not seroconvert to N, we detected a rise
in the T cell response to M and N in the BNT162b2 long-interval naive group (the
largest group), which became significant 1 month after the third dose (Figure S3D),
and appeared to increase still further at the 6-month time point (although this was
not significant). Given that T cell responses are more sustained than antibody re-
sponses, this presumably reflects people who became asymptomatically infected
but whose subsequent samples were taken after waning of the N antibody response.

Humoral responses wane quickly but are boosted by third dose vaccination

After the second vaccine dose, binding antibody responses decreased sharply. The
median SARS-CoV-2 spike IgG titer (MSD) decreased 5.6-fold in naive vaccine recip-
ients and 3.3-fold in the hybrid immunity group by 6 months (Figure 1G). Participants
who received the different vaccine regimens followed similar patterns (Figures S2B,
S2E, and S2H). Naive participants who received AZD1222 had lower spike antibody
titers post second dose than those receiving BNT162b2 regimens, but these titers
were then boosted 25-fold by the third (BNT162b2 mRNA) vaccine dose
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(Figure S2H). One month after the third dose, spike antibody IgG binding levels
increased back to similar levels to those measured 1 month post dose 2 (Figure 1G).
By 6 months after the third dose, the rate of waning was less than after the second
dose and was less in the naive group than in the hybrid immune group. The naive
group waned by 1.4-fold between 1 and 6 months after the third dose, which was
not significant, compared with 5.8-fold after the second dose. The hybrid immune
group waned 1.9-fold between 1 and 6 months post dose 3, compared with
3.2-fold in the equivalent period after the second dose. The reduction was signifi-
cant for the hybrid group, and brought it down to a level equivalent to that of the
naive group by 6 months post dose 3.

After the third dose, there was no significant difference in the magnitude of the spike
binding IgG response between vaccine regimens (Figure 1J). Overall, a subtle (1.4-
fold) but significant increase in spike IgG remained between previously infected and
naive participants 1 month after the third dose (Figure 1G). The IgG levels measured
post dose 3 were significantly greater than those measured post dose 2 in naive par-
ticipants, but those with hybrid immunity did not derive additional benefit from the
levels 1 month post dose 2, although there was a substantial boost over the 6 months
post dose 2 level in this group. The RBD binding response followed the same pattern
as the total spike response (Figure S3B, S3E, and S3H) and N antibody titers were
unchanged by vaccination in the hybrid immune group (Figure S3C, S3F, and S3l).
However, some of the naive participants did show rises in N antibody between
1 and 6 months post third dose. This time period corresponded to the very large
wave of Omicron BA.1 in the UK, and likely represents subclinical infection in
some of our participants.

Memory B cell responses were measured by IgG ELISpot in a subset of 106 partici-
pants (Figures TH, S2C, S2F, and S2I). Six months after the second dose, memory
B cell frequencies were similar between naive and hybrid immunity group, and these
responses were preserved, with no statistically significant difference from 1 month
post second dose. In the whole dataset, memory B cell responses were not affected
by the third vaccine dose, although there was a significant increase in the BNT162b2
long-interval and AZD1222 groups in both naive participants (Figures S2F and S2I)
and in the BNT162b2 long-interval participants with hybrid immunity (Figure S2F).
Unlike the T cell IFNYy response, where there was still an advantage in those previ-
ously infected, there was no increase in the memory B cell response in those previ-
ously infected in any group (Figures TH and 1K).

These data indicate that, although antibody levels decline between the second and
third vaccine doses, T and B cell responses are well maintained across this period.
Hybrid immunity conferred an advantage on the magnitude of the T cell and anti-
body response at all time points, including after the third vaccine dose, but did
not for the B cell response. The third vaccine dose boosted immunity back to previ-
ous levels, or greater, with a tendency to even out any earlier differences between
two-dose vaccine regimens.

Our cohort was mostly female, but the BNT162b2 short-interval group contained
significantly more male participants (30 of 84, 40.5%, p = 0.006, chi-square test;
Table 1). We did not detect any significant differences in responses between the
three vaccine regimens, but, to ensure that there was no potential for the imbalance
in male participants to influence this, we ran regression models to investigate the in-
fluence of age, sex, previous SARS-CoV-2 infection, and vaccine regimen on logg
transformed spike-specific IgG and T cell responses (see Table S1 [antibody] and
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Table S2 [T cell] regression analysis). Multivariable models indicated that previous
infection was independently associated with both IgG responses (Table S1) and
T cell responses, but that male sex was inversely associated with T cell responses
(Table S2). Multivariable models were used to explore the effect of sex within each
vaccine regimen group for IgG and T cell responses. Sex had no effect on IgG re-
sponses in all three vaccine groups (Table S1). Responses were negatively associ-
ated with age and associated with previous infection in the BNT162b2 long-interval
group. For T cell responses, previous infection was associated with T cell responses
in the BNT162b2 groups, and male sex was negatively associated with T cell re-
sponses only in the AZD1222 group (Table S2). Therefore, the male imbalance did
not affect the measurement of responses in the BNT162b2 short-interval group.
Although we found evidence that T cell responses to a booster mRNA vaccine are
weaker in men who have received a primary course of AZD1222, this must be viewed
with caution as it is based on only 24 participants.

Polyfunctional T cell responses are detectable 6 months after vaccination, with
enhancement in individuals with hybrid immunity

T cell responses measured by intracellular cytokine staining (ICS) were lower at
6 months post second dose in AZD1222-vaccinated participants compared with
BNT162b2 recipients (Figure 2A), in line with the ELISpot findings. T cell function
was similar between the two BNT162b2 groups, and there was less IL-2 and tumor
necrosis factor (TNF) made by the AZD1222 group (Figure 2A). These differences ev-
ened out in the hybrid immunity group. CD8" T cells made a substantial fraction of
the IFNYy, at least half on average (Figure 2B), with a trend to more in the AZD1222
group, as known for chimpanzee adenovirus vectored vaccines.*® Very little IL-2 was
made by CD8" T cells; the overwhelming majority of the IL-2 response came from
CD4" T cells on a per-individual basis, irrespective of vaccination regimen (Fig-
ure 2C). All groups of participants made polyfunctional T cell responses, which we
defined as IFNy/IL-2/TNF triple-positive cells (Figure 2D). There were no differences
between vaccine regimens in those with hybrid immunity, who uniformly had poly-
functional responses detectable.

CD4* and CD8" proliferation responses to SARS-CoV-2 spike are higher in
previously infected participants

We also assessed cellular responses to SARS-CoV-2 using T cell proliferation, a
measure more biased toward central memory responses than IFNy assays. T cell pro-
liferation to spike S1 and S2 peptide pools was higher in previously infected
AZD1222-vaccinated and the short-interval BNT162b2 group compared with naive
individuals with a 3- to 8-fold increase in the median responses of CD4" and CD8"
T cells respectively (Figures 3A, 3B, and 3D), thus confirming the enduring increase
in cellular memory conferred by infection combined with vaccination. As expected,
responses to M and N were absent in the majority of naive individuals (Figures 3C
and 3E), with only one sample per vaccination regimen showing slightly elevated
CD4" T cell proliferation (3%~-11%), which was not explained by N seroconversion
(Figure 3C). Differences between vaccination regimens were only apparent in the
BNT162b2-vaccinated hybrid immunity groups with significantly increased CD8
responses to S1, S2, and M in the short compared with the long interval.

The antibody response to SARS-CoV-2 broadens after the third vaccine dose,
including enhanced neutralization activity against Omicron BA.1

Despite the differences between the naive vaccine groups in binding antibody
6 months after the second dose (Figure 1D), there was no significant difference in
neutralization capacity of sera from these participants against the ancestral Victoria
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Figure 2. Analysis of spike-specific T cell responses by flow cytometry

(A and B) Cryopreserved PBMCs from a subset of 95 participants who received BNT162b2 (Pfizer/BioNTech) with a short or long dosing interval or
AZD1222 (AstraZeneca) 1 month after the second dose were analyzed by ICS and flow cytometry. The individual cytokine expression levels of total IFNY,
IL-2, or TNF are shown as a percentage of (A) the CD4™ T cell population (top) or (B) the CD8" T cell population (bottom). Populations were analyzed by
gating on single, live, CD3" cells (Figure S4). Short, BNT162b2 short interval; long, BNT162b2 long interval; AZ, AZD1222. Naive participants are shown
as gray circles and hybrid immunity group are shown as red circles. Horizontal bars represent the median.

(C) The T cell populations responsible for IFNy or IL-2 expression were assessed as the proportion of IFNy or IL-2 expressed by CD4" T cells, calculated
by dividing the cytokine production in CD4" T cells by the total cytokine production in response to spike in both CD4" and CD8" T cells. Horizontal
bars represent the median.

(D) Polyfunctionality was evaluated by combined expression of IFNYy, IL-2, and TNF in CD4" and CD8™ T cells, showing the percentage of cells making all
three cytokines. Naive short, n = 20; naive long, n = 15; naive AZ, n = 14; hybrid immunity short, n = 13; hybrid immunity long, n = 17; hybrid immunity AZ,
n = 16. Unpaired comparisons across two groups were performed using the Mann-Whitney test with two-tailed p values shown above linking lines when
two-tailed p < 0.05. Horizontal bars represent the median.
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Figure 3. T cell proliferation to SARS-CoV-2 at 6 months after the primary vaccine course of two doses of BNT162b2 or AZD1222

T cell proliferation to SARS-CoV-2 peptide pools was assessed by flow cytometry in PBMCs from 73 participants who had received either BNT162b2 with
a short or long vaccine dosing interval or AZD1222 vaccine and were either naive or were previously infected (either at baseline or during the course of
the study).
(A) Relative frequency of CD4" and CD8" T cells proliferating to individual peptide pools spike S1, spike S2, membrane (M), and N protein in naive

(n = 39) and hybrid immunity (n = 34) individuals. Gray color, missing value.

(B—E) (B and D) Proliferation to S1and S2 and (C and E) M and N protein in CD4" (B and C) and CD8" (D and E) T cells are shown across the three vaccine
regimens separated by exposure status (naive versus hybrid immunity). Individual data points and median with IQR are displayed for naive short, n = 16;

naive long, n = 15; naive AZ, n = 8; hybrid immunity short, n = 11; hybrid immunity long, n = 12; hybrid immunity AZ, n = 11. Comparisons between naive
and hybrid immunity within each vaccine regimen were performed using the Mann-Whitney test, and comparisons between the three vaccine regimens
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Figure 3. Continued

within the naive and previously infected groups was performed using the Kruskal-Wallis test and Dunn’s multiple comparisons correction. Two-tailed p
values are shown only for statistically significant comparisons (p < 0.05). Fold change between medians of two groups are shown in brackets next to or
under p value. (Fold change is not shown for those comparisons where there was no proliferation detected in one of the groups.) Gray circles, naive
individuals; red circles, participants with hybrid immunity. Central horizontal bars represent the median, and error bars represent the IQR.

strain (Figure 4A). Neutralization titers were lower against Delta and lower still
against Omicron BA.1 compared with Victoria, as previously described.***® The
BNT162b2 long-interval group had higher neutralizing titers against Delta than
the short-interval group, as they did 28 days after the second dose.” Using a surro-
gate neutralization assay on the MSD platform, which measures inhibition of spike-
ACE2 binding, we measured neutralization of a wider range of variants. We also
observed differences with the BNT162b2 long-interval group having higher anti-
body titers than the other groups (Figure 4B). Although there was a trend for higher
titers in the BNT162b2 short group compared with the AZD1222 group, this did not
reach significance. The surrogate neutralization assay showed a good correlation
with the live virus focus reduction neutralization assay for Victoria, Delta, and Omi-
cron variants (Figure S5).

After the third dose of vaccine, neutralization capacity against both the Delta and
Omicron BA.1 variants increased. Our previous report in this cohort demonstrated
that the neutralization of Omicron BA.1 was significantly higher 28 days after three
doses of BNT162b2 compared with 28 days after two doses.” No differences
were observed between vaccine groups after the third dose (Figure 4C). These dif-
ferences also evened out in the ACE2 inhibition assay, although there was some
saturation of the assay (Figure 4D). Therefore, although the overall level of binding
antibody increased minimally (only in the naive group) between 28 days after the
second and 28 days after the third dose (Figure 1G), the neutralization capacity of
the antibody response broadened and the gap between groups closed (Figure 4E).
Thus, we observed a higher quality of response after the third dose, paralleling what
has been seen for clinical effectiveness of a booster dose against Omicron.

In a smaller subset of naive participants, we extended these analyses to BA.2 and
BA.3 (for MSD binding and ACE2 inhibition), 6 months post dose 2 and 1 month
post dose 3. In order to determine the lasting effects of the booster dose on Omi-
cron variants post dose 3, we studied a further 115 participants for IgG binding to
Omicron variants, and 45 participants for live virus neutralization to Omicron BA.1,
BA.2, and BA.5 6 months post dose 3. These assays showed that IgG binding to Om-
icron BA.1, 2, and 3 spike was lower than that for the ancestral strain but persisted
well 6 months after the third dose (Figures 5A-5C), including binding to BA.4/5,
which we measured at this time point. ACE2 inhibition by antibody was reduced
for Omicron BA.1-3, and ancestral and Omicron responses waned (Figures 5D-
5F). However, the spread of responses at 6 months post dose 3 was wide, and by
this point 11 of the 21 participants had contracted Omicron infections (Figure 5F).
Virus neutralization for BA.1, BA.2, and BA.5 showed similar levels of neutralization
for BA.1 and BA.2, and a slight drop for BA.5 (Figure 5G). These responses waned
significantly by 6 months, but, in the subgroup of 11 people who became infected
with between 1 and 6 months post dose 3, responses were significantly higher to
Omicron variants but not to the ancestral virus (Figure 5G). Neutralization responses
correlated with ACE2 inhibition for most participants (Figures S5D=S5I), with some
evidence of saturation of the ACE2 assay. Importantly, overall, we detected less
waning é months after the third dose than at the same time point after the sec-
ond dose.
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Figure 4. Neutralizing antibody and ACE2 inhibition titer profiles against SARS-CoV-2 variants of concern 6 months after two doses of BNT162b2 or
AZD1222 and 1 month after a third vaccine with BNT162b2

(A and C) Focus reduction neutralization assay 50% (FRNTsp) antibody titers against the Victoria isolate (orange), Delta (B.1.617.2, purple), and Omicron
BA.1(B.1.1.529 BA.1, blue) taken from infection-naive participants. FRNTsg is the reciprocal dilution of the concentration of serum required to produce a
50% reduction in infectious focus-forming units of virus in Vero cells (ATCC CCL-81). Participants either received two doses of BNT162b2 (Pfizer-
BioNTech) vaccine delivered in a short (3-5 weeks, n = 20) or long (6-17 weeks, n = 20) dosing interval or two doses of AZD1222 (AstraZeneca) vaccine
(AZ, n = 16). Neutralizing antibody titers are shown in (A) 6 months after the second dose and, for the same individuals, (C) 1 month after a third booster
dose of mMRNA vaccine for all participants. Geometric mean neutralizing titers with 95% confidence intervals are shown.

(E) Comparison of the data from (A) and (C), plotted as means with error bars by vaccine regimen 6 months after the second vaccine (V2 + 6 months),
1 month after the third booster mRNA vaccine (V3 + 1 month). The range of fold change (median) between V2 + 6 months and V3 + 1 month for the three
vaccine regimens (short, dashed line; long, solid line; and AZ, dotted line) is shown in brackets for each variant. Points represent the median, and error
bars represent the IQR. Data in (A), (C), and (E) from the short group (n = 20) have been previously published.35

(B and D) Impact of short or long BNT162b2 vaccine dosing interval and AZ on the ability of sera to inhibit ACE2 binding to SARS-CoV-2 spike (Victoria
isolate, Delta (B.1.617.2), Omicron BA.1 (B.1.1.529 BA.1), Alpha (B.1.1.7), Beta (B.1.351), and Gamma (P.1)) (B) 6 months after the second dose and (D)
1 month after a third booster dose with mRNA vaccine. ACE2 inhibition was analyzed using a multiplexed MSD assay and performed at a serum dilution
of 1:10 at V2 + 6 months and 1:100 at V3 + 1 month. Data are shown as percentage of inhibition. Bars represent the median with 95% confidence intervals.
Naive, short, n = 20; naive, long, n = 20; naive, AZ, n = 16 for V2 + 6 months; naive, short, n = 19; naive, long, n = 20; naive, AZ, n = 10 for V3 + 1 month.
Vaccine regimens were compared with the Kruskal-Wallis nonparametric test and Dunn’s multiple comparisons correction, with two-tailed p values
shown above linking lines when two-tailed p < 0.05, and fold changes are shown between the columns.
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Figure 5. Antibody responses to Omicron subvariants up to 6 months after dose 3

(A-C) IgG binding measured on the MSD platform to spike from ancestral SARS-CoV-2 (orange) and the BA.1 (blue), BA.2 (gray), BA.3 (brown), BA.3
(maroon), and BA.5 (green) Omicron variants at 6 months after two doses of BNT162b2 (A) and 1 month after dose 3 of BNT162b2 vaccine in infection-
naive participants (n = 21) (B) and 6 months post dose 3 of BNT162b2 vaccine (C) in both infection-naive participants (n = 60) and in participants who
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Figure 5. Continued

became infected with an Omicron variant between 1 and 6 months after dose 3 (n = 55). Central horizontal bars represent the median, and error bars
represent the IQR.

(D-F) ACE2 inhibition by plasma from the same donors in (A)=(C) at 6 months post dose 2 (D), 1 month post dose 3 (E), and 6 months post dose 3 (F).
ACE2 inhibition was performed at a serum dilution of 1in 100 to account for saturation of the assay, as seen in Figure 6. Comparisons between responses
to ancestral and Omicron variants were made using Friedman's test, with two-tailed p values of significant differences (p < 0.05) shown above linking
line. Central horizontal bars represent the median, and error bars represent the 95% confidence interval.

(G) Neutralizing antibody was measured at 1 month post dose 3 and 6 months post dose 3 by FRNTs, for Victoria strain (orange), BA.1 (blue), BA.2 (gray),
and BA.5 (green) Omicron variants in participants who remained infection naive (n = 33) and those who became infected in between 1 and 6 months after
dose 3 (n = 11). Filled circles indicate participants who remain infection naive, and participants who became infected with an Omicron variant between
1 month and 6 months after the third vaccine dose are indicated in unfilled circles. Paired comparisons between 1 and 6 months after vaccine were
tested using the Wilcoxon signed-rank test, and comparisons between groups were tested using the Mann-Whitney test.

Cross-reactive T and B cell responses to the Omicron variant are preserved
compared with the ancestral strain (Victoria) after second and third vaccine
doses

We investigated the effect of the third vaccine dose on T cell and B cell responses to
Omicron variants, in recognition of reduced vaccine effectiveness against infection
with Omicron but preservation of protection against severe disease. First, we tested
responses to Omicron BA.1 at 6 months post dose 2, similar to the situation for many
people when Omicron first appeared in the UK in November 2021. Unlike neutral-
izing antibody responses, which were much lower for Omicron BA.1 6 months after
the second dose (Figure 4A), and lower but with the gap narrowed after the third
dose (Figure 4C), T cell and B cell ELISpot responses were much less affected. Using
flow cytometry in the same participants in whom we studied multiple cytokine re-
sponses to spike, we did not detect any differences in the functionality of CD4 or
CD8 T cell responses to Omicron BA.1 at 6 months post dose 2 (Figures 6A and
6B), although the total proportion of the IFNy response in CD4" cells dropped
slightly (Figure S6A).

Using the more sensitive IFNy ELISpot assay, the proportion of ancestral SARS-
CoV-2 T cell responses that were relatively preserved for Omicron BA.1 on a per-in-
dividual basis was very high 6 months after the second dose (median 94%, IQR
75-110), and 1 month after a third dose, (median 90%, IQR 70-104), although the
difference between ancestral strain and Omicron was significant by Wilcoxon
matched-pairs signed-rank test (Figures 6C and 6D). Analysis of T cell ELISpot re-
sponses comparing only the peptides affected by mutations did reveal a drop (Fig-
ure 6E; median 53%, IQR 22-75), but this was not enough to have an impact on the
T cell response for all of spike. We extended this analysis at 6 months post dose 3 for
46 hybrid immune and 28 naive participants. We tested ancestral SARS-CoV-2 spike
peptides alongside those from Omicron BA.1, BA.2, and BA.4/5 (Figure 6F). At this
point, there was no difference detected between the T cell response to any Omicron
variant in either group by 6 months post third vaccine dose.

For B cells, responses to Omicron BA.1 were lower compared with the ancestral Vic-
toria strain 1 month after the second dose (median 59% Omicron relative to ancestral
SARS-CoV-2, IQR 56-67, p = 0.0005) (Figure 6G), 6 months after the second dose
(median 57%, IQR 45-64, p < 0.0001) (Figure 6H), and 1 month after a third dose,
(median 69%, IQR 58-78, p < 0.0001) (Figure 6l). This still represents a relative pres-
ervation of B cell immunity, compared with the absolute loss of neutralizing anti-
bodies to Omicron after two vaccines (Figures 4A and 4C).

We also measured the effect of Omicron on proliferative responses of T cells in some
participants. No changes were observed for CD4" and CD8" T cell proliferation in
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T cell responses to Omicron
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Figure 6. Comparison of cytokine response at 6 months after dose 2 against ancestral strain and Omicron BA.1 variant according to infection status
Longitudinal comparison of T cell and B cell responses against ancestral strain and Omicron BA.1 variant according to vaccine regimen and infection
status.

(A) Comparison of percentage IFNy, TNF, and IL-2-positive CD4 T cells against ancestral strain and Omicron BA.1 variant by ICS of cryopreserved
PBMCs in either infection-naive participants or participants with hybrid immunity. Box plots represent the median and IQR and whiskers represent 1.5x
the IQR.

(B) Comparison of percentage IFNy, TNF, and IL-2-positive CD8 T cells against ancestral strain and Omicron BA.1 variant by ICS of PBMCs in either
infection-naive participants or participants with hybrid immunity. Box plots represent the median and IQR and whiskers represent 1.5x the IQR.

(C and D) Pairwise comparison of T cell responses to spike from ancestral strain and Omicron BA.1 variant from PBMCs by IFNy ELISpot assay (C) in
participants 6 months after primary vaccine course (two doses of BNT162b2 or AstraZeneca), n = 215, and (D) 1 month after third BNT162b2 vaccine
dose, n = 175. Displayed are responses to peptide pools representing the sum of S1 and S2 units of S from ancestral strain and Omicron variant.

(E) Pairwise comparison of IFNy ELISpot responses in a subset of participants (n = 36) to only the 51 out of 178 peptides spanning spike that have
mutations in Omicron BA.1 compared with the ancestral strain.

(F) T cell responses to spike from ancestral strain and Omicron BA.1, BA.2, and BA.4/5 variants in PBMCs from naive (n = 28) and hybrid immune (n = 46)
donors by IFNy ELISpot assay. Horizontal lines represent the median.

(G-1) (G) Pairwise comparison of B cell responses to S in ancestral strain and Omicron BA.1 variant from PBMCs in participants 1 month after vaccine dose
2 (n=12); (H) 6 months post second vaccine dose (n = 43); (I) 1 month after third vaccine dose (n = 80). Orange circles, responses against Victoria variant;
blue circles, responses against Omicron BA.1 variant. Displayed are responses to peptide pools representing S1 and S2 units of S from ancestral and
Omicron variants. ELISpot values are expressed as antibody SFU/10¢ PBMCs. Horizontal lines represent median values. Comparisons between
responses to ancestral and Omicron variants were made using Wilcoxon matched-pairs signed-rank test, with two-tailed p values of significant
differences (p < 0.05) shown above linking line.

the naive group, although numbers of naive participants were limited (Figures S6B
and SéD). In the hybrid immunity group, we observed a significant but modest
drop in the proliferative response of CD4" and CD8™ T cells to Omicron BA.1 spike
S2 (Figure S6C, p = 0.0115) and S1 pool (Figure S6E, p = 0.034) respectively
compared with ancestral spike. Overall, T and B cell responses to the Omicron
BA.1 variant were well preserved compared with antibody responses.

DISCUSSION

Our study reports robust immunity to SARS-CoV-2 spike, including to Omicron sub-
variants for all three primary vaccine regimens—BNT162b2 with a short (3-4 weeks)
dosing interval, BNT162b2 with a long (6-17 weeks) dosing interval, and AZD1222—
following boosting with an mRNA vaccine. Over the course of the COVID-19
pandemic, vaccines have significantly reduced the link between the number of infec-
tions with SARS-CoV-2 and the numbers of hospital admissions and deaths due to
COVID-19. Although there has been continual evolution of viral variants, which
have evaded the antibody response to varying degrees,’? vaccines have retained
more effectiveness against severe disease than against overall infection.'*>°
Emerging evidence implicates T cells as one potential mechanism for this
protection, perhaps in addition to non-neutralizing antibody functions.”**°" The
presence of both T cell and antibody responses gives the greatest protection from
infection®” and from death in severe disease,”' an observation that is also supported
by studies in a macaque model.?°

Here, in a cohort of participants that overlaps with the SIREN study, in which vaccine
effectiveness has been shown,® we have observed that responses after a third dose
of COVID vaccine have different dynamics: binding and neutralizing antibodies
wane over the 6 months following the second dose, whereas B and T cell ELISpot re-
sponses wane much less over that interval. At 6 months post second dose, T cells
secrete multiple cytokines and proliferate, indicating a broad range of memory func-
tion is retained by these cells. In addition, T cell responses are higher 6 months after
vaccination in uninfected participants than they were in unvaccinated HCW 6 months
after wave 1 infection in 2020, in a previous study of this cohort.”® Our findings are
similar to those of Maringer et al., who also found that T cell responses were pre-
served more than antibody responses between the primary course and booster
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vaccination,” although we also found a benefit with the third dose, likely due to
increased power from a much larger sample size.

The third vaccine dose boosted all responses from their nadir post dose 2. The
relative magnitude of the T cell boost was smaller compared with the antibody
boost, but T cell responses had not waned to the same degree prior to the third
dose. The third vaccine dose led to peak T cell levels that were higher than their
previous peak 1 month post second dose. In contrast, the boost to binding anti-
body response achieved by the third dose did not exceed the previous peak
achieved post dose 2. Interestingly, although a third dose of vaccine did not
achieve higher peak binding antibody levels, the neutralizing capacity of the anti-
body response was much greater post dose 3 compared with post dose 2, repli-
cating earlier observations.*> We observed that the B cell response also declined
less in the 6 months after second vaccination than did the neutralizing antibody
response, and this implies many of these cells make antibody that binds, but
does not neutralize, the virus.

With each successive vaccine dose, and up to 1 month after the third vaccine dose,
participants who had been naturally infected with SARS-CoV-2 had their antibody
and T cell responses boosted and the absolute values achieved were consistently
higher than those who had not been naturally infected. These observations are
particularly important when evaluating the relative benefit of a third vaccine dose,
which we demonstrate achieved statistically significant boosting effects even in
the presence of hybrid immunity. These differences finally evened out by 6 months
after the third dose. The ex vivo immunogenicity benefits of hybrid immunity
demonstrated here align with evidence of the enhanced clinical effectiveness of
vaccination in the presence of hybrid immunity.® Superior vaccine effectiveness
has also been observed against Omicron BA.1, BA.2, and BA.4/5 infections in those
with hybrid immunity, compared with vaccination or infection alone.”*** A recent
systematic review comparing a range of estimates of protection from previous infec-
tion, vaccination, and hybrid immunity has also found that hybrid immunity provides
the greatest and most sustained protection.”

We could also still detect an influence of the dose interval of BNT162b2 vaccine at
6 months after second vaccination. However, after the third vaccine dose, these
differences had largely evened out and were no longer significant between the
groups. T cell and antibody responses to spike were lower 6 months after primary
vaccination course for AZD1222 compared with either BNT162b2 dosing regimen.

5657 and lower

These findings are compatible with previous reports for antibodies
vaccine effectiveness against infection,’ although vaccine effectiveness against
hospitalization has been well preserved. After the AZD1222-primed recipients
received a heterologous boost with mRNA vaccine, robust and similar cellular
and antibody immunity including against Omicron BA.1 variant was seen for
all three regimens studied. We detected a possible influence of male sex on
reducing T cell responses to a third dose of mRNA vaccine in people who had
received a primary course of AZD1222 vaccine. However, this finding was based
on a small number of participants so must be viewed with caution. The larger
parent SIREN study would have greater potential to answer this question defini-
tively, although the public health relevance of this observation is diminishing
over time.

The third dose gave a broad immune response that could recognize all the variants
tested. This included neutralization of the Omicron BA.1, BA.2, and BA.5 lineages.
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The few participants who were followed out to 6 months post dose 3 and had an
Omicron infection (11 participants) increased their neutralizing antibody responses
to Omicron and not to Victoria, providing no evidence of immune imprinting (or anti-
genic sin) as has been recently suggested to occur with Omicron.”® More recent
population-level evidence from Denmark and the UK suggests that Omicron BA.1
or BA.2 infection in combination with vaccination is more protective against Omi-
cron BA.5 than Alpha or Delta infection.>*” This may be due to waning immunity,
antigenic difference, or both, rather than imprinting. We have not tested the effect
of hybrid immunity on subsequent responses to Omicron; such work is ongoing.
However, we found no evidence of antigenic sin for responses after Omicron infec-
tions, which were larger than the corresponding increase in antibody to the ancestral
vaccine virus. T cell responses were less affected by viral variants that antibodies,
likely due to the wider range of epitopes available to T cells compared with anti-
bodies, where protective responses are more focused. Our findings are in line
with those of others, who have also observed that antibodies decline more rapidly
than T cell responses.®” We found that T cell responses after the third dose were du-
rable out to 6 months post dose, and that at this point, overall, ancestral, and Om-
icron strains were recognized equally well.

Despite public concern about loss of immunity over time post infection and/or vac-
cines, we find ample evidence of strong and durable immunity and memory re-
sponses that are likely to sustain protection against severe COVID-19 long term.
Further booster vaccinations are likely to be most beneficial for preventing severe
disease in the clinically vulnerable and may lead to a reduction in hospitalization
rates. People with immune compromise are now receiving fourth or even fifth vac-
cine doses in the UK and other countries, and parallel studies of durability of immu-
nity in such populations are needed. The role of further booster vaccines for HCWs
requires onward longitudinal follow-up of this cohort and others, but prevention of
infection in HCWs continues to be desirable to minimize infection-related absence,
nosocomial transmission, and risks of long COVID.*'

Limitations of the study

Our study has a number of limitations. (1) As with other HCW studies, our cohort has
a female majority and is predominantly in people reporting white ethnicity; it may
not therefore fully represent other populations. We have not observed any impact
of sex or ethnicity in this study or our previous reports.”*** (2) Our longitudinal cohort
does notinclude never-vaccinated participants, because all the HCWs engaged with
our studies across six sites took up vaccination. However, we have been able to
compare responses 6 months after vaccination (in 2021) with historical data using
the same assay in a subset of the same cohort in 2020, 6 months after wave 1 (ances-
tral strain) infection before vaccine were available,’® and demonstrate that vaccine-
induced responses in infection-naive HCWs are higher than infection-induced
responses. (3) We were not able to perform all assays on all participants at all time
points, due to lack of sample availability, missed follow-up visits, and/or laboratory
capacity. This means that not all our data are longitudinal, although many are. To ac-
count for this, we have used unpaired testing in all our comparisons. (4) We only per-
formed neutralizing antibody measurements on naive participants due to the labor
intensity and interpretation requiring matching with infecting variant strain, and this
information was limited. (5) We defined hybrid immunity in participants as previously
testing PCR positive for SARS-CoV-2, or seroconversion to anti-N positivity during
the study. However, some of the group labeled naive could have been exposed to
SARS-CoV-2, because up to 60% of vaccinated people may not develop anti-N
antibody, and the N sequence differs between variants.**** As time went on, the
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N antibody levels rose in our naive participants, even though many remained below
the assay threshold for a positive N response. As hybrid immunity evolves in the pop-
ulation, it will become increasingly difficult to define the shrinking group of people
who have never been infected with SARS-CoV-2. (6) For people with vaccine break-
through infections since the second vaccine dose, infecting sequence data were not
always available. However, we know that the majority of this report covers a period in
time when Delta was the predominant variant, with 68% and 88% of the sampling
complete for this study by 1st December 2021 and 1st January 2022 respectively.
(7) Finally, we have not addressed mucosal immunity in this report, and this is the
subject of ongoing work. Antibody can be readily detected in the mucosa post infec-
tion with SARS-CoV-2.%° Cellular and antibody responses have been also detected in
the mucosa after COVID vaccination,®®*” but at low levels, and their role in protec-
tion remains unclear.

In summary, we have observed that SARS-CoV-2-specific cellular immune re-
sponses are better maintained compared with antibodies in the 6 months
following the second dose of COVID-19 vaccine. The third dose of vaccine confers
a measurable benefit to these responses irrespective of the primary course,
including in people who have previously been infected (hybrid immunity), who
therefore may also stand to benefit from a third dose. The third dose also induces
better antibody recognition of SARS-CoV-2 variants, including Omicron BA.1. Our
findings allow establishment of the dynamics of the immune response post infec-
tion and vaccination in a healthy population of working age, which can then be
used as a benchmark for evaluating immunity in vulnerable groups, and provides
the first glimpse of evolving hybrid immunity driven by ongoing viral exposure in
vaccinated populations.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PerCP mouse anti-human CD3 (Clone: UCHT1, IgG1, k) Biolegend, UK Cat#300428; RRID: AB_893298
FITC mouse anti-human CD3 (Clone: UCHT1, IgG1, k) Biolegend, UK Cat#300440; RRID: AB_2562046
APC mouse anti-human CD4 (Clone: RPA-T4, IgG1, k) Biolegend, UK Cat#300514; RRID: AB_314082
PE-Cy7 mouse anti-human CD8 (Clone: RPA-T8, IgG1, k) Biolegend, UK Cat#301012; RRID: AB_314130
BV510 mouse anti-human CD8 (Clone: RPA-T8, IgG1, k) Biolegend, UK Cat#301048; RRID: AB_2561942
APC-Fire750 mouse anti-human CD14 (Clone: M5E2, IgG2a, «) Biolegend, UK Cat#301854; RRID: AB_2632660
PE mouse anti-human IFNy Clone: 4S.B3, IgG1, k) Biolegend, UK Cat#502508; RRID: AB_315233
FITC mouse anti-human TNFa (Clone: MAb11, I9gG1, k) Biolegend, UK Cat#502906; RRID: AB_315258

PE-Cy7 rat anti-human IL-2 (Clone: MQ1-17H12, IgG2a, k)
Purified NA/LE mouse anti-human CD28 (Clone: CD28.2)
Purified NA/LE mouse anti-human CD49d (Clone: 9F10)

SARS-CoV-2 (B.1.617.2; AY.1, AY.2, AY.3) Stabilized Spike
Glycoprotein, His-Strep-Tag (HEK293)

Human anti-NP (mAb206)
Anti-Human IgG (Fc specific)-Peroxidase

Thermo Fisher (eBioscience)
BD Biosciences, UK

BD Biosciences, UK

The Native Antigen Company

Dejnirattisai et al. 2021
Sigma

Cat#25-7029-42; RRID: AB_2573517
Cat#555725; RRID:AB_396068
Cat#555501; RRID:AB_2130052
Cat#REC31975-100

N/A
Cat#A0170; RRID:AB_257868

Bacterial and Virus Strains

SARS-CoV-2 (Australia/VIC01/2020)
SARS-CoV-2/B.1.617.2 (delta)
SARS-CoV-2/B.1.1.529 BA.1 (omicron)
SARS-CoV-2/B.1.1.529 BA.2 (omicron)
SARS-CoV-2/ B.1.1.529 BA.5 (omicron)

Caly et al., 2020

Wendy Barclay and Thushan De Silva
John Radcliffe Hospital, Oxford
John Radcliffe Hospital, Oxford
John Radcliffe Hospital, Oxford

N/A
N/A
N/A
N/A
N/A

Chemicals, Peptides, and Recombinant Proteins

TrueBlue Peroxidase Substrate
Dulbecco’s Modified Eagle Medium, high glucose
Custom synthesized peptides (18-mers)

Dimethyl Sulfoxide

RPMI-1640 Medium with Sodium bicarbonate, no L-Glutamine
L-Glutamine

Penicillin/Streptomycin

Fetal Bovine Serum

Lymphoprep
L-Glutamine-Penicillin-Streptomycin solution
GlutaMAX™ Supplement

Phosphate buffered saline tablets

Fetal Bovine Serum

Carbonate/bicarbonate capsules

ProMix CEF peptide pool
Phytohemagglutinin-L

Concanavalin A

Carboxymethyl cellulose

Tween 20

1-Step™ NBT/BCIP Substrate Solution
LIVE/DEAD fixable near-IR dead cell stain kit
CellTrace™ Violet Cell Proliferation Kit
Fixation/Permeabilization Solution Kit

Cell staining buffer

Brefeldin A 1000x

Cell activation cocktail w/o BFA (contains PMA/lonomycin) 500x
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Insight Biotechnology
Sigma-Aldrich
Mimotopes

Sigma

Sigma

Sigma

Sigma

Sigma

StemCell Technology
Sigma

Gibco

Thermo Fisher Scientific
Gibco

Sigma Aldrich
Proimmune, Oxford
Sigma Aldrich

Merck

Sigma

Sigma Aldrich

Life Technologies
Thermo Fisher Scientific
Thermo Fisher Scientific
BD Biosciences, UK
Biolegend, UK
Biolegend, UK
Biolegend, UK

Cat#5510-0030
Cat#D5796

See supplementary file Data S1.xIsx
for sequences of the peptide library.
http://www.mimotopes.com

Cat#D2650-100ML
Cat#R0883
Cat#G7513
Cat#P0781
Cat#F9665-500ML
Cat#07861
Cat#G1146
Cat#35050061
Cat#12821680
Cat#12676029
Cat#C3041-100CAP
Cat#PX-CEF
Cat#11249738001
Cat# C5275-5MG
Cat#C4888
Cat#P2287-500ml
Cat#34042
Cat#1.34975
Cat#C34557
Cat#554714
Cat#420201
Cat#420601
Cat#423301

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Anti-Mouse lg, k/Negative Control Compensation Particles Set BD Biosciences, UK Cat#552843
ArC Amine Reactive Compensation Bead Kit Thermo Fisher Scientific Cat#A10346
DPBS, no calcium, no magnesium Thermo Fisher Scientific Cat#14190144
37% Formaldehyde solution Merck, UK Cat#F8775
Gibco™ Fetal Bovine Serum, qualified, heat inactivated Thermo Fisher Scientific, UK Cat#10500064
RPMI-1640 Medium with sodium bicarbonate Merck, UK Cat#R0883
but without L-Glutamine

Bovine Serum Albumin (BSA) Merck, UK Cat#A9418

Critical Commercial Assays

V-PLEX COVID-19 Coronavirus Panel 3 Kit
V-PLEX SARS-CoV-2 Panel 23 Kit

V-PLEX SARS-CoV-2 Panel 25 Kit

V-PLEX SARS-CoV-2 Panel 27 Kit

Human IgA/IgG FluoroSpotFLEX kit
Human memory B-cell stimpack

Human IFNy ELISpot Basic kit

Meso Scale Discovery, Rockville, MD USA
Meso Scale Discovery, Rockville, MD, USA
Meso Scale Discovery, Rockville, MD, USA
Meso Scale Discovery, Rockville, MD, USA
Mabtech
Mabtech
Mabtech

Cat#K15399U-2
cat#15570U
cat#15586U
cat#K15609U
Cat#X-06G0O5R-10
Cat#3660-1
Cat#3420-2A

Deposited Data

Evolution of long-term vaccine induced and hybrid
immunity in healthcare workers after different COVID19
vaccine regimens: a longitudinal cohort study. Moore et al.

Mendeley Data

https://doi.org/10.17632/fyp26zjgmij.1

Experimental Models: Cell Lines

Vero cells

ATCC

Cat#CCL-81

Software and Algorithms

Discovery Bench 4.0
Prism 8.0

IBM SPSS Software 26
AID ELISpot software 8.0

Flowjo 10.7.1
R version 4.0.4 (2021-02-15) - "Lost Library Book"
R studio version 1.1.463

Meso Scale Discovery, Rockville, MD, USA
GraphPad

IBM

Autoimmun Diagnostika

BD Biosciences
Web-based open source software
Web-based open source software

Immunoassay Analysis Software |
Meso Scale Discovery

https://www.graphpad.com/scientific-
software/prism/

https://www.ibm.com

http://www.elispot.com/products/
software

https://www.flowjo.com/
https://www.r-project.org
https://www.rstudio.com

Other

MACS Quant flow cytometer

Miltenyi Biotec, Germany

NA

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed
to and will be fulfilled by the lead contact, Lance Turtle (lance.turtle@liverpool.

ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® IFNy ELISpot data, MSD data, angiotensin-converting enzyme (ACE)2 inhibition
and neutralisation data derived from human samples have been deposited at:

https://data.mendeley.com/datasets/fyp26zjgmj/1 and are publicly available as
of the date of publication. De-identified participant metadata is available in the

same location.
® This paper does not report original code.
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® Any additional information required to reanalyse the data reported in this paper is
available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design and sample collection

In this prospective, observational, cohort study, participants were recruited into the
PITCH study from across six centres (Birmingham, Cambridge, Liverpool, Newcastle,
Oxford and Sheffield). Individuals consenting to participate were recruited by word
of mouth, hospital e-mail communications and from hospital-based staff screening
programmes for SARS-CoV-2, including HCWs enrolled in the national SIREN study
at three sites (Liverpool, Newcastle and Sheffield). Eligible participants were adults
aged 18 or over, and currently working as an HCW, including allied support and lab-
oratory staff, or were volunteers linked to the hospital. The majority of participants
were sampled for previous reports in this PITCH cohort.””’*”:*? Participants were
sampled for the current study between 4 January 2021 and 15 February 2022,
with the majority of the sampling complete before the omicron BA.1 variant
emerged in the UK (68% of sampling was prior to December 2021 and 88% was prior
to January 2022).

Participants had received one of three vaccine regimens: “Short” - two doses of
BNT162b2 (Pfizer/BioNTech) administered with the manufacturer’s licenced dosing
interval (median 24 days, IQR 21-27); “Long” - two doses of BNT162b2 (Pfizer/
BioNTech) administered with an extended dosing interval (median 71 days, IQR
66-78); and "AZ" - two doses of AZD 1222 (Oxford/AstraZeneca), administered a me-
dian 74 days (IQR 65-78) apart. All participants then received a third “booster” dose
of BNT162b2, a median of 207 days, (IQR 191-233) days after the second dose,
regardless of primary vaccine regimen. Participants underwent phlebotomy for
assessment of immune responses one (median 28 days, IQR 26-32) and six (median
185 days, IQR 173-200) months after the second dose of vaccine, and one month af-
ter the third dose of vaccine (median 31 days, IQR 28-37). Clinical information
including BNT162b2 and AZD1222 vaccination dates, date of any SARS-CoV-2 infec-
tion (either prior to vaccination or during the study) defined by a positive PCR test
and/or detection of antibodies to spike or nucleocapsid protein, presence or
absence of symptoms, time between symptom onset and sampling, age, sex and
ethnicity of participant was recorded. Key information on demographics and vaccine
dose intervalsis shown in Table 1. Participants’ information on sex, age, and race was
self-reported. Information on gender and socioeconomic status was not collected.

Participants were considered to be SARS-CoV-2 exposed if they had ever been PCR
or lateral flow device positive for SARS-CoV-2, irrespective of symptoms. In addition,
participants were considered exposed to SARS-CoV-2 if they seroconverted with N
antibody on the mesoscale discovery (MSD) assay. N seroconversion was defined as
an N antibody level over the cut-off threshold of 3874 previously defined using pre-
pandemic samples,” and at least a 2-fold increase over the baseline value. Partici-
pants who did not meet any of these criteria were considered to be infection-naive.

PITCH is a sub-study of the SIREN study, which was approved by the Berkshire
Research Ethics Committee, Health Research 250 Authority (IRAS ID 284460, REC
reference 20/SC/0230), with PITCH recognised as a sub-study on 2 December
2020. SIREN is registered with ISRCTN (Trial ID:252 ISRCTN11041050). Some partic-
ipants were recruited under aligned study protocols. In Birmingham participants
were recruited under the Determining the immune response to SARS-CoV-2
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infection in convalescent health care workers (COCO) study (IRAS ID: 282525). In Liv-
erpool some participants were recruited under the “"Human immune responses to
acute virus infections” Study (16/NW/0170), approved by North West - Liverpool
Central Research Ethics Committee on 8 March 2016, and amended on 14th
September 2020 and 4th May 2021. In Oxford, participants were recruited under
the Gl Biobank Study 16/YH/0247, approved by the research ethics committee
(REC) at Yorkshire & The Humber - Sheffield Research Ethics Committee on 29
July 2016, which has been amended for this purpose on 8 June 2020. In Sheffield,
participants were recruited under the Observational Biobanking study STHObs
(18/YH/0441), which was amended for this study on 10 September 2020. We also
included some participants from Cambridge from a study approved by the National
Research Ethics Committee and Health Research Authority (East of England — Cam-
bridge Research Ethics Committee (SCORPIO study, SARS-CoV-2 vaccination
response in obesity amendment of “NIHR BioResource” 17/EE/0025).The study
was conducted in compliance with all relevant ethical regulations for work with hu-
man participants, and according to the principles of the Declaration of Helsinki
(2008) and the International Conference on Harmonization (ICH) Good Clinical Prac-
tice (GCP) guidelines. Written informed consent was obtained for all participants
enrolled in the study.

Peripheral blood mononuclear cells (PBMCs), plasma and serum were separated and
cryopreserved. Some of the immune response data from one month after the second
dose has been previously reported,” as has some of the neutralising antibody data
for HCWs receiving a short dosing interval for BNT162b2.%° The study size was
selected because this number was feasible for the six clinical and laboratory sites
to study, and consistent with our track record of significant findings at this scale.

METHOD DETAILS

Primary cell cultures

Vero cells (ATCC CCL-81) were cultured in Dulbecco’s Modified Eagle Medium, high
glucose (Sigma-Aldrich), supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (Gibco), 100 units/mL penicillin, 100 pg/mL streptomycin, 2mM L-Glutamine
(Sigma) and 2mM GlutaMax (Gibco).

Viral stocks

SARS-CoV-2/human/AUS/VIC01/2020%° was provided by Public Health England.
Delta (B.1.617.2) virus was kindly provided Wendy Barclay and Thushan de Silva.
Omicron (B.1.1.529) BA.1, BA.2 and BA.5 were isolated from swabs obtained from
the John Radcliffe Hospital, Oxford by culture in Vero E6-TMPRSS2 cells. For assays,
Viruses were grown in Vero (ATCC CCL-81) cells. Cells were infected with the SARS-
CoV-2 virus using an MOI of 0.0001. Virus containing supernatant was harvested at
80% cytopathic effect, and spun at 3000 rpm at 4 °C before storage at -80 °C. Viral
titers were determined by a focus-forming assay on Vero cells. Viral stocks were
sequenced to verify that they contained the expected spike protein sequence and
no changes to the furin cleavage sites.

Meso Scale Discovery (MSD) IgG binding assay

IgG responses to SARS-CoV-2, SARS-CoV-1, MERS-CoV, seasonal coronaviruses or
SARS-CoV-2 variants were measured using multiplexed MSD immunoassays: The
V-PLEX COVID-19 Coronavirus Panel 3 (IgG) (cat# K15399U) from Meso Scale Dis-
covery, Rockville, MD USA. A MULTI-SPOT® 96-well, 10 spot plate was coated
with three SARS CoV-2 antigens (Spike (S), Receptor-Binding Domain (RBD),
Nucleoprotein (N)), SARS-CoV-1 and MERS-CoV spike trimers, spike proteins from
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seasonal human coronaviruses, HCoV-OC43, HCoV-HKU1, HCoV-229E and HCoV-
NL63, and bovine serum albumin (negative control). The V-PLEX COVID-19
Coronavirus Panel 25 (cat# 15583U) and Panel 27 (cat# 15606U) Kits were coated
with SARS-CoV-2 variant spike antigens including B (Victoria), B.1.1.529 BA.1/omi-
cron BA.1; BA.2/omicron BA.2; BA.3/omicron BA.3; BA.4/omicron BA.4 and/or
BA.5/omicron BA.5. Multiplex MSD assays were performed as per the manufac-
turer’s instructions. To measure IgG antibodies, 96-well plates were blocked with
MSD Blocker A for 30 minutes. Following washing with washing buffer, samples
diluted 1:1,000-30,000 in diluent buffer, MSD standard and undiluted internal
MSD controls, were added to the wells. After 2-hour incubation and a washing
step, detection antibody (MSD SULFO-TAG™ anti-human IgG antibody, 1/200)
was added. Following washing, MSD GOLD™ read buffer B was added and plates
were read using a MESO® SECTOR S 600 reader. The standard curve was estab-
lished by fitting the signals from the standard using a 4-parameter logistic model.
Concentrations of samples were determined from the electrochemiluminescence
signals by back-fitting to the standard curve and multiplying by the dilution factor.
Concentrations are expressed in Arbitrary Units/ml (AU/ml). Cut-offs were deter-
mined for each SARS-CoV-2 antigen (S, RBD and N) based on the mean concentra-
tions measured in 103 pre-pandemic sera + 3 Standard Deviations. Cut-offs were: S,
1160 AU/ml; RBD, 1169 AU/ml; and N, 3874 AU/ml.

MSD ACE2 inhibition assay

The V-PLEX SARS-CoV-2 Panel 23 (ACE2) (cat#15570U), Panel 25 (ACE2)
(cat#15586U) and Panel 27 (cat# K15609U) Kits, from MSD, Rockville, MD, multi-
plexed MSD immunoassays, were also used to measure the ability of human sera
to inhibit ACE2 binding to SARS-CoV-2 spike antigens including B (Victoria),
B.1.1.7/alpha, B.1.351/beta P.1/gamma, B.1.617.2/delta, B.1.1.529 BA.1/omicron
BA.1; BA.2/omicron BA.2; BA.3/omicron BA.3; BA.4/omicron BA.4; BA.5/omicron
BA.5). AMULTI-SPOT 96-well, 10 spot plate was coated with SARS-CoV-2 spike an-
tigens including these ones above-mentioned. Multiplex MSD Assays were per-
formed as per manufacturer’s instructions. To measure ACE2 inhibition, 96-well
plates were blocked with MSD Blocker for 30 minutes. Plates were then washed in
MSD washing buffer, and samples were diluted 1:10 — 1:100 in diluent buffer.
Neutralizing activity was determined by measuring the presence of antibodies
able to block the binding of ACE2 to SARS-CoV-2 spike proteins from Victoria spike,
B.1.1.7/alpha, B.1.617.2/delta, B.1.351/beta, P.1/gamma and B.1.1.529 BA.1/
omicron BA.1; BA.2/omicron BA.2; BA.3/omicron BA.3; BA.4/omicron BA.4; BA.5/
omicron BA.5 and was expressed as percentage of ACE2 inhibition in comparison
to the blanks on the same plate. Furthermore, internal controls and the WHO
SARS-CoV-2 Immunoglobulin international standard (NIBSC 20/136) were added
to each plate. After a 1-hour incubation, recombinant human ACE2-SULFO TAG
was added to all wells. After a further 1-hour, plates were washed and MSDGOLD
Read Buffer B was added, plates were then immediately read using a MESO
SECTOR S 600 Reader.

Focus reduction neutralisation assay (FRNT)

The neutralisation potential of antibodies (Ab) was measured using a Focus Reduc-
tion Neutralisation Test (FRNT), where the reduction in the number of the infected
foci is compared to a negative control well without antibody. Briefly, serially diluted
Ab or plasma was mixed with SARS-CoV-2 strain Victoria or P.1 and incubated for
1 hr at 37C. The mixtures were then transferred to 96-well, cell culture-treated,
flat-bottom microplates containing confluent Vero cell monolayers in duplicate
and incubated for a further 2 hr followed by the addition of 1.5% semi-solid
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carboxymethyl cellulose (Sigma) overlay medium to each well to limit virus diffusion.
A focus forming assay was then performed by staining Vero cells with human anti-
nucleocapsid monoclonal Ab (mAb206) followed by peroxidase-conjugated goat
anti-human IgG (A0170; Sigma). Finally, the foci (infected cells) approximately 100
per well in the absence of antibodies, were visualized by adding TrueBlue Peroxi-
dase Substrate (Insight Biotechnology). Virus-infected cell foci were counted on
the classic AID ELISpot reader using AID ELISpot software. The percentage of focus
reduction was calculated and IC50 was determined using the probit program from
the SPSS package. In order to reduce confounding arising from exposure to different
SARS-CoV-2 variants, these experiments were conducted only on participants who
were naive at the time of sampling 6-months post second vaccine dose, as defined
by no history of positive PCR or lateral flow test for SARS-CoV-2, and no anti-N IgG
seroconversion during the study.

T cell interferon-gamma (IFNy) ELISpot Assay

The PITCH ELISpot Standard Operating Procedure has been published previously.®”
Interferon-gamma (IFNy) ELISpot assays were set up from cryopreserved PBMCs
using the Human IFNy ELISpot Basic kit (Mabtech 3420-2A). A single protocol was
agreed across the centres and is available on the PITCH website (http://www.
pitch-study.org/). PBMCs were thawed and rested for 3-6 hours in R10 media:
RPMI 1640 (Sigma) supplemented with 10% (v/v) Fetal Bovine Serum (Sigma),
2mM L-Glutamine (Sigma) and TmM Penicillin/Streptomycin (Sigma) in a humidified
incubator at 37°C, 5% CO,, prior to stimulation with peptides. PBMCs were then
plated in duplicate or triplicate at 200,000 cells/well in a MultiScreen-IP filter plate
(Millipore, MAIPS4510) previously coated with capture antibody (clone 1-D1K)
and blocked with R10. PBMCs were then stimulated with overlapping peptide pools
(18-mers with 10 amino acid overlap, Mimotopes, see supplementary Data S1.xlsx,
peptide library, and STAR Methods) representing the spike (S), Membrane (M) or
nucleocapsid (N) SARS-CoV-2 proteins at a final concentration of 2 ng/ml for 16
to18 hours in a humidified incubator at 37°C, 5% CO,. For selected individuals,
pools representing spike protein of the Omicron (BA.1) variant were included. Pools
consisting of CMV, EBV and influenza peptides at a final concentration of 2ug/ml
(CEF; Proimmune) and concanavalin A or phytohemagglutinin L (PHA-L, Sigma)
were used as positive controls. DMSO was used as the negative control at an equiv-
alent concentration to the peptides. After the incubation period as well as all subse-
quent steps wells were washed with PBS/0.05% (v/v) Tween20 (Sigma). Wells
were incubated with biotinylated detection antibody (clone 7-B6-1) followed by in-
cubation with the ELISpot Basic kit streptavidin-ALP. Finally colour development was
carried out using the 1-step NBT/BCIP substrate solution (Thermo Scientific) for 5 mi-
nutes at RT. Colour development was stopped by washing the wells with tap water.
Air dried plates were scanned and analysed with either the AID Classic ELISpot
reader (software version 8.0, Autoimmune Diagnostika GmbH, Germany) or the
ImmunoSpot® S6 Alfa Analyser (Cellular Technology Limited LLC, Germany). Anti-
gen-specific responses were quantified by subtracting the mean spots of the nega-
tive control wells from the test wells and the results were expressed as spot-forming
units (SFU)/10° PBMCs. Samples with a mean spot value greater than 50 spots in the
negative control wells were excluded from the analysis.

For comparison of responses to omicron BA.1 we firstly compared responses to 178
peptides spanning all of spike (S1 and S2) for the ancestral (wild type) and the
omicron BA.1 variant, then secondly, we compared responses to the 51 peptides
representing the regions of spike with mutations in omicron BA.1, again comparing
ancestral and omicron BA.1. To reduce the disproportionate impact of background
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noise, samples with a total response to ancestral spike of <33 SFU/10° PBMCs were
excluded from analysis, with this cut off threshold calculated as the mean + 2 stan-
dard deviations of the DMSO wells across all experiments in the study. The % of
the T cell response to ancestral strain that was preserved against omicron BA.1
was calculated for each paired sample then expressed as the median and IQR for
the group.

Memory B cell fluorospot assay

Cryopreserved PBMCs were thawed and cultured for 72 hours with polyclonal stim-
ulation containing 1 ng/ml R848 and 10 ng/ml IL-2 from the Human memory B cell
stimpack (Mabtech). Using the Human IgA/IgG FluoroSpotFLEX kit (Mabtech), stim-
ulated PBMCs were then added at 2x10° cells/well to fluorospot plates coated with
10 pg/ml Sars-CoV-2 spike glycoprotein diluted in PBS. Plates were incubated for
16 hours in a humidified incubator at 37°C, 5% CO; and developed according to
the manufacturer’s instructions (Mabtech). Analysis was carried out with AID
ELISpot software 8.0 (Autoimmun Diagnostika). All samples were tested in triplicates
and response was measured as spike- specific spots per million PBMCs with PBS
background subtracted.

Intracellular cytokine stimulation assay

In a subset of donors (n=95), selected at random from all three vaccine regimens and
previous SARS-CoV-2 infection, T cell responses were characterised further using
intracellular cytokine staining (ICS) after stimulation with overlapping SARS-CoV2
peptide pools. In brief, cryopreserved PBMCs were thawed, rested for 4-5 hours
in R10 media and then plated at 1x10° cells/well in a 96 well U-bottom plate together
with co-stimulatory molecules anti-CD28 and anti-CD49d (both BD). Peptide pools
(spanning ancestral (B.1) spike, omicron BA.1 spike, ancestral membrane (M) and
nucleocapsid (N) proteins) were added at 2 pg/ml final concentration for each pep-
tide. DMSO (Sigma) was used as the negative control at the equivalent concentration
to the peptides. As a positive control, cells were stimulated with 1x cell activation
cocktail containing phorbol-12-myristate 13-acetate (PMA) at 81uM and ionomycin
at 1.3uM final concentration (Biolegend). The cells were then incubated in a humid-
ified incubator at 37°C, 5% CO, for 1 hour before incubating for a further 15 hours in
the presence of 5pg/ml Brefeldin A (Biolegend). Flow cytometry staining was per-
formed as described below.

Proliferation assay

T cell proliferation assessed the magnitude of memory responses to SARS-CoV2
spike, M and N protein in the CD4* and CD8" T cell pool in 73 individuals selected
for the ICS assay, with 27 participants from the BNT162b2 short interval group (16
naive and 11 with hybrid immunity), 27 participants from the BNT162b2 long interval
group (15 naive and 12 with hybrid immunity) and 19 participants from the AZD1222
group (8 naive and 11 with hybrid immunity). CellTrace™ Violet (CTV, Invitrogen)
labelling and stimulation with SARS-CoV-2 peptide pools spanning ancestral spike
(divided into two pools, S1 and S2), omicron (BA.1) spike (S1 and S2), ancestral M
and N protein, as well as a control peptide mix, CEF (1ug/ml per peptide) was carried
as in previously published work.?” Cells were incubated in RPMI 1640 (Sigma) sup-
plemented with 10% human AB serum (Sigma), 2mM L-glutamine (Sigma) and
1 mM Penicillin/Streptomycin (Sigma) in a 96 well U-bottom plate at 250,000 cells
per well in single or duplicate depending on cell availability. DMSO added at the
same concentration to SARS-CoV-2 peptides served as negative control and
2ug/ml PHA-L as positive control. Cells were placed in a humidified incubator at
37°C, 5% CO,. Half a media change was performed on day 4 and cells were
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harvested for flow cytometry staining on day 7 as described below. Data were ex-
pressed as relative frequency of proliferating cells within single, live CD4" T cells
and CD8" T cells respectively. Background was subtracted from stimulated samples
and samples were excluded due to high background (DMSO control >2% prolifera-
tion in any T cell subset,) or less than 1000 events in the single, live CD3" gate
(10 samples in total were excluded). Responses to individual peptide pools and
summed responses to total spike (S1+52) and M+NP were reported.

Flow cytometry straining and analysis

Details for antibodies are listed in Table S2. All washes and extracellular staining
steps for PBMC were carried out in cell staining buffer (Biolegend) for ICS samples
and PBS for proliferation samples. At the end of the culture period, PBMCs were
washed once and subsequently stained with near-infrared fixable live/dead stain
(Invitrogen) together with a cocktail of fluorochrome-conjugated primary human-
specific antibodies against CD4, CD8, CD14 (all Biolegend) as well as human Fc
blocking reagent (Miltenyi Biotec) for ICS and CD3, CD4 and CD8 (all Biolegend)
for proliferation samples. Cells were stained at 4°C in the dark for 20 minutes, fol-
lowed by one wash. Proliferation samples were then fixed with a 4% formaldehyde
solution (Sigma) for 10min at 4°C, washed and stored in PBS in the fridge for up to
one day. ICS samples were fixed and permeabilized in Cytofix/Cytoperm buffer
(BD) for 20 min at 4°C, washed with 1x Perm buffer (BD) once followed by staining
with the following primary human-specific antibodies diluted in Perm buffer: CD3,
IFN-y, TNF (all Biolegend), IL-2 (eBioscience) for 20 min at 4°C followed by one
wash in 1x Perm buffer. Cells were stored in cell staining buffer in the fridge for up
to one day. Samples were acquired on a MACSQuant analyser 10 and X (Miltenyi
Biotec) and analysis was performed using FlowJo software version 10.8.1 (BD Biosci-
ences). Example gating strategies are shown in Figure S4.

QUANTIFICATION AND STATISTICAL ANALYSIS

Continuous variables are displayed with median and interquartile range (IQR). Un-
paired comparisons across two groups were performed using the Mann-Whitney
test, and across three groups using the Kruskal-Wallis test with Dunn’s multiple com-
parisons test. Paired comparisons were performed using the Wilcoxon matched
pairs signed rank test. Two-tailed P values are displayed. Statistical analyses were
done using R version 4.0.2 (R Foundation for Statistical Computing, Vienna, Austria.
URL https://www.R-project.org/) using the tidyverse packages®” and GraphPad
Prism 9.3.1.

Statistical regression models

Multivariate regression models were created to estimate the associations between
variables in the study cohort and antibody and T cell immune response. Variables
included age, sex, ethnicity, previous infection, time point and vaccine dosing inter-
val. Interactions and co-linearity between variables were explored and variables an-
alysed in separate models where necessary. Generalized linear models were created
to estimate associations between the variables sex (discrete), age (continuous),
Ethnicity (discrete), previous infection (discrete), and vaccine interval regimen
(discrete) on spike ELISpot response (spike B SFU/10%; log transformed) or spike
IgG response (SARS-Cov-2 S AU/ml; log transformed).

Linear models were created to estimate associations between variables sex
(discrete), age (continuous), previous infection (discrete), vaccine regimen (discrete)
and Ethnicity (discrete), on spike ELISpot response (IFNy SFU/10° PBMC; log trans-
formed) or spike IgG response (SARS-Cov-2 S AU/ml; log transformed). GLM models
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were performed in R /R studio separately for antibody and T cell responses. Models
were constructed for all participants and by vaccine regimen to investigate for a dif-
ferential effect of sex within the BNT162b2 short interval group. Summary tables
were reported. To check assumptions were met, residuals vs fitted and residual
and normal Q-Q diagnostic plots were created.

Examples of R code used to construct models are:

model_MSD<-glm(MSD_Spike_log~Group + Sex + Age + Exposure, data=
Data_antibody)

model_ELISpot <- glm(MSD_Spike_log ~ Group + Sex + Age + ExXposure,
data = Data_ ELISpot)

The data objects (Data_antibody and Data_ELISpot) are replaced by the subset data

for each vaccine regimen respectively for the models constructed by vaccine
regimen.
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