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SUMMARY
Identifying the molecular mechanisms that promote optimal immune responses to coronavirus disease 2019
(COVID-19) vaccination is critical for future rational vaccine design. Here, we longitudinally profile innate and
adaptive immune responses in 102 adults after the first, second, and third doses of mRNA or adenovirus-
vectored COVID-19 vaccines. Using a multi-omics approach, we identify key differences in the immune
responses induced by ChAdOx1-S and BNT162b2 that correlate with antigen-specific antibody and T cell
responses or vaccine reactogenicity. Unexpectedly, we observe that vaccination with ChAdOx1-S, but not
BNT162b2, induces an adenoviral vector-specific memory response after the first dose, which correlates
with the expression of proteinswith roles in thrombosis with potential implications for thrombosiswith throm-
bocytopenia syndrome (TTS), a rare but serious adverse event linked to adenovirus-vectored vaccines. The
COVID-19 Vaccine Immune Responses Study thus represents a major resource that can be used to under-
stand the immunogenicity and reactogenicity of these COVID-19 vaccines.
INTRODUCTION

TheBNT162b2 (Pfizer-BioNTech), ChAdOx1-S (Oxford-AstraZe-

neca), and mRNA-1273 (Moderna) vaccines are highly effective

at preventing severe coronavirus disease 2019 (COVID-19),1–3

although protection against infection wanes within 4–6 months

after the second dose and two doses provide decreased protec-

tion against infection by more recent variants of severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2).4,5 A third

doseofmRNAvaccine hasbeen shown to induce superior immu-
Cell Re
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nogenicity and effectiveness.4,6,7 While the adaptive immune

responses induced by these vaccines are increasingly well

understood,8–11 recent studies are also shedding light on how im-

mune responses induced in the hours and days after vaccination

relate to subsequent immunogenicity.12–14 Despite these efforts

there remain significant gaps in our knowledge of the immune

processes underpinning the differences in immunogenicity

between vaccines.

These vaccines are also associatedwith relatively high levels of

reactogenicity ranging fromself-resolving symptoms (e.g., pain at
ports Medicine 4, 100971, March 21, 2023 ª 2023 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the injection site, headache, fever, chills, and myalgia) to rare,

serious adverse events (AEs) such myocarditis,15–17 or throm-

bosis with thrombocytopenia syndrome (TTS; also known as vac-

cine-induced immune thrombotic thrombocytopenia).18–21 To

date, no studies have systematically compared innate and early

adaptive immune responses with vaccination with BNT162b2

and ChAdOx1-S at a systems level in the same cohort, nor has

it been investigated how immune responses induced immediately

after the third dose compareswith those after the first and second

doses. Here, we report the results of the COVID-19 Vaccine Im-

mune Responses Study (COVIRS), a systems vaccinology study

in which we have longitudinally profiled early and late immune re-

sponses after the first, second, and third doses of vaccine in 102

healthy adults who received the BNT162b2 (mRNA) or ChAdOx1-

S (adenovirus vectored) vaccines as their first vaccinations in the

absence of community transmission of SARS-CoV-2. A subset of

participants were also assessed after a third dose of either the

BNT162b2 or mRNA-1273 vaccines.

RESULTS

We recruited 146 adults living in Adelaide, South Australia, in

2021 to COVIRS. The first and second doses of vaccine were

administered in the absence of SARS-CoV-2 community trans-

mission because of strict quarantine and border control mea-

sures in place in South Australia. Forty-four participants with-

drew before sample collection. The remaining participants

received two doses of either the BNT162b2 (n = 86) or

ChAdOx1-S (n = 16) vaccines for their first and second doses.

Samples were also collected from a subset of participants who

received a third dose of either BNT162b2 (n = 38) or mRNA-

1273 (n = 14) (Figure 1A). Participants were 70% female with a

mean age of 39 ± 11 years at enrollment. There was no signifi-

cant difference between those who received two doses of the

BNT162b2 compared with those who received two doses of

ChAdOx1-S in terms of their age, gender, body mass index,

comorbidities (e.g., hypertension, asthma), self-reported alcohol

consumption or cigarette smoking (Figure 1B, Table S1). Partic-

ipants completed a detailed survey (Data S1) to report any AEs

1 week after each vaccine dose (>95% completion rate).

Three doses of COVID-19 vaccines induce high levels of
protective antibodies and Spike-specific T cells in
healthy, SARS-CoV-2 naive adults irrespective of the
first vaccine
Anti-Spike and anti-RBD total IgG titers and Wuhan-Hu-1 pseu-

dovirus neutralizing antibody (NAb) titers were measured pre-

vaccination (V0), and approximately 28 days after the second

(V2B) and third (V3B) doses. Anti-Spike/RBD IgG titers were

also measured in a subset of participants (n = 32) approximately

6 days after the first dose (V1). Anti-Spike/RBD IgG titers at V2B

and V3Bwere positively correlated with each other andwith NAb

titers (Figures S1A–S1F). All participants had robust anti-RBD

(Figure 1C) and anti-Spike (Figure 1D) IgG responses, with at

least a 35-fold increase in anti-Spike IgG titers at V2B. Similar in-

creases were observed in NAb titers (Figure 1E). We observed a

significant but relatively weak negative correlation between age

and anti-RBD/Spike and NAb titers at V2B (Figures S1G–S1I),
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consistent with previous reports of age-dependent vaccine

responses.22 No correlation with agewas detected after the third

dose (Figures S1J–S1L). Participants who received the

ChAdOx1-S vaccine for their first and second vaccinations had

lower anti-Spike/RBD and NAb titers at V2B compared with

those who received BNT162b2 (Figures 1C–1E). After a third

dose of either BTN162b2 or mRNA-1273, however, antibody

titers were comparable in participants who received either

ChAdOx1-S or BTN162b2 initially (Figures 1C–1E). NAb titers

were also measured against Omicron (B.1.1.529) pseudovirus

at V3B and were significantly lower compared with neutralization

of Wuhan-Hu-1 pseudovirus (Figure S1M). Omicron NAb titers

were strongly correlated with both Wuhan-Hu-1 NAb and anti-

RBD IgG titers (Figures S1N and S1O).

Spike-specific T cell responses were assessed at V0, V2B and

V3B by activation-inducedmarker (AIM) and ELISpot assays after

stimulation of peripheral bloodmononuclear cells (PBMCs) with a

peptide pool covering the full length of the Spike protein. AIM+

CD4+ andCD8+ T cell responseswere correlatedwith each other,

and with the ELISpot data (Figures S2A–S2F). A small population

of Spike-reactive T cells was also present at baseline, which may

be cross-reactive T cells derived from prior exposure to other

endemic coronaviruses and/or environmental antigens.23–25

Therewas a positive correlation (p = 0.07) between the proportion

of AIM+CD4+ T cells before vaccination and anti-RBD/Spike and

NAb titers after the second dose (data not shown). Vaccination

with either BNT162b2 or ChAdOx1-S induced significantly

increased antigen-specific T cell responses, relative to baseline,

as measured by IFN-g secretion in ELISpot assays (Figure 1F).

T cell responses in ChAdOx1-S-vaccinated participants were

significantly lower atV2B relative toBNT162b2-vaccinatedpartic-

ipants; however, responses were not different after the third dose

of BTN162b2 or mRNA-1273 (Figure 1F). AIM assays demon-

strated a similar decreased frequency of AIM+CD4+ T cells after

ChAdOx1-SatV2B,which recoveredaftera third vaccination (Fig-

ure 1G). There was no difference in AIM+CD8+ T cells in partici-

pants vaccinated with ChAdOx1-S or BNT162b2 at either V2B

or V3B (Figure 1H). The majority of AIM+CD4+ T cells had an

effector memory (Tem) surface phenotype (Figure S2G), whereas

AIM+CD8+ T cells predominantly exhibited a Tem/TemRA surface

phenotype (Figure S2H). The proportions of AIM+CD4+ or CD8+

T cells were not correlated with anti-RBD/Spike/NAb titers at

V2B in participants vaccinated with BNT162b2. In contrast, after

ChAdOx1-S, AIM+CD4+ T cells were positively correlated with

Wuhan-Hu-1 pseudovirus NAb titers (Figure S2I), and the propor-

tion of TemRA AIM+CD4+ T cells was positively correlated with

anti-Spike IgG titers (Figure S2J). After the third dose of either

BNT162b2 ormRNA-1273, CD8+ Temcells were positively corre-

lated with anti-Spike/RBD and Wuhan-Hu-1 pseudovirus NAb

titers (Figure S2K). The proportion of CD8+ TemRA cells, in

contrast, was negatively correlated with anti-RBD and Wuhan-

Hu-1 pseudovirus NAb titers at V3B.

Vaccination with the ChAdOx1-S, but not BNT162b2,
vaccine induces a memory-like cTfh and plasmablast
response after the first dose
We performed total RNA sequencing to assess transcriptome-

wide changes in whole blood at V0, V1, and approximately 1–2
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Figure 1. Antigen-specific antibody and T cell responses in adults vaccinated with the BNT162b2, mRNA-1273, or ChAdOx1-S vaccines

(A) Sample collection timepoints and assays performed. Assay sample numbers represent the total number of samples analyzed. ChAdOx1-S participants n = 16,

BNT162b2 participants n = 86.

(B) Age and gender of participants.

(C–H) (C) Anti-RBD and (D) anti-Spike IgG titers, (E) Wuhan-Hu-1 pseudovirus NAb titers (ID50), (F) Spike-specific IFN-g spot-forming units (SFU), (G) Spike-

specific AIM+ CD4+ T cells, (H) Spike-specific AIM+ CD8+ T cells, before and after vaccination with BNT162b2 or ChAdOx1-S (first and second doses) and a third

dose of either BNT162b2 or mRNA-1273. Data in (B–H) are represented as violin (B) or boxplots (C–H), with the box denoting the 25th and 75th percentiles, the

whiskers the 5th and 95th percentiles; the middle bar is the median. Statistical significance was assessed in (B) using a Kruskal-Wallis test, in (C–H) using

Wilcoxon rank-sum tests. *p < 0.05, ***p < 0.001, ns = not significant.

Article
ll

OPEN ACCESS
days after the second (V2A) and third (V3A) doses, generating

more than 12 billion reads across 263 samples (Figure S3A,

Table S2). Consistent with a previous study reporting only a

transient increase in the expression of type I interferon (IFN-I)

inducible genes 1–2 days after the first dose of BNT162b2,12 no

differentially expressed genes (DEGs) were identified at V1

(mean of 6 days after the first dose) inBNT162b2-vaccinated par-

ticipants (Figure 2A). Gene Set Enrichment Analysis (GSEA) did,
however, detect an enrichment for IFN-a-inducible genes

(Table S2), and we observed a correlation between days after

vaccination and the expression of the gene, IFI27 (Figure S3B),

indicating that this IFN-I signature is still detectable in whole

blood from these participants up to approximately 6 days after

vaccination.

In contrast, 424 DEGs were found at approximately 6 days

after vaccination with ChAdOx1-S (Figures 2B and 2C,
Cell Reports Medicine 4, 100971, March 21, 2023 3



V0 - Pre vaccination V1 - ~6 days post first dose

ChAdOx1-SBNT162b2

−0.3

0.0

0.3

−0.5 0.0 0.5 1.0

PC1: 19.12 % variation

PC
2:

 9
.6

8 
%

 v
ar

ia
tio

n

−0.4

−0.2

0.0

0.2

0.4

−0.25 0.00 0.25 0.50
PC1: 4.11 % variation

PC
2:

 3
.7

6
%

 v
ar

ia
tio

n

BA C

Sample

D
iff

er
en

tia
lly

 e
xp

re
ss

ed
 g

en
es

 
po

st
 C

hA
dO

x1
-S Z−score

−4
−2
0
2
4

V0 - Pre vaccination
V1 - ~6 days post first dose

D

O2 exchange in erythrocytes

Response to chemical stress

Protein ubiquitination

Immunoglobulin production

Regulation of complement activation

Adaptive immune response

0 20 40 60 80
−log10(FDR)

Increased post ChAdOx1-SDecreased post ChAdOx1-S

FDR = 0.05

E F

I

Plasmablasts

cTfh cells

CD38+ cTfh cells

log2 Fold Change
DCsGranulocyte CD4+ T−cell

CD8+ T−cellNK cells
B−cell

Monocyte
cTfh
MAIT cell

100

1000

10000

BNT162b2 ChAdOx1-S

G

Pl
as

m
ab

la
st

s 
/m

l b
lo

od

H

18.00

18.25

18.50

18.75

19.00

BNT162b2 ChAdOx1-S

SE
R

PI
N

A3
( n

or
m

al
iz

ed
d 

pr
ot

ei
n 

ex
pr

es
si

on
)

16

17

18

BNT162b2 ChAdOx1-S

C
om

pl
em

en
t f

ac
to

r I
X 

(C
9)

 
(n

or
m

al
iz

ed
 p

ro
te

in
 e

xp
re

ss
io

n)

**ns ns *

V0 - Pre vaccination V1 - ~6 days post first dose

J

Pl
as

m
a 

ce
lls

Platelets

Monocytes
Immature Neutrophils

Follicular B cells

0

5

10

15

Cell type

−l
og

10
(F

D
R

)

Ne
ut

ro
ph

ils

T ce
lls

Erythroblast

Down regulated at V1 post ChAdOx1-S
Up regulated at V1 post ChAdOx1-S

Down regulated at V1 post ChAdOx1-S
Up regulated at V1 post ChAdOx1-S

13.6

13.8

14.0

14.2

3.0 3.5 4.0 4.5

log10 CD38+ cTfh 
cells/ml blood

rho = 0.7
p = 1e-4

K

0

3

6

9

12

−1.0 −0.5 0.0 0.5 1.0

−l
og

10
(F

D
R

)

ns ***

L

2.0 2.5 3.0 3.5 4.0

log10 Plasmablasts /ml blood

rho = 0.7
p = 1e-3

V0
V1

Metabolism of proteins

Transport of small molecules

C
oa

gu
la

tio
n 

fa
ct

or
 IX

  (
F9

)
(n

or
m

al
iz

ed
 p

ro
te

in
 e

xp
re

ss
io

n)

O
X4

0+  C
D

13
7+ 

(%
 o

f c
Tf

h)
MI A

cifi ceps−noxeh
52YdAh

C
+

sll ec
hf Tc

C
oa

gu
la

tio
n 

f a
ct

or
 IX

  (
F9

)
(n

or
m

al
iz

ed
 p

ro
te

in
 e

xp
re

ss
io

n)

0.1

1.0

10.0

100 1000 10000
Plasmablasts /ml blood

rho = 0.7
p = 0.01

Figure 2. Multi-omics assessment of responses to a single dose of BNT162b2 or ChAdOx1-S at approximately 6 days after vaccination (V1)

(A and B) Multidimensional scaling analysis (MDS) of whole-blood gene expression profiles (RNA-seq) at V0 and V1 after (A) BNT162b2 (n = 66) or (B) ChAdOx1-S

(n = 15).

(C) Heamap of DEGs at V1 compared with V0 in participants vaccinated with ChAdOx1-S.

(D and E) Selected reactome pathways andGeneOntology (GO) terms and (E) cell types, enriched amongDEGs at V1 in participants vaccinatedwith ChAdOx1-S.

(F) Volcano plot of immune cell populations after one dose of ChAdOx1-S.

(G) The number of plasmablasts at V1 in participants vaccinated with ChAdOx1-S (n = 16) or BNT162b2 (n = 77).

(H) Correlation between ChAdY25 hexon-specific AIM+ cTfh cells and the number of plasmablasts at V1 in participants vaccinated with ChAdOx1-S.

(I and J) Normalized expression of selected proteins identified as differentially abundant in plasma at V1 compared with V0 in after ChAdOx1-S (n = 14) or

BNT162b2 (n = 13).

(K and L) Correlation (Spearman) between coagulation factor IX protein expression in plasma at V1 and (K) CD38+ cTfh cells and (L) plasmablasts at V1 in

participants vaccinated with ChAdOx1-S. Data in (G), (I), and (J) are represented as boxplots (see Figure 1). Statistical significance was assessed in (D) and

(E) using a hypergeometric test, in (F–H) using a generalized linearmodel, and in (I, J) with limma. *p < 0.05, **p < 0.01, ***p < 0.001, ns = not significant, FDR = false

discovery rate.
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Table S2). Up-regulated genes were enriched for roles in the

adaptive immune response, complement activation, and immu-

noglobulin production (Figure 2D) and were strongly enriched for

genes expressed in plasma cells (Figure 2E), particularly immu-

noglobulin genes (Figure S3C). In contrast, down-regulated

genes were enriched for genes expressed in platelets andmono-

cytes. To further investigate these signatures, flow cytometry

analysis was used to characterize changes in 54 different im-

mune cell sub-populations (Table S3, Methods S1 and S2).
4 Cell Reports Medicine 4, 100971, March 21, 2023
Consistent with our RNA sequencing (RNA-seq) data, we did

not detect any changes in immune cell populations at V1 after

BNT162b2 vaccination (Table S3). In contrast, vaccination

with ChAdOx1-S had a striking effect on plasmablasts

(CD19+/dimCD20-/dimCD38++CD27++)26 and circulating T follic-

ular helper cells (cTfh; CD3+CD4+CXCR5+PD-1+), in particular

CD38+ cTfh cells (recently activated), which were increased

after the first dose of ChAdOx1-S (Figures 2F and 2G, S3D and

S3E). Four ChAdOx1-S participants did not have increased
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plasmablasts or CD38+ cTfh cells (Figures 2G, S2E); however,

these individuals had samples collected at 5 days after vaccina-

tion (Figure S3F), suggesting that this plasmablast/cTfh

response is only evident on or after day 6 after vaccination.

Programmed cell death 1 (PD-1) expression has been correlated

with the activation of cTfh cells27 and consistent with this, we

observed increased PD-1 expression (mean fluorescent inten-

sity) on cTfh cells after the first dose of ChAdOx1-S, but not

BNT162b2 (Figure S3G).

The induction of plasmablasts and cTfh cells after the first

dose of ChAdOx1-S is analogous to what is observed after sea-

sonal influenza vaccination, where pre-existing immunity to influ-

enza from previous infection or vaccination results in an increase

in CD38+ cTfh cells and plasmablasts in the blood at approxi-

mately 7 days after vaccination.27,28 The magnitude of the plas-

mablast and cTfh response after influenza vaccination correlates

with subsequent serum antibody titers28; however, we did not

detect a correlation between the magnitude of the plasmablast

or CD38+ cTfh cell response induced after the first dose of the

ChAdOx1-S vaccine and antibody titers at V2B (Figure S3H),

nor did we detect anti-Spike/RBD binding antibodies at V1

(Figures 1C and 1D). Taken together, these data suggest amem-

ory response to a component of the ChAdOx1-S vaccine or a

complex involving the vaccine.29 To determine if this was a recall

response directed against the ChAdOx1 adenoviral vector, we

stimulated V0 and V1 PBMCs with a peptide pool derived from

the Chimpanzee Adenovirus type Y25 (ChAdY25) hexon protein

(the adenoviral vector in the ChAdOx1-S vaccine) and assessed

immune responses to stimulation by ELISpot and AIM assays.

IFN-g-secreting cells and AIM+CD4+ cTfh cells were significantly

increased at V1 relative to V0 samples after ChAdY25 hexon

peptide stimulation in ChAdOx1-S, but not BNT162b2, vacci-

nated participants (Figures S3I and S3J). In contrast, stimulation

of V0 and V1 samples with a Spike-derived peptide pool did not

lead to an increase in IFN-g-secreting cells or AIM+CD4+ cTfh

cells in any of the vaccinated participants (Figures S3K and

S3L). Most significantly, the frequency of ChAdY25 hexon-spe-

cific AIM+CD4+ cTfh cells observed at V1 in ChAdOx1-S vacci-

nated participants was strongly positively correlated with the

number of circulating plasmablasts induced in these participants

after the first dose of ChAdOx1-S (Figure 2H). Taken together,

these data suggest that there is pre-existing cross-reactive

cellular immunity to the ChAdOx1 vector that is induced after

the first dose of ChAdOx1-S and is correlated with the induction

of circulating plasmablasts.

The expression of complement and coagulation-related
proteins is correlated with the memory-like cTfh and
plasmablast response induced after the first dose of
ChAdOx1-S
To further characterize the molecular changes after the first

dose of ChAdOx1-S, we performed untargeted proteomics on

plasma samples (n = 54) collected from these participants

and a matched cohort of BNT162b2 vaccinated participants.

Vaccination with ChAdOx1-S led to changes in the expression

of nine proteins in plasma at V1 relative to V0 (Table S4),

whereas no changes were detected following BNT162b2 at

V1 relative to V0. After ChAdOx1-S, for example, there was
increased expression of SERPINA3, an acute phase protein

(Figure 2I), complement component 9 (Figure 2J), and APOC2

(Figure S3M), a cofactor activating lipoprotein lipase. The

expression of other proteins including the glycoprotein HRG

(Figure S3N, Table S4), were decreased following vaccination

with ChAdOx1-S. Pathway enrichment analysis revealed com-

plement activation related pathways were enriched among

up-regulated proteins (Table S4). The expression of multiple

coagulation and complement-related proteins including coagu-

lation factors IX and XII and protein C, as well as complement

component C3, C8A, C8B, and CFH, were strongly correlated

with the number of CD38+ cTfh cells and plasmablasts induced

after the first dose of ChAdOx1-S (Figures 2K and 2L,

Table S4). Taken together these data suggest that the magni-

tude of the memory response induced after the first dose of

the ChAdOx1-S vaccine is correlated with the expression of

proteins involved in thrombosis.

Given these data, it is important to consider that vaccination

with ChAdOx1-S has, in rare instances, been associated with

TTS after the first dose, a condition in which antibodies are

generated that recognize platelet factor 4 (PF4), leading to acti-

vation of the coagulation cascade.20 We speculated that the

plasmablasts induced after the first dose of ChAdOx1-S could

produce anti-PF4 antibodies; however, we measured anti-PF4

IgG titers in serum collected from participants at V0 and at V1 af-

ter vaccination with ChAdOx1-S (n = 14) and from an age- and

gender-matched subset of BNT162b2 vaccinated participants

(n = 13), and there was no statistically significant difference de-

tected (Figure S3O). An important caveat is that none of the par-

ticipants in our study developed TTS and further research is

needed to assess whether similar responses, perhaps of greater

magnitude, occur in patients who go on to develop TTS.

We also performed untargeted lipidomics on the same set of

54 plasma samples. Consistent with our proteomics and RNA-

seq data, we found no changes in plasma lipid levels at V1 after

BNT162b2; however, nine lipid species were decreased after the

first dose of ChAdOx1-S (Figures S3P–S3R and Table S4). Lipids

decreased after ChAdOx1-S were predominantly phosphatidyl-

cholines, an abundant cellular phospholipid required for the gen-

eration of antibody-secreting cells.30 Sixty-eight lipid species

were correlated with the number of CD38+ cTfh cells and/or plas-

mablasts induced at V1 after ChAdOx1-S, including multiple

negative correlations between the levels of phosphatidylcholine

species and the number of plasmablasts (Figure S3S, Table S4),

consistent with increased energy requirements of these cells.30

Similar changes to the whole blood transcriptome are
induced approximately 1–2 days after the second and
third doses, irrespective of vaccine type
Next, we assessed transcriptome-wide changes in whole blood

at V2A and V3A. Surprisingly, multidimensional scaling analysis

revealed that a second dose of either BNT162b2 or ChAdOx1-

S induced remarkably similar changes to the transcriptome at

V2A (Figure 3A). Furthermore, gene expression changes induced

after a third dose of BNT162b2 or mRNA-1273 were indistin-

guishable from each other or from those changes induced after

the second dose of BNT162b2 or ChAdOx1-S. Compared with

pre-vaccination baseline, after BNT162b2, there were 611 and
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Figure 3. Gene expression and cytokine responses approximately 1–2 days after the second and third doses of vaccine

(A) MDS of whole blood gene expression data at V0, V2A (BNT162b2 n = 46, ChAdOx1-S n = 8), and V3A (BNT162b2 n = 32, mRNA-1273 n = 10).

(B–D) (B) Heatmap of DEGs at V2A. Normalized gene expression of (C) STAT1 and (D) CXCL10 after vaccination.

(E) Selected reactome pathways and Gene Ontology terms enriched among DEGs at V2A/3A.

(F) Selected BTMs that were differentially expressed at V1, V2A, or V3A after vaccination.

(G) Fold-change in plasma cytokine levels at V1, V2A, and V3A after vaccination. The concentration of (H) IP-10 and (I) IFN-g in plasma before and after

vaccination. Data in (C, D) and (H, I) are represented as boxplots (see Figure 1). Statistical significance was assessed in (C, D) using edgeR, in (E) using a hy-

pergeometric test, and in (G–I) with a generalized linear model. *p < 0.05, ***p < 0.001, ns = not significant.
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1,015 DEGs (with a fold-change of at least 1.5-fold) at V2A and

V3A, respectively (Figure 3B, Table S2) including genes encod-

ing transcription factors, such as STAT1 and chemokines,

such as CXCL10 (Figures 3C and 3D). Similar numbers of

DEGs were observed following vaccination with ChAdOx1-S

at V2A (533 DEGs) or mRNA-1273 (1,549 DEGs) at V3A

(Table S2). A direct statistical comparison of gene expression re-

sponses after the second (BNT162b2 vs. ChAdOx1-S at V2A) or
6 Cell Reports Medicine 4, 100971, March 21, 2023
a third dose (BNT162b2 vs. mRNA-1273 at V3A) did not identify

any DEGs (FDR < 0.05), nor did comparing V2A with V3A, indi-

cating that changes in gene expression induced at both time-

points were very similar, irrespective of the vaccine type. Genes

up-regulated at either V2A or V3A were strongly enriched for

roles in IFN and cytokine signaling, antigen presentation,

and the complement cascade (Figure 3E, Table S2). The robust

IFN signature observed after the second and third doses is
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consistent with a previous study of responses to the BNT162b2

vaccine, which also reported a robust IFN-I signature after first

and second doses of BNT162b2.12 Experiments in Ifnar�/�

mice (IFN-a/b receptor deficient) provide strong support for the

functional important of IFN signaling in the generation of optimal

vaccine-specific T and B cell responses.31

We next assessed transcriptional changes using gene set vari-

ation analysis (GSVA).32 We used this approach to calculate an

activity score for a set of more than 200 pre-defined blood tran-

scriptional modules (BTMs),31 reflecting changes in the expres-

sion of these BTMs in each participant at each timepoint after

vaccination (Figure 3F, Table S2). At V1, this approach detected

the increase in plasma cell gene expression after ChAdOx1-S re-

ported above, but also decreased activity of BTMs related to

heme biosynthesis and platelet activation. Consistent with our

pathway analysis, there was an increase in the activity of BTMs

related to antigen presentation, IFN-I response, and inflamma-

tion at V2A and V3A, irrespective of vaccine (Figure 3F,

Table S2). No BTMs were identified as differentially active

when comparing responses at V2A with those at V3A, further

emphasizing the similarity in transcriptional responses after the

second and third doses. Next, we assessed whether the activity

of any BTMs at V2A or V3A were correlated with antigen-specific

antibody or T cell responses at V2B or V3B (including anti-Spike/

RBD/NAb titers, AIM+ CD4+/CD8+ cells, or the number of IFN-

g-producing T cells). Several interesting and biologically plau-

sible correlations were detected at p < 0.05 (Figures S4A–

S4H); however, given the extremely large number of features

measured across our multi-omics analyses, the majority of these

correlations were not statistically significant after correction for

multiple testing. Correlations detected included a positive corre-

lation between a T and B cell activation-related BTM (M62) and

Wuhan-Hu-1 pseudovirus NAb titers at V2B after BNT162b2

(Figure S4B) and a positive correlation between an IFN-related

BTM (M75) and anti-Spike IgG titers (Figure S4C), consistent

with the important role of IFN signaling in optimal responses to

this vaccine. Additionally, the signaling in T cells (II) BTM

(M35.1) was positively correlated with the proportion of

AIM+CD4+ T cells at V2B (Figure S4D). Interestingly, those

BTMs that correlated with ChAdOx1-S immunogenicity were

different from those identified for BNT162b2 and included

several negative correlations between antigen presentation-

related BTMs and the proportion of AIM+CD4+ T cells at V2B

(Figure S4A, Table S5).We also assessed correlations at the level

of individuals genes, identifying hundreds of correlations before

correction for multiple testing (Table S5). For example, CD40

expression in blood at V2A was positively correlated with anti-

RBD titers at V2B (Figure S4F). Similarly, the expression of

RNF115 (Figure S4G), part of the RIG-I signaling pathway

induced upon viral infection, was positively correlated with the

number of IFN-g-producing T cells at V2B. A further 15 BTMs

at V3A were correlated with antibody titers or T cell responses

at V3B (Figure S4H, Table S5). Notably, there were several pos-

itive correlations between the activity of antigen presentation,

monocyte, and dendritic cell (DC)-related BTMs at V3A and the

proportion of AIM+CD8+ T cells or IFN-g-producing T cells at

V3B, whereas plasma cell and memory B cell-related modules

were negatively correlated. Only one BTM (M58, B cell develop-
ment/activation) was positively correlated with anti-RBD, anti-

Spike and NAb titers.

To further examine which transcriptional signatures were

associated with robust antibody responses, we divided partici-

pants into high (top quartile of neutralizing antibody titers at

V3B) versus low (bottom quartile of neutralizing antibody titers

at V3B) responders after the third dose. GSEA revealed that

low responders had increased expression of neutrophil and

inflammation-related BTMs at V3A, while high responders were

enriched for B cell, plasma cell, and antigen presentation mod-

ules (Table S2), further emphasizing the relationship between

the induction of innate immune responses immediately after

vaccination and subsequent immunogenicity.

We next used a multiplex immunoassay (LEGENDplex Human

Anti-Virus Response 13-plex Panel, BioLegend) to quantify 13

cytokines/chemokines in plasma at V0, V1, V2A, and V3A

(Figures 3G–3I, S5). We did not detect a difference in cytokine

levels at V1 in participants vaccinated with either BNT162b2 or

ChAdOx1-S. Consistent with previous reports14,33 and our

gene expression data, plasma IP-10 levels were elevated in

BNT162b2 recipients approximately 1–2 days after the second

and third doses (Figure 3K). IFN-g levels were also significantly

increased after the third dose (Figure 3L). Although no cytokines

or chemokines were significantly elevated after ChAdOx1-S

(Figures 3G–3I), this could be due to the smaller sample size

compared with the BNT162b2 group.

Lymphopenia and activation of immune cells
approximately 1–2 days after the second and third doses
of vaccine
As reported above, we performed flow cytometry analysis to

characterize changes in 54 immune cell sub-populations at V0

and all timepoints after vaccination. BNT162b2 induced a mild

lymphopenia at V2A and V3A (Figures 4A, 4B, S6A, Table S3),

which included a decrease in CD3+ T cells (Figure 4C), multiple

natural killer (NK) cell subsets (Figures 4A, 4B, and 4D), both con-

ventional DCs (cDC) and plasmacytoid DCs (pDC), multiple sub-

sets of CD4+ and CD8+ T cells, cTfh cells, and memory B cell

subsets (Figures 4A and 4B, Table S3). Intermediate monocytes

were increased at V2A and V3A after BNT162b2 (Figure 4E). No

populations were detected as significantly altered at any time

point after ChAdOx1-S vaccination compared with V0; however,

as can be observed (Figure 4B), the trend was similar to

BNT162b2 and the lack of statistical significance is likely due

to the smaller sample size of ChAdOx1-S participants. When

directly statistically comparing immune cell populations after

ChAdOx1-S and BNT162b2, aside from the differences at V1

reported above, only classical monocytes were significantly

different andwere increased at V2A after ChAdOx1-S (Figure 4F).

No differences in immune cell populations were detected at V3A

or V3B when comparing between the different vaccine groups.

We also examined myeloid activation markers and found that,

after two doses of BNT162b2, the expression of HLA-DR was

increased on all monocyte subsets assessed (Figure 4G).

ChAdOx1-S recipients showed a similar trend, but again these

differences did not attain statistical significance. HLA-DR

expression was similarly increased on monocyte subsets at

V3A after BNT162b2, although these differences were only
Cell Reports Medicine 4, 100971, March 21, 2023 7
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Figure 4. Flow cytometry analysis of major immune cell populations in peripheral blood approximately 1–2 days after the second and third

doses of vaccine
(A) Volcano plot showing changes in immune cell populations in BNT162b2 vaccinated participants (n = 44) at V2A relative to V0.

(B) Heatmap showing the fold-change (log2 transformed) in immune cell populations in BNT162b2 or ChAdOx1-S vaccinated participants at V2A, V2B, V3A, and

V3B relative to V0.

(C–H) (C) CD3+ cells, (D) NK cells, (E) intermediate monocytes, and (F) classical monocytes (counts/mL) in peripheral blood pre- and post-vaccination. Heatmap

showing fold-change in the expression of myeloid cell activation markers (G) HLA-DR and (H) CD86 at V1-V3B relative to V0.

(I) Heatmap of correlations between immune cell populations at V2A and antigen-specific antibody and T cell responses at V2B after BNT162b2. Only populations

with at least one significant correlation (p < 0.05) shown. Statistical significance was assessed in (A–H) with a generalized linear model. Spearman correlations

shown in (I). *p < 0.05, ***p < 0.001.
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statistically significant for intermediate monocytes. Expression

of CD86 was increased on nonclassical monocytes and cDCs

at V2A and V3A, and on classical monocytes at V3A, in partici-

pants vaccinated with BNT162b2 (Figure 4H).

The frequencies of multiple immune cell populations at V2A

were correlated (p < 0.05) with antigen-specific antibody or

T cell responses at V2B (Figures 4I and S6B). For example, the

number of pDCs was negatively correlated with antibody and

T cell responses at V2B, while CD38+ cTfh cells and PD-1 ex-

pressing CD4+ T cells were positively correlated with NAb titers

(Figure 4I). The correlations observed after ChAdOx1-S were

different from those observed after BTN162b2 (Figure S6B).

For example, multiple CD8+ T cell and innate immune cell sub-
8 Cell Reports Medicine 4, 100971, March 21, 2023
sets were negatively correlatedwith anti-RBD titers at V2B, while

multiple NK cell subsets were positively correlated with the

proportion of AIM+CD8+ T cells at V2B (Figure S6B). After

BNT162b2, the number of CD38+ cTfh cells at V2Awas positively

correlated with Wuhan-Hu-1 pseudovirus Nabs at V2B (Fig-

ure S6C). In some cases, opposing correlations were observed.

For example, CD38+ cTfh cells at V2A were negatively correlated

with Spike-specific IFN-g-secreting cells at V2B after ChAdOx1-

S, but were positively correlated after BNT162b2 (Figure S6D).

Similarly, the frequency of NK cells at V2A were positively corre-

lated with AIM+CD8+ T cells at V2B after ChAdOx1-S, but nega-

tively correlated after BNT162b2 (Figure S6E). No immune cell

populations at V3A were correlated with antibody responses at
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Figure 5. Pre-vaccination immune status is correlated with antigen-specific antibody and T cell responses after the second or third doses of

vaccine

(A) Heatmap showing correlations between BTM activity score, immune cell counts, or cytokine concentration at V0, and antigen-specific antibody and T cell

responses at V2B (n = 86).

(B) Correlation between CD38+ cTfh cells at V0 and Wuhan-Hu-1 ID50 at V2B.

(C) Correlation between activity of BTM 47.2 (enriched in B cells III) at V0 and Spike-specific AIM+ CD4+ T cells at V2B.

(D) Correlation between B cells (counts/mL) at V0 and Spike-specific AIM+ CD4+ T cells at V2B.

(legend continued on next page)
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V3B; however, 10 immune cell populations were negatively

correlated with T cell responses (Table S5), including negative

correlations between naive CD4+ T cells at V3A and the number

of Spike-specific IFN-g-secreting cells at V3B, and between

CD4+ MAIT cells at V3A and the proportion of AIM+CD8+

T cells at V3B (Table S5).

Pre-vaccination immune status is correlated with
vaccine immunogenicity
As previous studies suggest that the pre-vaccination immune

state is predictive of antigen-specific responses to other vac-

cines,34 we sought to assess whether this is also true for

COVID-19 mRNA or adenovirus vectored vaccines. We found

multiple immune cell populations, BTMs, and cytokine and che-

mokine levels before vaccination were correlated (p < 0.05) with

antigen-specific antibody or T cell responses at V2B after

BNT162b2 (Figure 5A) or ChAdOx1-S (Figure S6B). For example,

the number of CD38+ cTfh cells before vaccinationwas positively

correlated with NAb titers at V2B after vaccination with

BNT162b2 (Figure 5B). Unexpectedly, we found that both the

transcriptional activity of B cell-related BTMs before vaccination

and number of B cells in blood, as assessed by flow cytometry,

were negatively correlated with antigen-specific T cell responses

at V2A after vaccination with either BNT162b2 or ChAdOx1-S

(Figures 5A, 5C, and 5D, S6F, Table S5). We also identified

that the pre-vaccination concentration of IP-10 was positively

correlated with anti-Spike IgG titers after BNT162b2 (Figure 5E).

Correlations between BTMs, immune cell populations, and cyto-

kine concentrations with antibody and T cell responses induced

after the third dose (either BNT162b2 or mRNA-1273) were also

identified (Figure 5F, Table S5). For example, the number of naive

B cells before vaccination was correlated with anti-Spike titers

at V3B, whereas BTM M146 (MHC-TLR7-TLR8 cluster) was

positively correlated with the proportion of AIM+CD8+ T cells at

V3B (Figure 5F).

Reactogenicity after vaccination is associated with
higher T cell responses, but not antibody responses
A survey recording symptoms of vaccine reactogenicity was

sent to participants 1 week after each vaccination (>95%

completion rate, Table S6, Data S1). No participants reported

serious AEs (e.g., TTS). After the first dose, participants who

received ChAdOx1-S reported higher rates of fatigue, fever,

chills, muscle pain, and headache compared with those vacci-

nated with BNT162b2 (Figure 6A). In contrast, after the second

dose of vaccine, higher rates of chills were detected in those

vaccinated with BNT162b2 (Figure 6B). There was no significant

difference in reported AEs between those vaccinated with

BNT162b2 or mRNA-1273 for their third dose (Figure 6C). These

patterns of AEs were consistent with prior reports.35 In contrast

with prior reports,14 we did not detect associations between re-

ported AEs and antigen-specific anti-Spike/RBD or NAb titers

induced by either vaccine at any timepoint (data not shown).
(E) Correlation between IP-10 in plasma at V0 and anti-Spike IgG titers at V2B.

(F) Heatmap of correlations between BTM activity, immune cell counts, or cytok

(A and F) Only BTMs, immune cell populations, or cytokines with at least one st

shown in (A–F). *p < 0.05, **p < 0.01.
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We also did not detect a relationship between reactogenicity

and the pre-vaccination transcriptome, cytokine levels or circu-

lating immune cell populations. However, higher frequencies of

HLA-DR+CD8+ T cells, PD-1+CD8+ T cells, and CCR7+CD8+

T cells were observed in those who experienced fatigue, head-

ache, or fever, respectively, after the first dose of ChAdOx1-S

(Figures 6D–6F). HLA-DR+CD8+ T cells were also increased in

those who experienced a headache after the first dose of

BNT162b2 (Figure 6G). The frequency of plasmablasts at

V1 was also associated with pain at the injection site and head-

ache after the first dose of BNT162b2 (Figures 6H, S6G) but

was not correlated with subsequent antibody or T cell re-

sponses. Participants reporting chills at V2A after vaccination

with BNT162b2 had lower levels of IL8, IP-10, and tumor necro-

sis factor-a (Figures S6H–S6J). Interestingly, those who reported

fever after the second dose of BNT162b2 had increased

numbers of Spike-specific IFN-g-secreting cells at V2B (Fig-

ure 6I) and an increased proportion of Spike-specific

AIM+CD4+ T cells (Figure 6J). After the third dose (BNT162b2

or mRNA-1273), we observed that fatigue was correlated with

an increased proportion of Spike-specific IFN-g-secreting cells

and AIM+CD4+ and AIM+CD8+ T cells (Figures 6K-6M). These

data suggest a relationship between reactogenicity and

increased T cell responses after vaccination with COVID-19

mRNA vaccines.

DISCUSSION

Vaccination is a cornerstone of the global strategy to control the

spread of SARS-CoV-2 with tens of millions of lives saved to

date.36 While randomized controlled trials have demonstrated

the efficacy of both mRNA and adenoviral vectored vaccines

against severe COVID-19,2,3,37,38 such trials typically do not

include systems-level assessments of the immune response to

vaccination, limiting our knowledge of the precise mechanisms

that determine optimal immune responses to different COVID-

19 vaccine types. Here, we present a longitudinal, systems-level

analysis of the early (days) and late (weeks to months) immune

responses induced in a cohort of 102 SARS-CoV-2-naive,

healthy adults, vaccinated with either mRNA (BNT162b2,

mRNA-1273) or adenoviral vectored (ChAdOx1-S) vaccines.

We comprehensively profiled immune responses in blood before

vaccination, and at 1–7 days after the first, second, and third

doses, using a multi-omics approach that included transcrip-

tomics, proteomics, lipidomics, cytokine profiling, and multi-

parameter flow cytometry, and compared these responses

with antigen-specific antibody and T cell responses induced

approximately 28 days after the second and third doses.

After the first dose of ChAdOx1-S, we detected significant dif-

ferences in the blood transcriptome that were not observed in

BNT162b2 vaccinated participants, which suggested that the in-

duction of a plasma cell responsewithin 6 days of the first dose of

ChAdOx1-S. Multiparametric flow cytometry confirmed this,
ine concentration at V0 and antigen-specific responses at V3B.

atistically significant correlation (p < 0.05) are shown. Spearman correlations
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Figure 6. Reactogenicity following the BNT162b2, mRNA-1273 or ChAdOx1-S vaccines

(A–F) The proportion of participants who reported AE after the (A) first, (B) second dose of BNT162b2 (n = 86) or ChAdOx1-S (n = 16) or (C) third dose of BNT162b2

(n = 38) or mRNA-1273 (n = 14). Activated CD8+ T cells subsets after the first dose of ChAdOx1-S in participants who reported (D) fatigue (E) headache or (F) fever.

(G) HLA-DR+ CD8+ T cells in participants who reported headache after the first dose of BNT162b2.

(H) Plasmablasts in participants who reported pain at the injection site after the first dose of BNT162b2.

(I) Spike-specific IFN-g SFU at V2B in participants who reported fever after a second dose of BNT162b2.

(J) AIM+ CD4+ T cells at V2B in participants who reported fever after a second dose of BTN162b2.

(legend continued on next page)
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revealing a significant increase in both plasmablasts and recently

activated cTfh cells in ChAdOx1-S vaccinated individuals

6–7 days after the first dose. This response is remarkably similar

to the anamnestic responses observed after seasonal influenza

vaccination28,39 and suggested pre-existing immunity to a

component of theChAdOx1-S vaccineor vector. Pre-existing im-

munity in the form of ChAdOx1-neutralizing antibodies is thought

to be uncommon,40,41 but there has been little investigation into

ChAdOx1 cross-reactive T cell memory. ChAdOx1-S vaccination

has recently been shown to expand a pre-existing CD4+memory

T cell pool that also responds to the human adenovirus 5 hexon

protein, which shares approximately 80% sequence homology

with the ChAdOx1 hexon protein,42 strongly suggesting that

cross-reactive T cell epitopes are shared between humanadeno-

viruses and the ChAdOx1 viral vector. We demonstrate that a

proportion of the cTfh cells induced by ChAdOx1-S vaccination

at V1 areChAdOx1 hexon specific and are strongly and positively

correlated with the number of circulating plasmablasts at this

time point. We also observe a concomitant increase in the num-

ber of ChAdOx1-specific IFN-g-secreting cells. Importantly, we

do not see any increase in the number of Spike-reactive T cells

at this time point, suggesting that this is likely expansion of pre-

existing ChAdOx1-specific memory cells. Together, these data

strongly support the existence of pre-existing cellular immunity

to the ChAdOx1 adenoviral vector, likely a form of cross-reactive

memory derived from prior exposure to human adenoviruses,

whichmay have implications for future adenovirus-vectored vac-

cines and therapies.

Interestingly, our proteomics analyses revealed that there was

a strong positive correlation between the abundance of multiple

coagulation and complement proteins in plasma and the magni-

tude of the cTfh and plasmablast response induced 6–7 days af-

ter the first dose of ChAdOx1-S, suggesting a link between the

induction of this memory-like response and the expression of

proteins involved in thrombosis. Adenoviral vectored vaccines

have been associated with rare cases of TTS, driven in part by

the production of auto-antibodies against PF4, with clinical

symptoms manifesting from 7 days after vaccination.18–20 How

these PF4 auto-antibodies manifest in those rare cases of TTS

is unclear, but it has been demonstrated that several adenovirus

vaccine vector candidates, including ChAdOx1, bind to PF4

in vitro.29,43 If the same phenomenon occurs in vivo, PF4-specific

B cells could internalize and present PF4-ChAdOx1 complexes

to ChAdOx1 cross-reactive memory T cells, leading to intermo-

lecular epitope spreading and the production of PF4 auto-anti-

bodies,44,45 consistent with a proposed mechanism for TTS.29

Although we were unable to detect a statistically significant in-

crease in PF4 auto-antibodies in ChAdOx1-S vaccinated partic-

ipants, none of whom developed TTS, further investigation is

warranted to assess the antigen specificity of the plasmablasts

that appear after the first dose of adenovirus-vectored vaccines

and the consequences this may have for vaccine-induced AEs.
(K) Spike-specific IFN-g SFU at V3B in participants who reported fatigue after a

(L) AIM+ CD4+ T cells at V3B in participants who reported fatigue after a third do

(M) The proportion of Spike-specific AIM+ CD8+ T cells at V3B in participants who

are represented as boxplots (see Figure 1). Statistical significance was assessed i

*p < 0.05, **p < 0.01, ***p < 0.001.
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Interestingly, given the differences observed after the first

dose, similar transcriptional, cytokine/chemokine, and immune

cell population changes were induced approximately 1–2 days

after the second or third dose, irrespective of vaccine type.

Several hundred genes changed in response to vaccination,

and through correlation analyses wewere able to link the expres-

sion of specific genes (e.g., CD40) and BTMs, induced approxi-

mately 1–2 days after vaccination, to the magnitude of subse-

quent antigen-specific antibody and T cell responses assessed

approximately 28 days later. A mild lymphopenia was induced

approximately 1–2 days after the second and third vaccine

doses, which was observed irrespective of vaccine adminis-

tered. This lymphopenia was primarily driven by decreased

numbers of T, B, and NK cells, likely due to migration from the

peripheral blood to lymphoid organs. The magnitude of the

mild lymphopenia was also correlated with antigen-specific

responses approximately 28 days later. Interestingly, the

only cell populations detected as increased in this period

after vaccination were classical (CD14+CD16�) and intermediate

(CD14+CD16+) monocytes, which were increased by ChAdOx1-

S or BNT162b2 vaccination, respectively. The increase in

classical monocytes is particularly noteworthy; they were nega-

tively correlated with anti-RBD antibody responses induced by

ChAdOx1-S. In other contexts, monocyte recruitment has

been shown to be capable of disrupting formation of germinal

centers.46,47 We also identified a positive correlation between

the number of CD38+ cTfh cells at V2A and pseudovirus NAb

titers at V2B in BNT162b2-vaccinated, but not ChAdOx1-S-

vaccinated, participants. Additionally, the frequency of specific

immune cell populations and the transcriptional activation of

BTMs before vaccination were correlated with subsequent vac-

cine-specific B and T cell responses. Irrespective of vaccine, an

overt B cell signature before vaccination was associated with

lower vaccine-specific T cell responses at V2B, while more

abundant cytotoxic CD8+ T cell subsets before BNT162b2 vacci-

nation was associated with lower NAb titers at V2B. These data

suggest that pre-vaccine immune signatures can be used to pre-

dict the magnitude of subsequent vaccine-specific immune

responses.

Consistent with prior reports,11,48,49 the proportion of

AIM+CD4+ T cells was lower in participants who received

ChAdOx1-S, relative to BNT162b2-vaccinated participants.

However, after a third dose of a mRNA vaccine, AIM+CD4+

T cells in ChAdOx1-S-vaccinated participants recovered to

levels comparable with triplemRNA vaccinated participants.48,50

In contrast, there was no difference in the number of Spike-spe-

cific CD8+ T cells at any timepoint after vaccination between

ChAdOx1-S- and BNT162b2-vaccinated participants, demon-

strating a specific deficit in the generation of CD4+ T cell re-

sponses after ChAdOx1-S vaccination. The proportion of

AIM+CD4+ T cells at V2B in ChAdOx1-S-vaccinated participants

was also positively correlated with NAb titers, which were
third dose (BNT162b2/mRNA-1273).

se of BNT162b2 or mRNA-1273.

reported fatigue after a third dose of BNT162b2 or mRNA-1273. Data in (D–M)

n (A–C) using Fisher’s exact tests, and in (D–M) usingWilcoxon rank-sum tests.
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decreased in ChAdOx1-S-vaccinated participants relative to

BNT162b2 participants at V2B, but recovered after a heterolo-

gous mRNA vaccination. These data suggest that a possible

underlying cause for the lower antibody titers after ChAdOx1-S

vaccination may be suboptimal CD4+ T cell responses, which

provide less help to promote humoral responses. Additionally,

the number of IFN-g-secreting cells at V2B in ChAdOx1-S-vacci-

nated participants was negatively correlated with the number of

cTfh cells as determined by flow cytometry. As Th1 and Tfh cells

represent mutually exclusive T cell fates,51,52 ChAdOx1-S vacci-

nation may drive suboptimal CD4+ T cell expansion that is Th1

biased at the expense of Tfh differentiation, resulting in poorer

antibody responses as compared with the BNT162b2 vaccine.

Further experiments in animal models are needed to prove

causality.

Whether vaccine reactogenicity translates into enhanced

immunogenicity is currently not well understood, with conflicting

reports.53,54Here, reactogenicity after the first doseofChAdOx1-

Swasassociatedwith an increased activationofCD8+Tcells and

increased numbers of circulating plasmablasts in the blood of

BNT162b2 vaccinated individuals. Interestingly, we did not

detect any significant associations between reactogenicity and

anti-Spike/RBD or NAb titers. However, fever and fatigue were

associated with more robust AIM+ T cell responses after the sec-

ond and third doses of vaccine, respectively. We also identified a

significant association between reactogenicity and CD8+ T cell

activation that, in turn, was negatively correlated with anti-Spike

IgG titers. Together these data suggest that reactogenicity is

associated with enhanced vaccine-specific T cell responses,

but not vaccine-specific antibody titers.

In conclusion, COVIRS represents a significant resource for un-

derstanding the early innate and adaptive immune responses to

mRNA and adenovirus vectored COVID-19 vaccines and how

these responses relate to immunogenicity and reactogenicity.

Thegenerationof high titersofSpike-specificbindingandneutral-

izing antibodies is currently the best correlate of protection after

vaccination against SARS-CoV-2, although the contribution of

vaccine-induced T cells in protection fromSARS-CoV-2 infection

isbecoming increasinglyapparent.55,56 Identifying the factors that

promote the optimal generation of vaccine-specific T and B cell

responses is a key priority and our study provides a wealth of

data to inform future rational vaccine design.

Limitations of the study
Our study has several limitations, including an imbalance of in

the number of participants receiving BNT162b2 compared with

the ChAdOx1-S and mRNA-1273 vaccines. This was unavoid-

able; BNT162b2 was the recommended vaccine for the majority

of participants in our cohort and vaccine administration was not

under our control. The cost and complexity of the multi-omics

analyses performed also limits the number of participants that

can be included in such systems vaccinology studies, although

we note that our sample size is at the upper end of comparable

studies in the field. The large number of different parameters as-

sessed in our multi-omics analyses is also a challenge for corre-

lation analyses that account for multiple testing. For this reason,

we report correlations that were statistically significant without

correction for multiple testing, accepting this approach as a lim-
itation of the large number of parameters versus the sample size.

Analyses were performed on peripheral blood; analysis of

immune responses in draining lymph nodes or the mucosa

would be an exciting addition in future studies. We focused on

the use of pre-defined BTMs in much of our transcriptomic anal-

ysis to enable comparisons to other recently published systems

vaccinology studies.57,58 However, one should be cognizant of

potential differences in the composition of BTMs in whole blood

compared with PBMC used in others.
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cleavage site in the spike protein of SARS-CoV-2 is essential for infection

of human lung cells. Mol. Cell 78, 779–784.e5. https://doi.org/10.1016/j.

molcel.2020.04.022.

64. Kalemera, M.D., Cappella-Pujol, J., Chumbe, A., Underwood, A., Bull,

R.A., Schinkel, J., Sliepen, K., and Grove, J. (2020). Optimised cell sys-

tems for the investigation of hepatitis C virus E1E2 glycoproteins. Preprint

at bioRxiv. https://doi.org/10.1101/2020.06.18.159442.

65. Crawford, K.H.D., Eguia, R., Dingens, A.S., Loes, A.N., Malone, K.D., Wolf,

C.R., Chu, H.Y., Tortorici, M.A., Veesler, D., Murphy, M., et al. (2020). Pro-

tocol and reagents for pseudotyping lentiviral particles with SARS-CoV-2

spike protein for neutralization assays. Viruses 12, 513. https://doi.org/10.

3390/v12050513.

66. Ewels, P., Magnusson, M., Lundin, S., and Käller, M. (2016). MultiQC:
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-Human IgG (H + L) Secondary

Antibody, HRP

Invitrogen Cat#31410; RRID:AB_228269

CD3 FITC BD Biosciences Cat#555339; RRID:AB_395745

CD3 BUV395 BD Biosciences Cat#564117; RRID:AB_2738603

CD4 M-T477 BV480 BD Biosciences Cat#746671; RRID:AB_2743943

CD4 BV605 BD Biosciences Cat#562658; RRID:AB_2744420

CD8 BV650 BD Biosciences Cat#563821; RRID:AB_2744462

CD8 G42-8 BV711 BD Biosciences Cat#743068; RRID:AB_2741262

CD11c PE BD Biosciences Cat#555392; RRID:AB_395793

CD14 Alexa Fluor 647 BD Biosciences Cat#562690; RRID:AB_2737724

CD16 BV421 BD Biosciences Cat#562874; RRID:AB_2716865

CD19 BV786 BD Biosciences Cat#563325; RRID:AB_2744314

CD19 PE BD Biosciences Cat#555413; RRID:AB_395813

CD20 BV786 Biolegend Cat#302355; RRID:AB_2566315

CD27 BV711 BD Biosciences Cat#563167; RRID:AB_2738042

CD38 BV510 BD Biosciences Cat#563251; RRID:AB_2738097

CD45 BV395 BD Biosciences Cat#563792; RRID:AB_2869519

CD45RA FITC Biolegend Cat# 304106; RRID:AB_314410

CD56 BUV563 BD Biosciences Cat#612928; RRID:AB_2870213

CD69 FN50 PE-CF594 BD Biosciences Cat# 562617; RRID:AB_2737680

CD86 PerCP-Cy5.5 BD Biosciences Cat#561129; RRID:AB_10562395

CD123 BV711 BD Biosciences Cat#563161; RRID:AB_2738038

CD134 (OX40) Ber-ACT35 PE-Cy7 Biolegend Cat#350012; RRID:AB_10901161

CD137 (4-1BB) 4B4-1 APC Biolegend Cat#309810; RRID:AB_830672

CD185(CXCR5) PE-Vio770 Miltenyi Biotec Cat#130-117-508; RRID:AB_2733204

CD197(CCR7) Alexa Fluor 647 BD Biosciences Cat#560816; RRID:AB_2033948

CD279 (PD1) BUV737 BD Biosciences Cat#612791; RRID:AB_2870118

CCR7 (CD197) 2-L1-A BV421 BD Biosciences Cat# 566743; RRID:AB_2869843

BD Horizon PE-CFS594 mouse anti-human

Granzyme B

BD Biosciences Cat#562462; RRID:AB_2737618

Fixable Viability Stain 780 BD Biosciences Cat#565388; RRID:AB_2869673

HLA-DR APC-H7 BD Biosciences Cat#561358; RRID:AB_10611876

IFN-g 1D1K purified MabTech Cat#3420-3-250; RRID:AB_907283

IFN-g 7-B6-1 biotin MabTech Cat#3420-6-250; RRID:AB_907273

Siglec-8 PE-dazzle594 Biolegend Cat#347109; RRID:AB_2629717

Chemicals, peptides, and recombinant proteins

SARS-CoV-2 ectodomain (isolate WHU1,

residues1-1208) with HexaPro mutations

Hsieh et al. 202059 (Provided by

Adam Wheatley)

N/A

SARS-Cov-2 receptor-binding domain (RBD)

with C-terminal His-tag (residues 319–541)

Amanat et al. 202060 (Provided by

Florian Krammer)

N/A

SARS-CoV-2 Spike Glycoprotein-crude GenScript Cat#RP30020

Comassie Blue Thermo Fisher Scientific Cat#20278

1-StepTM Ultra TMB Substrate Thermo Fisher Scientific Cat#34028

ELISA/ELISpot buffer Thermo Fisher Scientific Cat# 00-4202-56

(Continued on next page)
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2M sulfuric acid Merck Cat#1.60313

Murine leukemia virus (MLV) gag/pol

and luciferase vectors

Keck et al., 2009, Bartosch

et al., 2003,61,62 (Provided

by Prof. Francois-Loic Cosset)

N/A

DMSO Sigma Cat#D8418

Fetal Calf Serum, Australian origin CellSera Cat# F31904

RNase free, PCR grade water Fisher Biotec Cat#UPW-100

RPMI-1640 Medium Sigma Cat#R8758

RNAlaterTM Stabilization Solution Thermo Fisher Cat#AM7021

Dulbecco’s PBS Merck Cat#D8537

BSA AusGeneX Cat#PBSA-250G

EDTA Merck Cat#E8008

Ethanol Merck Cat#E7023

FACS-Lyse 10X Concentrate BD Biosciences Cat#349202

Sodium acetate solution Merck Cat#71196

Tris (2-carboxyethyl) phosphine hydrochloride Merck Cat#C4705

2-chloracetamide Merck Cat#C0267

PureCube NHS Activated MagBeads Cube Biotech Cat#50405

Acetonitrile Merck Cat#271004

Lysyl Endopeptidase�, Mass

Spectrometry Grade (Lys-C)

Fujifilm Wako Pure Chemical Corporation Cat#121-05063

SOLu-trypsin Merck Cat#EMS0004

AEC Substrate Set BD Biosciences Cat#551951

Streptavidin-HRP BD Biosciences Cat#554066; RRID:AB_2868972

Human Tru-stain FC Block Biolegend Cat#422301

Human MR1 6-FP tetramer BV421 NIH tetramer facility MR1

Formic Acid Merck Cat# 100264

ELISpot plates Merck Cat# MSIPS4W10

Plasmid encoding SARS-CoV-2 Spike Hoffmann et al., 202063 N/A

Critical commercial assays

MagMAX Viral/Pathogen Nucleic Acid Isolation Kit Thermo Fisher Scientific Cat#A42352

Superscript III one step RT-PCR system Thermo Fisher Scientific Cat#12574018

Mammalian Calphos transfection kit Takara Bio Cat#631312

Polybrene Infection/Transfection Reagent Sigma-Aldrich Cat#TR-1003

Bright-GloTM Luciferase Assay System Promega Cat#E2610

Brilliant Violet Stain Buffer BD Biosciences Cat#566349

Lymphoprep Stem Cell Technologies Cat#07851

Foxp3/Transcription Factor Fixation/

Permeabilization Concentrate and Diluent

eBioscience Cat#00-5521-00

Perm/Wash Buffer BD Biosciences Cat#554723

Liquid counting beads BD Biosciences Cat#335925

RiboPureTM RNA Purification kit, Blood RNA kit Thermo Fisher Scientific Cat#AM1928

Human Anti-Heparin/Platelet Factor 4 Antibody

(Anti-HPF4) ELISA Kit

Abbexa Cat#abx150683

LEGENDplexTM Human Anti-Virus Response

Panel (13-plex) with V-bottom Plate

BioLegend Cat#740390

Nugen Universal Plus Total RNA-Seq

library kit with Anydeplete

Tecan Cat# 0520-A01

DNBSEQ-G400RS High-throughput

Sequencing Set (FCL PE150)*

MGI Cat# 1000016952

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Supporting data BitBucket https://bitbucket.org/lynnlab/covirs

Raw Sequence data Gene expression omnibus GSE199750

Proteomics data PRIDE PXD036608

Additional supplementary data Mendelay data https://doi.org/10.17632/cd3fxgssc5.1

Experimental models: Cell lines

Expi293 cells Thermo Fisher Scientific A14635

CD81KO 293T cells Kalemera et al.64 (provided

by Dr. Joe Grove)

N/A

293T-ACE2 over-expressed cells Crawford et al.65 (A/Prof.

Jesse Bloom)

N/A

Software and algorithms

MultiQC Ewels et al.66 v 1.10.1

Trimmomatic Bolger et al.67 v 0.38

HISAT2 Kim et al.68 v 2.1.0

FeatureCounts Liao et al.69 v 1.5.0-p2

Ensembl Howe et al.70 v 101

R R Foundation for Statistical Computing v 4.2

EdgeR Robinson et al.71 v 3.38

SVASeq Leek72 v 3.44

Hmisc Harrell Jr. and Harrell Jr.73 v4.7

Prism Graphpad GraphPad Software, Inc. v 8 and 9

ggplot2 Wickham74 v3.3.6

limma Ritchie et al.75 v3.51

Msigdbr Dolgalev76 v7.5.1

Spectre Ashhurst et al.77 v1.0

GSVA Hänzelmann et al.32 v1.45.2

Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact
Further information and requests should be directed to and will be fulfilled by the lead contact, Prof. David Lynn (david.lynn@

sahmri.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d RNASeq data have been deposited at GEO and are publicly available as of the date of publication. Proteomics data have been

deposited to the ProteomeXchange Consortium via the PRIDE partner repository are publicly available as of the date of pub-

lication. Accession numbers are listed in the key resources table. Supplementary data have been deposited at Mendeley. The

DOI is listed in the key resources table. All the multi-omics datasets (Proteomic, lipidomic, serology, flow cytometry, multiplex

immunoassay) are available via the Lynn Laboratory BitBucket (https://bitbucket.org/lynnlab/covirs).

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Participant recruitment
This study was performed in accordance with the ethical principles consistent with the latest version of the Declaration of Helsinki

(version Fortaleza 2013), GoodClinical Practice (GCP) and according to the Australian National Health andMedical Research Council
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Guidelines for Research published in the National Statement on the Ethical Conduct in Human Research (2007; updated 2018). 146

healthy adult participants were recruited in Adelaide, South Australia between April 8th and November 1st, 2021 under protocols

approved by the CALHN Human Research Ethics Committee, Adelaide, Australia (Approval No. 14778) or by the Royal Children’s

Hospital, Melbourne, Australia, Human Research Ethics Committee (Approval No. 62586). Strict international and interstate border

control measures to prevent community transmission of SARS-CoV2 in South Australia were in place until late November 2021.

Participant inclusion criteria were being healthy, aged 18+ years, voluntary informed consent, and the ability to attend study

follow-up visits. Exclusion criteria included any previous positive SARS-CoV-2 test prior to vaccination, a COVID-19 vaccine admin-

istered prior to baseline blood sample collection, or any other vaccines received 14 days prior to a COVID-19 vaccine.

Participants received two doses of either the BNT162b2 (n = 86) or ChAdOx1-S (n = 16) vaccines for their first/second vaccinations.

Participants were asked to provide a blood sample before their first COVID-19 vaccine and then�6 days after the first dose (V1), and

�1–2 days (V2A) and �28 days after the second dose (V2B). In a subset of participants, blood samples were collected �1–2 days

(V3A) and �28 days (V3B) after a third dose of BNT162b2 (n = 38) or mRNA-1273 (Moderna, n = 14) vaccine. Venous blood

(�29 mL/individual) was collected in multiple blood tubes including serum separator (CAT serum separator clot activator) tubes pro-

cessed for serum; sodium citrate tubes processed for plasma; sodium heparin tubes for peripheral blood mononuclear cell (PBMC)

isolation; and lithium heparin tubes for whole blood preservation in RNAlater solution (Thermo Fisher Scientific, Waltham, USA) or

FACSlyse buffer (BD Biosciences, Franklin Lakes, USA) used for RNA extraction and flow cytometry analysis, respectively. Blood

tubes were processed within 3 h of collection. A survey recording any symptoms of vaccine reactogenicity was sent to participants

for completion one week after each vaccination (Data S1). The third survey also captured any known COVID-19 positive events

among participants when community transmission began to occur in South Australia in December 2021, following the lifting of border

restrictions.

METHOD DETAILS

SARS-CoV-2 protein purification and ELISA
Recombinant SARS-CoV-2 spike protein and receptor-binding domain (RBD) were produced for ELISA. Prefusion SARS-CoV-2

ectodomain (isolateWHU1, residues1-1208) with HexaPromutations59 (kindly provided by AdamWheatley) and SARS-Cov-2 recep-

tor-binding domain (RBD) with C-terminal His-tag60 (residues 319–541; kindly provided by Florian Krammer) were over-expressed in

Expi293 cells and purified by Ni-NTA affinity and size-exclusion chromatography. Recombinant proteins were analyzed via a stan-

dard SDS-PAGE gel to check protein integrity. Gels were stained with Comassie Blue (Invitrogen) for 2 h and de-stained in distilled

water overnight. For ELISA, MaxiSorp 96-well plates were coated overnight at 4�C with 5 mg/mL of recombinant RBD or Spike pro-

teins. After blocking with 5% w/v skim milk in 0.05% Tween 20/PBS (PBST) at room temperature (RT), serially diluted (heat inacti-

vated) sera were added and incubated for 2 h at RT. Plates were washed 4 times with 0.05%PBST and secondary antibodies added.

Secondary antibodies were diluted in 5% skim milk in PBST as follows: Goat anti-Human IgG (H + L) Secondary Antibody HRP

(1:30,000; Invitrogen) and incubated for 1 h at RT. Plates were developed with 1-StepTM Ultra TMB Substrate (Thermo Fisher) and

stopped with 2M sulfuric acid. OD readings were read at 450 nm on a Synergy HTX Multi-Mode Microplate Reader. AUC calculation

was performed using Prism (GraphPad, CA, USA), where the X axis is half log10 of sera dilution against OD450 on the Y axis.

SARS-CoV-2 pseudovirus neutralization assay
SARS-CoV-2 neutralization assays were performed as previously described.78 SARS-CoV-2 pseudovirus were generated by co-

transfecting expression plasmids containing SARS-CoV-2 Spike (kindly provided by Dr Markus Hoffmann63), or the Omicron variant

B.1.1.529 (cat no. 179907, Addgene, MA, USA)79 and themurine leukemia virus (MLV) gag/pol and luciferase vectors (kindly provided

by Prof. Francois-Loic Cosset61,62), in CD81KO 293T cells (kindly provided by Dr Joe Grove64), using the mammalian Calphos trans-

fection kit (Takara Bio, Shiga, Japan). Pseudovirus culture supernatants were harvested 48 h post transfection and concentrated

10-fold using 100,000 MWCO Vivaspin centrifugal concentrators (Sartorius, Göttingen, Germany) by centrifugation at 2000 x g

and stored at�80�C. For neutralization assays, pseudovirus was diluted inmedia to be 1000- to 5000-foldmore infectious than nega-

tive background (based on pseudovirus lacking SARS-CoV-2 Spike). Diluted pseudovirus were incubated for 1 h with heat inacti-

vated (56�C for 30 min) participant serum, followed by the addition of polybrene at a final concentration of 4 mg/mL (Merck, St. Louis,

USA), prior to addition to 293T-ACE2 over-expressed cells (kindly provided by A/Prof Jesse Bloom65). 293T-ACE2 cells were seeded

24 h earlier at 1.53 104 cells per well in 96-well, white flat-bottom plates (Merck). Cells were spinoculated at 800 x g for 2 h and incu-

bated for 2 h at 37�C, prior to media change. After 72 h, the cells were lysed with a lysis buffer (Promega, Madison, USA) and Bright

Glo reagent (Promega) was added at a 1:1 ratio. Luminescence (RLU) wasmeasured using CLARIOstar microplate reader (BMGLab-

tech, Ortenberg, Germany). Neutralization assays were performed in triplicates. Percentage neutralization of pseudovirus was calcu-

lated as (1 – RLUtreatment/RLUno treatment)3 100. The 50% inhibitory concentration (ID50) titer was calculated using a non-linear regres-

sion model in Prism (GraphPad, CA, USA).

PBMC isolation
Sodium-heparin anticoagulated whole blood (8–12 mL) was diluted in 12 mL of endotoxin-free sterile PBS, layered onto 12 mL Lym-

phoprep (Stem Cell Technologies, Vancouver, Canada) and spun at 800 x g for 30 min, RT, with no brake. PBMC were isolated from
Cell Reports Medicine 4, 100971, March 21, 2023 e4



Article
ll

OPEN ACCESS
the resultant interphase layer via pipetting, washed twice in PBS, pelleted at 600 x g for 5 min at RT, and resuspended in 1.5 mL

freezing medium (10%DMSO, 90% FCS). PBMC (500 mL) were aliquoted into cryovials, placed in a Mr. FrostyTM Freezing Container

(Nalgene, Rochester, USA) and stored at �80�C overnight. Frozen PBMC cryovials were transferred to liquid nitrogen for long-term

storage within 1–2 days.

Flow cytometry analysis of immune cell populations in whole blood
Sodium-heparin anticoagulated whole blood (200 mL) was incubated with 1700 mL FACSTM Lysing Solution (BD Biosciences) for

10 min at RT, mixing 3 times. Samples were centrifuged at 600 x g for 5 min, the supernatant aspirated and the cells resuspended

in 400 mL FACSLyse. 200 mL aliquots were snap frozen at�80�Cand transferred to liquid nitrogenwithin 1week for long term storage.

For analysis, samples were rapidly thawed at 37�C in batches, plated into a 96 well U-bottom plate on ice and spun at 600 x g for

5 min. Samples were then washed twice in 240 mL FACS buffer (PBS, 0.1% BSA, 2mM EDTA), and split into two different panels.

Cells were incubated with 3 mL TruStain FcX (Biolegend, San Diego, USA) in 15 mL Brilliant Violet Stain buffer (BD Biosciences) on

ice for 15 min and then stained with of one of two master-mixes of antibodies (a 13-color pan-leukocyte panel or a 17-color lympho-

cyte panel) in 30 mL final volume for 30 min on ice. The stained cells were washed with 200 mL FACS buffer, centrifuged 600 x g for

5min and the pan-leukocyte panel was resuspended in FACS buffer for analysis on a flow cytometer, while the lymphocyte panel was

resuspended in 100 mL 1x Permeabilization Buffer (Foxp3/Transcription Factor Staining Buffer Set, eBioscience, San Diego, USA)

and incubated on ice for 10 min. The lymphocyte panel was spun at 600 x g for 5 min and stained with anti-Granzyme B (BD Bio-

sciences) in 30 mL 1 x Perm buffer (BD Biosciences) on ice for 30 min. Samples were then washed once with 200 mL Perm buffer

and once with 200 mL FACS buffer, centrifuging for 600 x g for 5 min between washes. Cells were then resuspended in FACS buffer

and run immediately on a BD FACS Symphony flow cytometer (BD Biosciences). Liquid counting beads (BD Biosciences) were

added to each sample to enumerate cells.

Flow cytometry data acquisition & analysis
To control for batch effects, the BD FACS symphony lasers were calibrated with dye conjugated standards (Cytometer Set &Track

beads) run every day. All voltages of photomultiplier tubes (PMT)s were adjusted to negative unstained control baseline typically log

scale 102. Antibodies were titrated for optimal signal over background prior to use. Compensation was set with beads matched to

each panel antibody combination using spectral compensation using FlowJo Software v18 (FlowJo, Ashland, USA). Additionally, all

samples across timepoints from each individual participant were analyzed in a single batch. An SSC-A/FSC-A plot was used to deter-

mine sample size and complexity. Lymphocytes, monocyte, and granulocyte gates were based on physical parameters. Events were

gated for FCS-A as well as SSC-A linearity, and restricted FSC-H values for doublet discrimination. Populations of cells were

expressed as a proportion of parent gated cells, proportion of the highest order lineage gate namely: Lymphocytes, B cells,

T cells or CD45+ cells, or as absolute cells per mL of blood. Gating strategy for both panels are shown in (Methods S1 and S2).

Flow cytometry data were imported into R v4.2 for further statistical analyses. Changes in cell counts or activation was assessed

using a mixed effect linear model implemented in R v4.2 (glm function) controlling for individual and processing batch. The Benjamini

and Hochbergmethodwas employed to correct for multiple comparisons. Statistical significancewas determined as FDR<0.05. Cell

density plots of cTfhs and Plasmablasts were generated using the Spectre v1.0.077 package. Florescence data was transformed us-

ing the arcsinh normalization with a cofactor of 500 prior to plotting. Other visualizations were generated using ggplot2 v3.3.674

packages.

Activation induced marker (AIM) assay
Cryopreserved PBMCs were thawed and 106 live cells were plated out in 96 well U-bottom plates. Spike protein peptide pool

(GenScript, New Jersey, USA), or Chimpanzee Adenovirus Y25 hexon protein peptide pool (JPT Peptide Technologies, Berlin, Ger-

many) was added to each well at 1 mg/mL and cells incubated for 20–24 h at 37�C. For surface staining of AIM markers, cells were

incubated in 1 mg/mL human Fc block (BD Biosciences) and fixable viability solution 780 (BD Biosciences) in PBS for 15 min and

washed in PBS. An antibody cocktail containing antibodies against CD3 (clone UCHT1, BD Biosciences), CD4 (clone M-T477, BD

Biosciences), CD8 (G42-8, BDBiosciences), CXCR5 (J252D4, BDBiosciences), CD38 (HIT2, BDBiosciences), PD-1 (EHI2.1, BDBio-

sciences), CD69 (clone FN50, BD Biosciences), CD137 (clone 4B4-1, Biolegend), OX40 (clone Ber-ACT35, Biolegend), CCR7 (clone

2-L1-A, BD Biosciences), and CD45RA (clone HI100, BD Biosciences)were added directly to cells and incubated for a further 30 min

at 4�C. Following surface staining, cells were washed twice in PBS. All samples were acquired on a BD FACS Symphony and

analyzed using FlowJO software v18 (FlowJo, Ashland, USA). The gating strategy for AIM+ T cells is shown in (Methods S3). Data

were imported into R v4.2 and visualized with the ggplot2 v3.3.6 package.

ELISpot assay
ELISpot plates (MERCK-Millipore, Burlington, Vermont, USA) were coated with human IFNg capture antibody (1D1K, Mabtech,

Stockholm, Sweden; 5 mg/mL) overnight at 4�C. Plates were blocked with 1x ELISA/ELISpot blocking buffer (Thermo Fisher

Scientific) for at least 1 h at RT then 2 3 105 thawed PBMCs were seeded per well and stimulated for 20-24h with pools of SARS-

CoV-2 peptides (GenScript, 1 mg/mL), or ChAdY25 hexon peptides (JPT peptides 1 mg/mL). After stimulation, plates were washed

3x in PBS-T and incubated for 2 h with human biotinylated IFNg detection antibody (7-B6-1, Mabtech; 1:500). Plates were then
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washed 3x with PBS-T followed by a 1 h incubation with streptavidin-HRP (BD biosciences, 1:1000) and developed with 3-Amino-9-

ethylcarbazole (AEC) substrate (BD Biosciences). Spot forming units (SFU) were quantified with ImmunoSpot software (Cellular

Technology Limited, Ohio, USA). Results were expressed as IFNg-SFU/106 PBMCs. Data were imported into R v4.2 and visualized

with ggplot2 v3.3.6.

Human anti-PF4 ELISA
For anti-PF4 ELISAs, a commercial kit (Abbexa, Cambridge, UK) was used as per manufacturer’s instructions. Human serum sam-

ples were diluted 1:50 in PBS. Plates were read on a Synergy HTX Multi-mode plate reader (Biotek) at 450nm. Data were imported

into R v4.2 and visualized with ggplot2 v3.3.6.

Whole blood RNA extraction and library preparation
RNA extraction and genomic DNA elimination was carried out using the RiboPureTM RNA Purification kit for blood (Invitrogen) as per

the manufacturer’s instructions. Final elution into 50 mL RNase-free water. A further RNA precipitation reaction was carried out. RNA

was resuspended 2.5x in 100% ethanol and 10% sodium acetate (Merck) and spun at 12,000 x g for 15 min at 4�C. Samples were

washed in 75% ethanol. Pellets were air dried and resuspended in 29 mL RNase free water and total RNA yield was determined by

analysis of samples using a TapeStation (Agilent, Santa Clara, USA) and Qubit (ThermoFisher Scientific, Waltham, USA). Total RNA

was converted to strand-specific Illumina compatible sequencing libraries using the Nugen Universal Plus Total RNASeq library kit

from Tecan (Mannedorf, Switzerland) as per themanufacturer’s instructions (MO1523 v2) using 12 cycles of PCR amplification for the

final libraries. An Anydeplete probe mix, targeting both human ribosomal and adult globin transcripts (HBA1, HBA2, HBB, HBD), was

used to deplete these transcripts. The final library pool was converted to anMGI compatible circularized template using theMGIEasy

Universal Library Conversion Kit (MGI, Shenzhen, China) before sequencing of the library pool (2 3 150 bp paired-end reads) was

performed on an MGI DNBSEQ-G400.

Proteomics
Plasma samples were processed using the USP3 protocol as outlined previously.80 2 mL plasma samples were reduced/alkylated in

1% SDS lysis buffer using 10 mM Tris (2-Carboxyethyl) phosphine (TCEP, Merck) and 40 mM 2-chloracetamide (2-CAA, Merck) for

10 min at 95�C. Sample volumes containing 25 mg protein were transferred to a 0.5 mL low-bind deep-well plate (Eppendorf,

Hamburg, Germany) and were incubated with 20 mL of magnetic PureCube Carboxy agarose beads (Cube Biotech, Monheim, Ger-

many) (pre-washed three times in MilliQ water) and acetonitrile (Merck, 70% v/v) for 20 min at RT using the ThermoMixer C (Eppen-

dorf) shaking at 400 rpm. Sampleswere placed on amagnetic rack, supernatant removed, and three 200 mLwashes performed: twice

with 70% ethanol, and one with neat acetonitrile (ACN). After washing, all traces of solvent were evaporated using a CentriVap (Lab-

conco, Kansas City, USA), and digestion buffer (100 mM Tris-HCl, pH 8) was added to the beads containing Lys-C (Wako, Chuo-Ku,

Japan) and SOLu-Trypsin (Merck) each at a 1:50 enzyme to protein ratio, and digestion performed for 1 h at 37�C with shaking at

400 rpm. Digests were desalted using in-house C18 stage tips containing 2 plugs as previously described,81 vacuum centrifuged

to dryness, and peptides reconstituted in 75 mL 0.1% formic acid (Merck) and 2% ACN (Merck) in preparation for LC-MS/MS.

Mass spectrometry analyses were performed on an M-class (Waters, Milford, USA) coupled to a timsTOF Pro (Bruker, Billerica,

USA) equipped with a CaptiveSpray source. Peptides (1 mL) were separated by reverse-phase chromatography on a C18 fused silica

column (inner diameter 75 mm, OD 360 mm3 15 cm length, 1.6 mm C18 beads) packed into an emitter tip (IonOpticks, Middle Cam-

berwell, Australia), using a nano-flow HPLC (M-class, Waters). The HPLC was coupled to a timsTOF Pro (Bruker) equipped with a

CaptiveSpray source. Peptides were loaded directly onto the column at a constant flow rate of 400 nL/min with buffer A (99.9%

Milli-Q water, 0.1% FA) and eluted with a 90-min linear gradient from 2 to 34% buffer B (99.9% ACN, 0.1% FA). The timsTOF Pro

(Bruker) was operated in diaPASEF mode using Compass Hystar 5.1. The settings on the TIMS analyzer were as follows: Lock

DutyCycle to 100%with equal accumulation and ramp times of 100ms, and 1/K0 Start 0.6 V s/cm2 End 1.6 V s/cm2, Capillary Voltage

1400V, Dry Gas 3 L/min, Dry Temp 180�C. Methods were set up using the instrument firmware (timsTOF control 2.0.18.0) for data-

independent isolation of multiple precursor windowswithin a single TIMS scan. Themethod included twowindows in each diaPASEF

scan, with window placement overlapping the diagonal scan line for doubly and triply charged peptides in them/z – ionmobility plane

across 163 25m/z precursor isolation windows (resulting in 32 windows) defined fromm/z 400 to 1,200, with 1 Da overlap, with CID

collision energy ramped stepwise from 20 eV at 0.8 V s/cm2 to 59 eV at 1.3 V s/cm2. DIA-NN 1.882 was used for searching of timsTOF

diaPASEF.d files. The option for library-free search was enabled, and data were searched against reviewed sequences from the

human Uniprot Reference Proteome (downloaded May 2021). The search was set to trypsin specificity, peptide length of 7–30 res-

idues, cysteine carbidomethylation as a fixed modification, and the maximum number of missed cleavages at 2. Additionally, n-ter-

minal acetylation and oxidation of methionine were set as variable modifications with the maximum number of variable modifications

set to 1. In addition, themaximummass accuracy was set to 10 ppm for bothMS1 andMS2 spectra and the quantification strategy to

robust LC (high precision). Match between runs (MBR) was enabled, and all other settings left as default. For reporting precursor and

protein numbers, outputs were filtered at precursor q-value <1% and PG protein q-value <1%, and the PG.MaxLFQ was used to

obtain the normalized quantity for protein groups based on proteotypic peptides (i.e. unique proteins).
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Lipidomics
Lipid extraction was performed as previously described.83 10 mL of plasma was mixed with 100 mL of butanol:methanol (1:1) with

10 mM ammonium formate which contained a mixture of internal standards. Samples were then vortexed and set in a sonicator

bath for 1 h at RT. Samples were then centrifuged (14,000 x g, 10 min, 20�C) before transferring into the sample vials for analysis.

Analysis of plasma extracts was performed on an Agilent 6495C QQQmass spectrometer with an Agilent 1290 series HPLC system

and a ZORBAX eclipse plus C18 column (2.13 100mm1.8mm, Agilent) with the thermostat set at 45�C.Mass spectrometry analysis

was performed with dynamic scheduled multiple reaction monitoring (dMRM). Chromatogram integration was performed using

Agilent MassHunter v10.0 and quantification of lipid species was determined by comparison to the relevant internal standard.

Multiplex cytokine analysis
A flow cytometric beadmultiplex assay (LEGENDplexTM Human Anti-Virus Response 13-plex Panel, Biolegend) was used to quantify

13 cytokines (IL-1b, IL-6, IL-8, IL-10, IL-12p70, IFN-a, IFN-b, IFN-l1, IFN-l2/3, IFN-g, TNF-a, IP-10/CXCL10 & GM-CSF) in sodium

citrate plasma samples collected at V0, V1, V2A and V3A, according to the manufacturer’s instructions. Samples were thawed at RT

and centrifuged (2000 x g, 5 min, 4�C) prior to 1:1 dilution with Assay Buffer (Biolegend). 9.5 mL of diluted sample was mixed with

9.5 mL Assay Buffer and 9.5 mL premixed capture beads in a V-bottom plate and incubated protected from light (200 x g, 2 h, RT).

Samples were washed (200 mL LEGENDplexTM wash buffer) and incubated for a further 1 h (200 x g RT) with 9.5 mL premixed detec-

tion antibody before the addition of 9.5 mL Streptavidin-PE and another 30 min incubation. Samples were washed (150 mL wash

buffer) before resuspension in 150 mL washing buffer for acquisition. Samples were immediately acquired on a BD LSR Fortessa

X-20 (BD Biosciences) with High Throughput Sampler. Bead populations were identified based on forward/side scatter and the

degree of APC-H7 fluorescence. PE fluorescence (geometric mean fluorescence intensity) was determined for each sample and

cytokine concentrations were interpolated from a standard curve (sigmoidal 4-parameter logistic curve) using GraphPad Prism 9

software. Differential analysis was performed using amixed effect linear model implemented inR (glm function). Data were visualized

with the ggplot2 v3.3.6 package.

QUANTIFICATION AND STATISTICAL ANALYSIS

Whole blood RNASeq analysis
Sequence read quality was assessed using FastQC version 0.11.9 and summarized with MultiQC version 1.10.166 prior to quality

control with Trimmomatic version 0.3867 with a window size of 4 nucleotides and an average quality score of 30. Following this, reads

which were <50 nucleotides after trimming were discarded. Reads that passed all quality control steps were then aligned to the hu-

man genome (GRCh38 assembly) using HISAT2 version 2.1.0.68 The gene count matrix was generated with FeatureCounts version

1.5.0-p269 with Ensembl version 101 annotation.70 The countmatrix was then imported intoR 4.2 for further analysis and visualization

in ggplot2 v3.3.6. Counts were normalized using the trimmed mean of M values (TMM) method in EdgeR version 3.3871 and repre-

sented as counts per million (cpm). Prior to multidimensional scaling analysis svaseq v3.44 was applied to remove batch effects and

other unwanted sources of variation in the data.72 Differential gene expression analysis was performed using the glmLRT function in

EdgeR adjusting for gender and batch (run) in themodel. Geneswith <3 cpm in at least 15 sampleswere excluded from the differential

expression analysis. The Benjamini and Hochbergmethodwas employed to correct for multiple comparisons. Statistical significance

was determined as FDR <0.05. Pathway and Gene Ontology (GO) overrepresentation analysis was carried out inR using a hypergeo-

metric test. Cell type enrichment analysis was carried out in R using the using the camera function in the EdgeR library with cell type

gene sets from the human cell atlas bone marrow dataset in the Molecular Signatures database collection C8 (R package msigdbr

v7.5.1).76 Blood Transcriptional Module (BTM) analysis was carried out using a pre-defined set of modules defined by Li et al. as an

alternative to pathway-based analyses.31 Gene Set Variation Analysis (GSVA)32 was used to calculate a per sample activity score for

each of the modules (excluding unannotated modules labeled ‘TBA’) using the R Bioconductor package GSVA v1.44.1. limma

v3.51.075 was used to identify modules that were differentially active at at least one timepoint. See data and code availability state-

ment for access to the R code.

Proteomics
Data processing and analysis were performed using R v4.2. Only proteins that were quantified in at least 50% of replicates in at least

one condition were kept. The data were normalized using variance stabilizing method implemented in limma v3.51.0 (Figures S7A-

S7G). Differential analysis was performed using limma v3.51.0. The Benjamini and Hochberg method was employed to correct for

multiple comparisons. Statistical significance was determined as FDR <0.1. See data and code availability statement for access

to the R code.

Lipidomics
The data were normalized using variance stabilizing method implemented in limma v3.51.0 (Figures S8A-S8D). Differential analysis

was performed using a mixed effect linear model implemented in R (glm function). The Benjamini and Hochberg method was em-

ployed to correct for multiple comparisons. Statistical significance was determined as FDR <0.1. Data were visualized with ggplot2

v3.3.6. See data and code availability statement for access to the R code.
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Multi-omics correlation analysis
Spearman correlation analysis was performed using the Hmisc v4.7-0 package in R v4.2.73 Statistical significance was defined as

p < 0.05. In order to avoid spurious correlations driven by differences in antibody titers or T cell responses induced following the

ChAdOx1-S and BNT162b2 vaccines, the correlation analyses were performed for each vaccine group separately for antibody tires

at V2B. At V3B we did not detect significant differences in antibody titers between the different vaccine groups, so all samples were

used for the correlation analysis.
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