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Summary
Background The COVID-19 pandemic led to the rapid development and deployment of several highly effective
vaccines against SARS-CoV-2. Recent studies suggest that these vaccines may also have off-target effects on the
immune system. We sought to determine and compare the off-target effects of the adenovirus vector ChAdOx1-S
(Oxford-AstraZeneca) and modified mRNA BNT162b2 (Pfizer-BioNTech) vaccines on immune responses to
unrelated pathogens.

Methods Prospective sub-study within the BRACE trial. Blood samples were collected from 284 healthcare workers
before and 28 days after ChAdOx1-S or BNT162b2 vaccination. SARS-CoV-2-specific antibodies were measured
using ELISA, and whole blood cytokine responses to specific (SARS-CoV-2) and unrelated pathogen stimulation
were measured by multiplex bead array.

Findings Both vaccines induced robust SARS-CoV-2 specific antibody and cytokine responses. ChAdOx1-S vaccination
increased cytokine responses to heat-killed (HK) Candida albicans and HK Staphylococcus aureus and decreased
cytokine responses to HK Escherichia coli and BCG. BNT162b2 vaccination decreased cytokine response to HK
E. coli and had variable effects on cytokine responses to BCG and resiquimod (R848). After the second vaccine
dose, BNT162b2 recipients had greater specific and off-target cytokine responses than ChAdOx1-S recipients.

Interpretation ChAdOx1-S and BNT162b2 vaccines alter cytokine responses to unrelated pathogens, indicative of
potential off-target effects. The specific and off-target effects of these vaccines differ in their magnitude and
breadth. The clinical relevance of these findings is uncertain and needs further study.
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Research in context

Evidence before this study
Vaccines, particularly live-attenuated vaccines such as bacille
Calmette–Guérin (BCG), have beneficial off-target effects
including protection from unrelated infectious diseases. This
is hypothesised to be mediated through immunoregulation
including induction of trained immunity in innate immune
cells such as monocytes. On 29th May 2023 we did a search in
PubMed for articles investigating off-target effects of COVID-
19 vaccines. PubMed search parameters: (1) “off target effects
of covid-19 vaccines”. (2) (COVID-19 vaccine [Title/Abstract]
AND trained immunity [Title/Abstract]) NOT (BCG [Title/
Abstract]); (3) “Trained Immunity” [MeSH] AND “COVID-19/
prevention and control” [MAJR]; (4) “Epigenetic Memory”
[MeSH] AND “COVID-19/prevention and control” [MAJR].
From these searches there were two relevant primary research
articles, and several other articles investigated or discussed (in
reviews) the potential off-target effects of other routine
vaccines (such as BCG) on protection against COVID-19. The
two relevant studies were small pilot studies (n ≤ 10)
investigating effects of COVID-19 vaccination on monocytes.
The first, found transient epigenetic changes in monocytes
one-two days after each dose of BNT162b2, but not four
weeks after the second BNT162b2 vaccination dose. There
were no statistically significant changes in cytokine responses
to the viral Toll-like receptor (TLR)7/8 agonist resiquimod
(R848) after either BNT162b2 vaccination dose. However, due
to the small sample size (n = 4–5), the lack of sustained
epigenetic changes or changes in cytokine responses may be
the result of type II error. The second study found altered
monocyte activation markers, metabolic gene expression and

cytokine responses to irradiated Mycobacterium tuberculosis,
TLR 1/2 or 3 agonists up to 12 weeks after the first ChAdOx1-
S vaccination in ten healthy adults.

Added value of this study
Using samples from over 250 healthcare workers with no
prior SARS-CoV-2 exposure, this study provides a robust
investigation and comparison of the off-target effects of
two of the most widely used COVID-19 vaccines
worldwide. By investigating immune responses in whole
blood samples (rather than a single immune cell sub-set),
and by using inactivated/killed human pathogens (rather
than focusing on TLR agonists), this in vitro study provides
biologically relevant insights into potential
immunomodulatory effects of COVID-19 vaccines to a sub-
set of unrelated pathogens.

Implications of all the available evidence
For vaccines such as BCG, off-target immunomodulatory
effects are proposed to underpin protection against unrelated
infections and diseases (such as cancer). Since their
development in 2020, COVID-19 vaccines have been
administered to millions of people worldwide. Understanding
potential off-target effects of these vaccines is important for
assessing their overall impact on human health. The findings
of in vitro immunomodulatory effects of COVID-19 vaccines
suggest the potential for off-target effects on immune
responses; however, without a defined minimal clinically
important difference, it is not known whether these will
translate to clinically relevant impacts on human health.
Introduction
The COVID-19 pandemic fast-tracked the assessment and
deployment of vaccines based on novel vaccine platforms,
namely the mRNA and adenovirus vector-based vaccines.
The mRNA-based BNT162b2 (Pfizer-BioNTech) and
mRNA-1273 (Moderna) vaccines, and the replication-
deficient adenovirus vector based ChAdOx1-S (Oxford-
AstraZeneca) vaccines are among the first and most
widely administered COVID-19 vaccines worldwide.
These vaccines are highly effective in protecting against
severe disease and hospitalisation due to COVID-19.1,2

The primary goal of vaccination is to induce antigen-
specific or cross-protective immune responses against a
target pathogen. However, several vaccines, particularly
live-attenuated vaccines, have beneficial off-target effects
which include protection against unrelated infectious
diseases and tumour recurrence.3–7 For example, bacille
Calmette-Guérin (BCG), the live-attenuated tuberculosis
vaccine, and measles-containing vaccines reduce all-cause
mortality in children under 5 years of age in high-
mortality settings by 30–53% and 26–49% respectively.4

This protection is proposed to result from enhance-
ment of immune responses to, and thus protection
against, unrelated pathogens.6,8–14 Studies of the underly-
ing mechanisms for this off-target immune boosting by
vaccines suggest changes in both innate and adaptive
immune responses.3,8,10–12,15 For BCG vaccine, changes in
innate immune responses are associated with epigenetic
reprogramming and a metabolic shift in innate immune
cells, termed trained immunity.8,16,17 However, as anti-
pathogen immune responses can contribute to infec-
tious disease symptoms, this off-target boosting of
immune responses may also increase symptoms
following infections with unrelated pathogens.18,19
www.thelancet.com Vol 103 May, 2024
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With widespread administration of COVID-19 vac-
cines, potential off-target immunological effects have
important implications for global health. A preliminary
study in ten healthy adults found changes in monocytes
consistent with trained immunity following ChAdOx1-S
vaccination.20 A second study in up to five healthcare
workers found transient epigenetic and transcriptional
changes in monocytes days after BNT162b2 vaccina-
tion.21 These studies suggest potential induction of
trained immunity by COVID-19 vaccines. We hypothe-
sise that the mRNA-based BNT162b2 and adenovirus
vector-based ChAdOx1-S COVID-19 vaccines have off-
target effects on immune responses to unrelated
pathogens and that the nature and magnitude of these
effects, will differ between the two vaccine platforms.

In this study, we recruited a sub-set of participants
from a multicentre, randomised controlled trial (RCT) of
BCG vaccination to reduce the impact of COVID-19 in
healthcare workers (BRACE trial)19,22 and compared the
off-target immunological effects of the ChAdOx1-S and
BNT162b2 vaccines (Fig. 1).

Understanding these effects will help to provide in-
sights into the mechanisms of action of COVID-19
vaccines and may also inform the development of
future vaccine strategies against emerging infectious
diseases and other health conditions.
Methods
Study design
This study is an exploratory prospective sub-study of
participants in the BRACE trial (NCT04327206), a RCT
Fig. 1: BCOS study schema. Blood samples were collected from participants
the first dose of a ChAdOx1-S (V1) and 28 (±3 days) after the second dose

www.thelancet.com Vol 103 May, 2024
of BCG vaccination to reduce the impact of COVID-19
in healthcare workers.

Participants
BRACE trial participants were recruited to the ‘BRACE
COVID-19-specific vaccine’ (BCOS) sub-study from
BRACE trial study sites in Australia (Victoria and
South Australia) and Brazil. The full BRACE trial
protocol is available at clincaltrials.gov23 and a brief
description is provided in the Supplementary methods.
The BRACE trial recruited participants in two stages.
In stage 1, participants were randomised 1:1 to receive
a single intradermal dose of 0.1 mL of BCG-Denmark
vaccine (AJ Vaccines; Danish strain 1331) or no BCG.
In stage 2, participants were randomised 1:1 to receive
a single intradermal dose of 0.1 mL of BCG-Denmark
vaccine (AJ Vaccines; Danish strain 1331) or saline
placebo.

For the BCOS sub-study, BRACE trial participants
were eligible for inclusion if they had consented to be
contacted for future ethically approved projects and
were recruited to the BRACE trial at a study site
participating in the BCOS sub-study. Participants
were excluded from the BCOS sub-study if they ex-
pected to be unable to provide a blood sample 28 days
after the first or second dose of a COVID-19 vacci-
nation, and in Australia, if they had a positive SARS-
CoV-2 test at any time prior to recruitment to BCOS.
There were no inclusion or exclusion criteria related
to the sex/gender of participants or randomisation
group (i.e., BCG vaccination or control group) in the
BRACE trial. The study described henceforth includes
prior to the first dose of a COVID-19 vaccination (V0), 28 (±3 days) after
of ChAdOx1-S or BNT162b2 (V2). Created with BioRender.com.
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only BCOS participants from Victoria (whole blood
stimulation and serology) and South Australia
(serology).

The sample size for this sub-study was chosen
pragmatically, with the inclusion of all BRACE trial
participants who met the inclusion criteria, did not meet
exclusion criteria and were willing to provide vaccina-
tion data and peripheral blood samples for the study.

Sample collection
Peripheral blood samples were collected between 2nd
March 2021 and 24th September 2021. Blood samples
were collected from participants prior to the first dose
of the ChAdOx1-S or BNT162b2 vaccine (Visit 0, V0),
28 (±3 days) after the first dose of the ChAdOx1-S
vaccine (V1) and 28 (±3 days) after the second dose
(V2) of the ChAdOx1-S or BNT162b2 vaccine (Fig. 1).
Participants received their COVID-19 vaccinations
through the Australian COVID-19 vaccination pro-
gram. The recommended 21-day interval between the
first and second dose of BNT162b2 at the time of this
study precluded collection of V1 samples from
BNT162b2 recipients.

For BCOS, peripheral blood was collected in CAT
Serum Separator Clot Activator tubes (Greiner bio-one)
and sodium heparin tubes (BD Biosciences). In addi-
tion, peripheral blood was collected in lithium heparin
tubes (Greiner bio-one) from BRACE trial participants at
randomisation and at three-month intervals throughout
the trial.19

Serology testing
Serum and plasma samples were enriched by centri-
fugation then stored at −80 ◦C prior to testing. Where a
V0 serum sample was not available, the participant’s
most recent plasma sample available prior to COVID-
19 vaccination (from BRACE trial 3-monthly samples)
was used in this study (n = 7). Anti-SARS-CoV-2 spike
and anti-SARS-CoV-2 receptor binding domain (RBD)
IgG in serum and plasma samples were quantified by
ELISA as previously described.24,25 Anti–SARS-CoV-2
nucleocapsid (NCP) total antibodies were assessed
using the Cobas Elecsys Anti-SARS-CoV-2 assay as per
manufacturer’s instructions (Roche).26

Stimulants
Preparation of stimuli was described previously.12,15 The
final concentrations of stimuli in the assay strips were:
RPMI 1:2, 1:10 γ-irradiated (50 kGy) mock infected vero-
cell supernatants (iVero), 1:10 γ-irradiated (50 kGy)
SARS-CoV-2 infected vero-cell supernatants (iSARS) 106.2

TCID50/mL, BCG-Denmark (Serum Statens Institut,
Denmark) 75 μg/mL, heat-killed (HK) Candida albicans
1.0 × 106 CFU/mL, HK Escherichia coli 1.0 × 106 CFU/mL,
HK Staphylococcus aureus 1.0 × 107 CFU/mL and resi-
quimod (R848) 3.5 μg/mL.
Whole blood stimulation (WBS)
Whole blood, diluted 1:1 with RPMI 1640 medium
(GlutaMAX Supplement, HEPES, Gibco, Life Technol-
ogies), was added to pre-prepared stimulation assay
strips. When insufficient blood was available for all
stimulations, a predetermined priority order was used.
Whole blood was stimulated at 37 ◦C (5% CO2) for 20
(±2) hours. Following stimulation, samples were
centrifuged then supernatants were harvested and
stored at −80 ◦C for future cytokine analysis.

Cytokine analysis
Supernatants from stimulated whole blood were diluted
1:5 prior to quantification of secreted cytokines, che-
mokines and growth factors using the Bio-Plex Pro
Human Cytokine 48-Plex Screening Panel (Bio-Rad)
according to the manufacturer’s instructions. The
following analytes were measured: CTACK, Eotaxin,
Basic FGF, G-CSF, GM-CSF, GRO-α, HGF, IFN-α2,
IFN-γ, IL-1α, IL-1β, IL-1Ra, IL-2, IL-2rα, IL-3, IL-4, IL-5,
IL-6, IL-7, IL-8, IL-9, IL-10, IL-12p40, IL-12p70, IL-13, IL-
15, IL-16, IL-17, IL-18, IP-10, LIF, MCP-1, MCP-3, M-
CSF, MIF, MIG, MIP-1α, MIP-1β, β-NGF, PDGF-BB,
RANTES, SCF, SCGF-β, SDF-1α, TNF-α, TNF-β,
TRAIL and VEGF. Data was acquired on the Bio-Plex
200 system using BioPlex Manager™ 6.1 Software
(Bio-Rad).

Statistical analysis
For paired analysis, the outcomes were changes in: (i)
cytokine responses to in vitro stimulation; and (ii) anti-
body levels after compared to before COVID-19 vacci-
nation. For unpaired analysis, the outcomes were
differences in: (i) cytokine responses to in vitro stimu-
lation; and (ii) antibody levels 28 days after the second
COVID-19 vaccination dose compared between ChA-
dOx1-S and BNT162b2 recipients.

Statistical analysis was done using Stata version 17.0
(StataCorp LLC, USA) and R27 using R Studio
(2022.07.1 + 54), and depicted graphically with R using
R Studio (2022.07.1 + 54) and GraphPad Prism (version
9.1.0). Values below the lower limit of detection for each
analyte were assigned a value of half the lowest detected
value for that analyte and values above the upper limit of
detection were excluded for that analyte.11 Proportion of
stimulations above the upper limit of detection were IL-
1β 0.04%, IL-6 3.06%, IL-8 5.34%, IP-10 0.04%, MCP-1
15.19%, MIP-1α 6.39%, and MIP-1β 28.02%. A sensi-
tivity analysis was done for cytokine–stimulant pairs
with >1% values above the upper limit of detection,
wherein these missing values were assigned a value of
double the highest detected value for that analyte. The
remaining cytokines had all values below the upper limit
of detection.

Participants were excluded from analysis if they had
positive NCP-serology, or a pre-vaccination sample with
www.thelancet.com Vol 103 May, 2024
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no post-vaccination samples (within the blood collection
window). Participants were excluded from whole blood
stimulation analysis if they had a post-vaccination with
no pre-vaccination sample. Samples were excluded if
blood was taken outside of the blood collection window
(Supplementary Fig. S1). Complete-case analysis was
done for both paired and unpaired data. Prior to anal-
ysis, distribution of the data was checked with and
without log-transformation. Where log-transformation
resulted in normal distribution, parametric tests were
done on the log-transformed data. Where log-
transformation did not result in normal distribution,
non-parametric tests were done on the non-transformed
data. As this is an exploratory study, correction for
multiple comparisons was not done so as to maximise
identification of trends and due to the expected relat-
edness of outcomes (e.g., IFN responses would be
related to responses for IFN-induced cytokines).

For paired analyses, only participants with matched
V0 (pre-COVID-19 vaccination) and V1 or V2 were
included. The change in anti-spike and anti-RBD IgG
after ChAdOx1-S or BNT162b2 vaccination was deter-
mined by paired t-test of the log-transformed area under
the curve (AUC) comparing V1 or V2 with V0, or V2 with
V1 in paired samples. Changes in cytokine responses
were assessed by Wilcoxon signed-rank test (WSR) or
sign test (ST), depending on symmetry of distribution for
differences (symmetrical analysed by WSR, asymmetrical
analysed by ST).28,29 Symmetry of distribution for differ-
ences in paired data (V1–V0 or V2–V0) was assessed by
determining the skewness using Stata sktest, skewness
value and review of difference plots. For control samples
(nil/unstimulated and iVero), concentrations were
compared between samples from V1 or V2 and paired V0
samples. For stimulated samples (BCG, C. albicans,
E. coli, iSARS, S. aureus and R848), stimulation effect
(stimulant minus nil or iSARS minus iVero) was
compared between samples from V1 or V2 and paired V0
samples. This was done separately for recipients of
ChAdOx1-S and BNT162b2. For ChAdOx1-S recipients,
there were insufficient paired V0 and V2 in vitro cytokine
response samples for WBS analysis.

Differences in immune responses at V2 between
ChAdOx1-S and BNT162b2 recipients were assessed us-
ing linear regression of log-transformed antibody and
cytokine data adjusted for: sex, age at first COVID-19
vaccine dose, days between second COVID-19 vaccine
dose and V2 blood collection, BCG vaccination prior to
BRACE trial, BCG vaccination as part of BRACE trial, and
BRACE trial stage (stage 1 or 2), and additional for cyto-
kine data: pre-prepared stimulant batch and control (nil or
iVero) cytokine responses. Due to non-normal distribution
after log transformation, IL-3 and IL-7 were analysed by
bootstrapped quantile regression of the raw cytokine data
with adjustments as above for the linear regression. Sub-
group analyses were done separately for participants who
were and were not BCG-vaccinated in the BRACE trial.
www.thelancet.com Vol 103 May, 2024
For correlation analysis of V1 and V2 IgG and cyto-
kine data, data was log transformed and similarity was
measured by Pearson correlation using the Hmisc
package in R and depicted graphically using the ggpubr
and corrplot packages.

For correlation analysis of paired IgG and cytokine
data stimulated effect data, differences (V1 or V2 minus
V0) in IgG and cytokine stimulation effect were calcu-
lated and participants with >10 missing data points were
excluded. Similarity was measured by Spearman corre-
lation using the Hmisc package, unsupervised hierar-
chical clustering using these coefficients as distance was
done using hlcust, and data was depicted graphically
using the ggpubr and ComplexHeatmap packages.

Ethics
The BRACE trial, which includes the BCOS sub-study,
was approved by the Royal Children’s Hospital Hu-
man Research Ethics Committee (HREC) (No. 62586)
with HREC and/or governance approval at all partici-
pating sites. Signed informed consent was obtained
from all participants.

Role of funders
Funders had no role in study design, collection, analyses
and interpretation of data or in the preparation, review
or approval of the manuscript.
Results
Of 284 participants in Australia with blood samples
collected for BCOS, 264 had samples eligible for inclu-
sion. Of these, 65 and 59 participants had samples
eligible for paired pre-vaccination (V0) to 28 days post
dose 1 (V1) serology and whole blood stimulation analysis
respectively, and 122 and 19 had samples eligible for
paired pre-vaccination to 28 days post dose 2 (V2)
serology and whole blood stimulation analysis respec-
tively (Supplementary Fig. S1). For unpaired analysis of
V2 samples, 225 and 115 participants had samples
eligible for serology and whole blood stimulation analysis
respectively. Overall participants were more likely to be
female (77.9%) and have previously received BCG
(86.8%), and these were similar between the COVID-19
vaccination groups (Table 1, Supplementary Table S1).
The median age of participants included in paired whole
blood stimulation analysis was 48 (interquartile range
(IQR) 39–58) years with an older age amongst ChAdOx1-
S recipients (median 49 (IQR 39–58) years) compared to
BNT162b2 recipients (median 43 (IQR 33–50) years)
(Table 1). Demographics for participants included in the
unpaired analysis are in Supplementary Table S1.

Changes in immune responses following ChAdOx1-S
vaccination
Following vaccination with ChAdOx1-S, serum anti-
SARS-CoV-2 spike and anti-RBD IgG levels were, as
5
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Serology Whole blood stimulation

ChAdOx1-S V0 & V1
n = 65

ChAdOx1-S V0 & V2
n = 67

BNT162b2 V0 & V2
n = 55

ChAdOx1-S V0 & V1
n = 59

BNT162b2 V0 & V2
n = 19

Age (years) at 1st COVID-19 vaccination dose, median (IQR)

51 (39–58) 51 (40–59) 47 (37–56) 49 (39–58) 43 (33–50)

Sex

Male 14 (21.5%) 18 (26.9%) 12 (21.8%) 12 (20.3%) 3 (15.8%)

Female 51 (78.5%) 49 (73.1%) 43 (78.2%) 47 (79.7%) 16 (84.2%)

Any COVID-19 comorbiditiesa

Yes 9 (13.8%) 13 (19.4%) 13 (23.6%) 10 (16.9%) 5 (26.3%)

Diabetes 1 (1.5%) 0 0 1 (1.7%) 0

Cardiovascular disease 7 (10.8%) 9 (13.4%) 8 (14.5%) 7 (11.9%) 3 (15.8%)

Chronic respiratory disease 1 (1.5%) 5 (7.5%) 5 (9.1%) 2 (3.4%) 2 (10.5%)

No 56 (86.2%) 54 (80.6%) 42 (76.4%) 49 (83.1%) 14 (73.7%)

Obesity

Yes 10 (15.4%) 12 (17.9%) 8 (14.5%) 10 (16.9%) 4 (21.1%)

No 50 (76.9%) 51 (76.1%) 42 (76.4%) 45 (76.3%) 15 (78.9%)

Missing 5 (7.7%) 4 (6.0%) 5 (9.1%) 4 (6.8%) 0

Smoking

Yes 4 (6.2%) 3 (4.5%) 3 (5.5%) 5 (8.5%) 0

No 61 (93.8%) 64 (95.5%) 52 (94.5%) 54 (91.5%) 19 (100.0%)

Occupation

Allied health 3 (4.6%) 2 (3.0%) 2 (3.6%) 2 (3.4%) 1 (5.3%)

Clerical/Administrative 7 (10.8%) 7 (10.4%) 3 (5.5%) 6 (10.2%) 2 (10.5%)

Doctor 8 (12.3%) 11 (16.4%) 4 (7.3%) 6 (10.2%) 12 (63.2%)

Nurse/Midwife 25 (38.5%) 22 (32.8%) 32 (58.2%) 25 (42.4%) 4 (21.1%)

Other role 22 (33.8%) 25 (37.3%) 13 (23.6%) 20 (33.9%) 0

Patient service assistant 0 0 1 (1.8%) 0 0

BCG-vaccinated prior to BRACE trial

No 30 (46.2%) 28 (41.8%) 24 (43.6%) 27 (45.8%) 10 (52.6%)

Yes 35 (53.8%) 39 (58.2%) 31 (56.4%) 32 (54.2%) 9 (47.4%)

BCG-vaccinated in BRACE trial

No 18 (27.7%) 18 (26.9%) 20 (36.4%) 17 (28.8%) 7 (36.8%)

Yes 47 (72.3%) 49 (73.1%) 35 (63.6%) 42 (71.2%) 12 (63.2%)

Any other vaccinations between V0 and post COVID-19 vaccination
blood

Yes 3 (4.6%) 9 (13.4%) 9 (16.4%) 3 (5.1%) 1 (5.3%)

Age (years) at 1st COVID-19 vaccination dose, median (IQR)

51 (39–58) 51 (40–59) 47 (37–56) 49 (39–58) 43 (33–50)

Days between 1st and 2nd COVID-19 vaccination doses, median (IQR)

87 (84–91) 87 (84–91) 22 (21–25) 87 (84–91) 22 (21–27)

Days between COVID-19 vaccination dose and post blood, median (IQR)

Dose 1 and V1 28 (27–28) – – 28 (27–28) –

Dose 2 and V2 – 28 (28–28) 28 (28–28) – 28 (27–28)

Days between pre blood (V0) and post blood, median (IQR)

29 (28–32) 119 (113–126) 53 (50–57) 29 (28–32) 51 (49–56)

aAt BRACE trial randomisation: Diabetes (any type), cardiovascular disease (including hypertension) or chronic respiratory disease (including asthma and chronic obstructive pulmonary disease).

Table 1: BRACE trial participants in the BCOS sub-study in Australia with pre and post vaccination samples included in the paired analysis.
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expected, higher 28 days after the first and second
vaccination doses (Fig. 2A). Analysis of cytokines in
unstimulated (nil/RPMI only) and iVero stimulated
whole blood revealed changes (generally small increases)
in cytokine secretion before (V0) compared to 28 days
after the first dose (V1) of ChAdOx1-S (Supplementary
Table S2). Due to these changes in the unstimulated
samples following the first dose of ChAdOx1-S, assess-
ment of changes in stimulated samples was done using
the stimulation effect (stimulant minus nil or stimulant
www.thelancet.com Vol 103 May, 2024
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Fig. 2: SARS-CoV-2-specific and off-target effects of ChAdOx1-S. Differences in immune responses 28 (±3 days) after the first (V1) or second
(V2) dose of ChAdOx1-S compared to pre-vaccination (V0) samples. (a) Tukey boxplots and dot plot overlay depicting differences (V1/V2—V0)
in log transformed anti-spike and anti-RBD IgG AUC (n = 80). Statistically significant differences before and after ChAdOx1-S vaccination were
determined by paired-t test. (b–e) Volcano and Tukey boxplots (with dot plot overlay) depicting differences in (b and c) iSARS stimulation effect
(iSARS—iVero response) (n = 55) and (d and e) BCG, C. albicans, E. coli, S. aureus and R848 stimulation effect (stimulant—nil) (n = 56–57) on
whole blood cytokine responses. p-value for differences before (V0) and after the first dose of ChAdOx1-S vaccination (V1) were determined by
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minus iVero). As expected, compared to before vaccina-
tion, 28 days after the first dose of ChAdOx1-S, cytokine
responses to stimulation with iSARS were increased
(Fig. 2B and C, Supplementary Table S4). The exceptions
being responses to eotaxin and IFN-α2, which were more
compatible with a model of decreased response to iSARS.
Notably, although anti-spike and anti-RBD IgG, and the
majority of iSARS-induced cytokine and chemokine re-
sponses increased after the first dose of ChAdOx1-S,
there was limited positive correlation between the IgG
and iSARS whole blood stimulation responses after the
first and second doses of ChAdOx1-S (Supplementary
Fig. S2A–D).

To determine if ChAdOx1-S influenced immune re-
sponses to unrelated pathogens, we compared cytokine
responses following in vitro stimulation of whole blood
collected before and 28 days after the first ChAdOx1-S
dose. Responses to BCG and E. coli were compatible
with a model of lower cytokine secretion following the
first dose of ChAdOx1-S vaccine compared to responses
pre-vaccination (Fig. 2D and E, Supplementary Table S4).
These included cytokines involved in T cell responses
(IFN-γ, IL-4, IL-5, IL-9, IL-12p70, IL-17), lymphocyte ho-
meostasis (IL-2, IL-2Rα, IL-7, IL-12p40, IL-15), pro-in-
flammatory responses (IFN-α2, IL-6, LIF, TNF-α), growth
factors (FGF-basic, HGF, MCS-F, SCF, SCGF-β, PDGF-
BB, VEGF) and chemokines/chemoattractants (CTACK,
IL-16, IP-10, MCP-3, MIG, SDF-1α). Responses to
C. albicans and S. aureus stimulation were compatible
with a model of higher cytokine secretion following the
first dose of ChAdOx1-S compared to responses pre-
vaccination (Fig. 2D and E, Supplementary Table S4).
These included cytokines involved in T cell responses
(IL-13, IL-17), lymphocyte homeostasis (IL-12p40), pro-
inflammatory responses (IL-1α, IL-6, TNF-α), anti-
inflammatory responses (IL-10), growth factors (IL-3) and
chemokines/chemoattractants (CTACK, GRO-α, IL-8).
Responses to R848 stimulation were not compatible with
a model of altered cytokine secretion following the first
dose of ChAdOx1-S compared to responses pre-
vaccination (Fig. 2D and E, Supplementary Table S4).

To determine if stronger specific responses were
associated with stronger off-target responses, we assessed
Wilcoxon signed-rank test (WSR, squares) or sign-rank test (ST, circles) as
indicates p = 0.05 by WSR or ST. (a, c, e) Boxplots: centre lines indicate m
1.5 times the interquartile range from the 25th and 75th percentiles. Dot
direction of change relative to the previous datapoint (blue = increase,
efficients of differences (V1–V0) in serum levels (IgG) and whole blood
vaccination and had a p < 0.05 by WSR or ST. Unsupervised hierarchica
of similarity between cytokine–stimulant pairs. Red indicates a negative
shown are from participants with <10 missing paired results (n = 52). (g
cytokine–stimulant pairs. Correlation coefficient (R) and p-value determin
indicates 95% confidence interval (CI). Abbreviations: auc, area under the c
immunoglobulin; iSARS (isars), γ-irradiated SARS-CoV-2; R848 or r848, re
effect, Th, T helper.
the correlations between the cytokine–stimulant pairs (and
IgG serology) that were compatible (to the level of
p < 0.05) with a model of altered cytokine responses 28
days after the first dose of ChAdOx1-S. Consistent with
our previous study, we found that responses clustered
within stimulant groups rather than by cytokine
(Fig. 2F).15 There were strong positive correlations be-
tween different iSARS-induced cytokines with the excep-
tion of IL-12p70 and eotaxin (Fig. 2F and G).
Associations between changes in iSARS stimulation-
induced cytokine responses and anti-RBD IgG responses
were weak although, stronger than those observed for
anti-spike IgG (Fig. 2F). Despite lower cytokine responses
to BCG and E. coli following the first dose of ChAdOx1-S
compared to responses pre-vaccination, there were clus-
ters of cytokines for which there was a positive correlation
of BCG or E. coli responses with the iSARS cytokine re-
sponses (Fig. 2F and G). For iSARS-induced responses,
these was most strongly observed for GM-CSF, GRO-α,
IFN-γ, IL-1ra, IL-2, IL-5, IL-12p70, IL-15, MCP-1, MCP-3,
M-CFS and SCF. For BCG stimulation, this was most
strongly observed for IL-2rα, IL-4, IL-5, IL-12p40, HGF
and SCF. For E. coli-induced responses, these was most
strongly observed for CTACK, IL-2, and IL-2rα (Fig. 2F).
For eotaxin-induced responses to iSARS, which were
lower after the first dose of ChAdOx1-S compared to re-
sponses pre-vaccination, there was a pattern of negative
correlation to E. coli responses (Fig. 2F). Changes in re-
sponses to C. albicans showed weak positive correlations
with iSARS and E. coli responses. Whereas changes in
responses to S. aureus showed stronger positive correla-
tion with iSARS stimulations for all S. aureus-induced
cytokines assessed (Fig. 2F). The strongest iSARS corre-
lations with S. aureus-induced responses were for basic-
FGF, MCP-3, M-CSF, SCF and TRAIL.

Changes in immune responses following BNT162b2
vaccination
Following vaccination with BNT162b2, serum anti-spike
and anti-RBD IgG levels were higher 28 days after sec-
ond vaccination dose (Fig. 3A). Analysis of cytokines in
unstimulated and iVero stimulated whole blood revealed
small changes in cytokine secretion 28 days after the
indicated in Supplementary Table S4. (b & d) Volcano plots: Red line
edians; box limits indicate 25th–75th percentiles; whiskers extend to
s represent each individual participant with line colours representing
red = decrease, white = no change). (f) Spearman’s correlation co-
cytokine stimulation effect that showed change after ChAdOx1-S
l clustering was done using Spearman’s correlation as the measure
correlation, whereas blue indicates a positive correlation. The data
) Scatter plots of differences (V1—V0) in stimulation effect between
e by Spearman’s correlation. Purple line depicts regression line, grey
urve; BCG or bcg, bacille Calmette Guérin; ca, C. albicans; ec, E. coli; Ig,
siquimod; RBD, receptor binding domain; sa, S. aureus; SE, stimulation
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Fig. 3: SARS-CoV-2-specific and off-target effects of BNT162b2. Differences in immune responses 28 (±3 days) after the second (V2) dose of
BNT162b2 compared to pre-vaccination (V0) samples. (a) Tukey boxplots and dot plot overlay depicting differences (V2—V0) in log trans-
formed anti-spike and anti-RBD IgG AUC (n = 55). Statistically significant differences before and after BNT162b2 vaccination were determined
by paired-t test. (b–e) Volcano and Tukey boxplots (with dot plot overlay) depicting differences in (b and c) iSARS stimulation effect (iSARS—
iVero response) (n = 18) and (d and e) BCG, C. albicans, E. coli, S. aureus and R848 stimulation effect (stimulant—nil) (n = 19) on whole blood
cytokine responses. p-value for differences before (V0) and after the first dose of BNT162b2 vaccination (V2) were determined by Wilcoxon
signed-rank test (WSR, squares) or sign-rank test (ST, circles) as indicated in Supplementary Table S5. (b & d) Volcano plots: Red line indicates
p = 0.05 by WSR or ST. (a, c, e) Boxplots: centre lines indicate medians; box limits indicate 25th–75th percentiles; whiskers extend to 1.5 times
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second dose of BNT162b2 (Supplementary Table S3).
Therefore, as for ChAdOx1-S, changes in stimulated
samples after BNT162b2 were assessed using the
stimulation effect (stimulant minus nil or stimulant
minus iVero). As expected, compared to before vacci-
nation, 28 days after the second dose of BNT162b2,
cytokine responses to stimulation with iSARS were
increased (Fig. 3B and C, Supplementary Table S5).
Similar to responses to two doses of ChAdOx1-S, there
was limited correlation between the IgG and iSARS
whole blood stimulation responses after the second
doses of BNT162b2 (Supplementary Fig. S2E and F).

Consistent with the changes seen after the first
ChAdOx1-S dose, responses to E. coli were compatible
with a model of lower cytokine secretion 28 days after
the second dose of BNT162b2 vaccine compared to re-
sponses pre-vaccination (Fig. 3D and E, Supplementary
Table S5). These included cytokines involved in T cell
responses (IL-9), pro-inflammatory responses (IL-1α,
IL-1β, TNF-β, TRAIL) and chemokines/chemo-
attractants (CTACK, RANTES). Responses to BCG,
R848 and S. aureus stimulation showed some compat-
ibility with a model of altered cytokine responses 28
days after the second dose of BNT162b2 vaccination
compared to responses pre-vaccination. However, there
was no consistent direction of change within each
stimulus. Responses to C. albicans stimulation were not
compatible with a model of altered cytokine secretion
following the second dose of BNT162b2 compared to
responses pre-vaccination (Fig. 2D and E,
Supplementary Table S4).

To determine if stronger specific responses were
associated with stronger off-target responses to
BNT162b2, we assessed whether the correlation be-
tween all cytokine–stimulant pairs (and IgG serology)
were compatible (to the level of p < 0.05) with a model of
altered cytokine responses 28 days after the second dose
of BNT162b2. There were positive correlations between
iSARS-induced responses although this tended to be
weaker for the sub-set of iSARS-induced cytokine re-
sponses in clusters 2 and 3 (Fig. 3F and G). There were
generally weak positive and negative correlations be-
tween changes in iSARS and off-target (E. coli, R848,
BCG and S. aureus) responses. Positive correlations
were strongest for E. coli-induced TRAIL and IL-10
which clustered with iSARS-induced responses.
the interquartile range from the 25th and 75th percentiles. Dots represent
change relative to the previous datapoint (blue = increase, red = decre
differences (V2–V0) in serum levels (IgG) and whole blood cytokine stimu
had a p < 0.05 by WSR or ST. Unsupervised hierarchical clustering was do
cytokine–stimulant pairs. Red indicates a negative correlation, whereas
ticipants with <10 missing paired results (n = 18). (g) Scatter plots of di
pairs. Correlation coefficient (R) and p-value determine by Spearman’s
confidence interval (CI). Abbreviations: auc, area under the curve; BCG o
noglobulin; iSARS (isars), γ-irradiated SARS-CoV-2; R848 or r848, resiqu
effect, Th, T helper.
Differences in off-target effects of ChAdOx1-S and
BNT162b2 vaccination
To determine if there was a difference in immune re-
sponses following ChAdOx1-S and BNT162b2 vaccina-
tion we compared both SARS-CoV-2-specific and off-
target immune responses 28 days after the second
dose of each vaccine. Amongst the sub-set of partici-
pants with serology (n = 226) or whole blood stimulation
cytokine response (n = 110) data available from samples
taken 28 days after the second COVID-19 vaccination
dose, ChAdOx1-S recipients tended to be older, have
fewer comorbidities and more had received BCG
vaccination in the BRACE trial (Table 1).

Recipients of BNT162b2 had higher serum anti-spike
and anti-RBD IgG 28 days after the second vaccination
dose than ChAdOx1-S recipients (Fig. 4A, Supplementary
Fig. 3A and Table S6). For a sub-set of cytokines there
was also greater iSARS-induced secretion of cytokines 28
days after the second vaccination dose of BNT162b2 than
ChAdOx1-S (Fig. 4B, Supplementary Fig. 3B and
Table S7). These higher responses were strongest for
cytokines involved in T-cell pathways and homeostasis
(IFN-γ, IL-2, IL-9, and IL-13). Few cytokines (including
IL-1β) supported a model of lower responses following
iSARS stimulation in BNT162b2 recipients compared to
ChAdOx1-S recipients. For stimuli unrelated to SARS-
CoV-2, there was a sub-set of cytokines/chemokines for
which the data were consistent with a model of differ-
ential immune responses between BNT162b2 recipients
and ChAdOx1-S recipients 28 days after the second dose
of these vaccines (Fig. 4C and D, Supplementary Fig. 3C
and Table S7). For BCG, E. coli and R848 stimulation, the
data were consistent with a model of moderately higher
responses amongst BNT162b2 recipients compared to
ChAdOx1-S recipients after the second vaccination dose.
Responses to C. albicans and S. aureus were generally
similar between BNT162b2 recipients and ChAdOx1-S
recipients with geometric mean ratios (GMRs) ranging
from little or no effect to a moderately higher (for
S. aureus) or lower (C. albicans) effect.

To determine if these observed differential specific
and off-target effects of ChAdOx1-S and BNT162b2
vaccination were impacted by BCG vaccination within
the past year, we did a sensitivity analysis in the sub-set
of participants who did not receive BCG vaccination as
part of the BRACE trial (Supplementary Table S8). A
each individual participant with line colours representing direction of
ase, white = no change). (f) Spearman’s correlation coefficients of
lation effect that showed a change after BNT162b2 vaccination and
ne using Spearman’s correlation as the measure of similarity between
blue indicates a positive correlation. The data shown are from par-
fferences (V2—V0) in stimulation effect between cytokine–stimulant
correlation. Green line depicts regression line, grey indicates 95%
r bcg, bacille Calmette Guérin; ca, C. albicans; ec, E. coli; Ig, immu-
imod; RBD, receptor binding domain; sa, S. aureus; SE, stimulation
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Fig. 4: Comparison of SARS-CoV-2-specific and off-target in vitro immune responses following BNT162b2 and ChAdOx1-S vaccination.
Forest plots depicting adjusted geometric mean ratios (GMR) and 95% confidence intervals for the effect of COVID-19 vaccine type on (a) serum
IgG (n = 225) (b) iSARS-induced (n = 76–110) and (c and d) BCG (n = 37–115), C. albicans (n = 71–115), E. coli (n = 21–115), S. aureus (n = 70–115)
and R848 (n = 24–115) -induced whole blood cytokine and chemokine responses 28 days after the second vaccination dose (V2). (c and d) A
sub-set of (c) 7 chemokines and (d) 6 cytokines/growth factors are depicted, data for all cytokine–stimulant pairs are available in Supplementary
Table S6. GMR > 1.0 indicates responses that were higher for BNT162b2-vaccinated compared to ChAdOx1-S-vaccinated participants. Ab-
breviations: BCG, bacille Calmette Guérin; GMR, geometric mean ratio; Ig, immunoglobulin; iSARS, γ-irradiated SARS-CoV-2; R848, resiquimod;
RBD, receptor binding domain.
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similar pattern of differential effects of ChAdOx1-S and
BNT162b2 were observed in the sub-group of non-BCG
vaccinated and the sub-group of BCG vaccinated par-
ticipants, although the GMR was often smaller and with
confidence intervals crossing one (Supplementary
Tables S6–S9), likely due to the reduced participant
numbers (n = 74 for serology and n = 36 for whole blood
stimulations).
Discussion
In this study, replication-deficient adenovirus ChAdOx1-
S vaccine and mRNA BNT162b2 vaccine changed the
hosts’ immune responses to unrelated pathogens. These
off-target effects were pathogen dependent and diver-
gent between the two vaccine platforms.

Live-attenuated vaccines, such as BCG and measles-
containing vaccines, have off-target effects on clinical
and immunological outcomes.3,4,8,10–12,30,31 As the ChA-
dOx1-S vaccine is based on a replication deficient
www.thelancet.com Vol 103 May, 2024
adenovirus vector, the observation of off-target immu-
nological effects is consistent with this paradigm.3 In
mice, intranasal infection with human adenovirus eli-
cited trained innate immunity and conferred protection
against infections with unrelated bacteria.32 In a recent
small (n = 10) study of healthy adults, monocytes
stimulated with irradiated M. tuberculosis, TLR4 agonist
lipopolysaccharides and TLR1/2 agonist Pam3cys
exhibited increased secretion of IL-1β, IL-6, CXCL-1, and
MIP-1α, as well as decreased TNF secretion 14 and 56
days following the first dose of ChAdOx1-S vaccination,
compared to pre-vaccination responses.20 These changes
were accompanied by increased expression of co-
stimulatory molecules and glycolysis-associated en-
zymes, as well as the secretion of IFN-γ, IL-18, and
MCP-1 in resting monocytes. This finding, of increased
cytokine responses in monocytes, contrasts with our
findings in whole blood wherein decreased cytokine
responses to BCG and E. coli stimulation were observed.
The difference may be due to the cellular source used in
11
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each study (monocytes compared to whole blood),
particularly since multiple cytokines with altered re-
sponses to unrelated pathogens in the whole blood
stimulations were associated with T cell functions and
homeostasis.33,34

The BNT162b2 vaccine is among the first mRNA-
based vaccines to be administered to humans. While
it is known to induce potent adaptive immunity spe-
cific to SARS-CoV-2,35 the extent of its impact on im-
mune responses and other immunoregulatory effects
are yet to be fully elucidated. Three studies have shown
early, transient changes in monocyte proportions one
to two days following the second BNT162b2 dose,21,36,37

with one also demonstrating early transcriptional and
transient epigenetic changes in monocytes consistent
with anti-viral immune responses.21 Despite these early
changes, one study reported no statistically significant
difference in monocyte cytokine responses to in vitro
R848 stimulation post BNT162b2 vaccination.21 How-
ever, with only 4 participants included, this analysis
was underpowered and a pattern was observed of an
early cytokine response peaking 20 days after the first
dose which returned to baseline levels at 49 days
(equivalent of 28 days after the second dose).21 In our
study, we did not collect a sample after the first dose of
BNT162b2 due to the recommendation for the second
BNT162b2 vaccination to be 21 days after the first dose
which precluded sample collection 28 days after the
vaccination dose per our study design. Therefore, we
were unable to assess the impact of a single BNT162b2
dose on unrelated pathogen responses. However, our
finding, that BNT162b2 vaccination altered cytokine
responses to the unrelated bacteria, E. coli and BCG, as
well as to R848, 28 days after BNT162b2 vaccination,
suggests that this mRNA-based vaccine might induce
off-target immunological effects. Notably, after the
second BNT162b2 dose, unlike ChAdOx1-S vaccina-
tion, we did not observe any off-target effects of
BNT162b2 vaccination on C. albicans or S. aureus re-
sponses, although the smaller sample size for the
paired BNT162b2 recipients may have limited our
ability to detect changes.

Studies of the off-target immunological effects of
BCG vaccination in adults have typically found
increased monocyte and PBMC cytokine responses to
LPS, C. albicans, and S. aureus.8,13,30,38,39 Similarly,
ChAdOx1-S vaccination led to increased cytokine re-
sponses to C. albicans and S. aureus. These included
the prototypically trained immunity induced cytokines
IL-6, TNF-α and IL-17.8,13,30 In contrast, responses to
E. coli, from which LPS is commonly derived, and BCG
were lower following ChAdOx1-S vaccination
compared to before vaccination. In the case of
BNT162b2, vaccination led to decreased cytokine re-
sponses to E. coli stimulation and had variable effects
on BCG and R848 stimulation responses. These find-
ings indicate that off-target effects of ChAdOx1-S and
BNT162b2 vaccination are pathogen-dependent,
consistent with previous studies showing differential
effects of BCG vaccination on in vitro cytokine re-
sponses and bacterial growth among various pathogen
species.11,40

Cytokines involved in broad immune functions
were impacted by the ChAdOx1-S and BNT162b2
vaccinations (both enhanced and dampened depend-
ing on the vaccine and stimulus). These included cy-
tokines involved in T cell responses, lymphocyte
homeostasis, pro- and anti-inflammatory responses,
growth factors and chemokines/chemoattractants. It
is proposed that trained immunity, such as that
induced by the BCG vaccine, provides protection
against unrelated infections. However, there is also
the risk that enhanced innate immune cell response
contribute to diseases mediated by chronic and sys-
temic inflammation as well as autoimmune disease.41

The impacts of these effects are likely situational. For
example, neonatal BCG vaccination, which reduces
all-cause infant mortality in high-mortality settings,4

has been associated with reduced cytokine responses
to unrelated pathogens.11,12 In adults, BCG vaccination
mostly increases cytokine responses to unrelated
pathogens (with a notable exception of SARS-CoV-
215), however despite the contrasting immunological
effect to that observed for neonatal BCG vaccination,
BCG vaccination of adults can reduce infectious dis-
ease caused by unrelated pathogens.42–44 As the spe-
cific immunological effects underpinning the clinical
off-target effects of vaccines are not yet fully eluci-
dated, the clinical implications of our study findings
are unclear.

Previous studies have found negative correlations
between BCG-induced changes in cytokine responses
typical of innate immune training (i.e., IL-10, TNF-α, IL-
6 and IL-1β) and those typical of heterologous T cell
responses (IFN-γ, IL-17, IL-22), suggesting opposing
effects for trained innate and heterologous immunity.45

However, for both ChAdOx1-S and BNT162b2 vac-
cines, we generally found positive correlations within
stimulus groups, although changes in prototypical T cell
response cytokines were limited for BNT162b2 vaccine.
These results suggest different underlying mechanisms
for BCG and COVID-19 vaccine-induced off-target
effects.

While BNT162b2 and ChAdOx1-S vaccines are
designed to induce host cell production of the SARS-
CoV-2 spike protein, previous studies have reported
differing levels of SARS-CoV-2-specific antibody and T
cell responses between the two vaccines.37,46–49 Consis-
tent with this, our study of healthcare workers showed
that those vaccinated with BNT162b2 vaccine had
greater SARS-CoV-2-specific IgG and in vitro cytokine
responses compared to ChAdOx1-S recipients. Addi-
tionally, we observed differences in off-target effects of
the two vaccines resulting in differential cytokine
www.thelancet.com Vol 103 May, 2024
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responses, particularly to BCG, E. coli, and R848 stim-
ulation, 28 days after the second vaccine dose. An
analogous study found no differences in early (two days)
whole blood gene expression signatures and immune
cell populations 28 days after the second dose of
BNT162b2 and ChAdOx1-S vaccines,37 suggesting that
the observed differences in immune responses are not
solely driven by variations in circulating immune cell
populations. The differences in specific and off-target
immune responses following BNT162b2 and ChA-
dOx1-S vaccination despite a common antigen target
(SARS-CoV-2 spike protein) suggests that vaccine
formulation or the underlying platform (i.e., live
replication-deficient adenovirus compared to mRNA)
are influencing these responses. This is consistent with
a recent re-analysis of data from COVID-19 vaccination
RCTs which found reduced all-cause mortality among
recipients of replication-deficient adenovirus-based
COVID-19 vaccines but not mRNA-based COVID-19
vaccines.50 Here, the reduction was driven by a combi-
nation of reduced COVID-19, cardiovascular and
non-COVID-19/non-accidental mortality suggesting a
potential beneficial off-target clinical effect of
adenovirus-based COVID-19 vaccines.50

The relationship between contemporaneous SARS-
CoV-2-specific antibody and cellular responses following
COVID-19 vaccines is variable and complex. Previous
studies have reported different correlation patterns be-
tween antibody and T cell responses for mRNA and
adenoviral COVID-19 vaccines, with some finding pos-
itive correlations and others reporting no correla-
tions.37,49,51 Our study found that although both
ChAdOx1-S and BNT162b2 vaccination increased
SARS-CoV-2-specific IgG and in vitro cytokine re-
sponses, neither vaccine had strong positive correlations
between these immune responses, with BNT162b2
vaccination even showing weak negative correlations.
This suggests that the relationship between antibody
and cellular responses to COVID-19 vaccines is non-
linear and influenced by various factors. These factors
might include the interplay between innate, T and B
cells involved in generating and maintaining antigen-
specific vaccine-induced immune memory, different
functions and epitopes recognised by B and T cell
populations, and dynamic changes in the immune
response over time. For example, early COVID-19 vac-
cine-induced T cell responses correlate with later anti-
body responses suggesting a role for early T cell
responses in generating strong humoral responses.37,49

Notably, the waning of circulating antibody responses
to COVID-19 vaccines (including ChAdOx1-S and
BNT162b2) over time and their reduced activity against
SARS-CoV-2 variants of concern, despite largely
consistent T cell responses and persistence of memory
B cells and plasmablasts, suggest that assessment of
circulating antibodies alone may not be sufficient to
determine vaccine-induced immunity.52–54
www.thelancet.com Vol 103 May, 2024
The variation in off-target effects of vaccines and the
factors that influence this variation are important
questions in the field. While multiple studies report
off-target effects of BCG vaccination, there are gener-
ally a sub-set of individuals who do not show any effect
or even show an opposing effect.11,13,18,39,55 It is not yet
clear what factors influence this spectrum of immu-
noregulatory capacity of BCG vaccine, but identifying
these factors will be critical for leveraging the off-target
effects for preventative or therapeutic interventions,
and in the development of new vaccines. One hypoth-
esis is that stronger vaccine-specific responses may be
associated with stronger off-target effects, given the
critical role of the innate immune system in the in-
duction of antigen-specific memory. However, few
studies have investigated this directly. One study that
compared the effects of BCG vaccination on specific
(M. tuberculosis-induced IFN-γ), trained immunity
(S. aureus-induced IL-1β, IL-6, TNF-α) and heterolo-
gous lymphocyte-derived (S. aureus-induced IFN-γ)
PBMC responses found that the specific response did
not correlate with trained immunity or heterologous
responses.56 In our study, positive correlations were
observed between ChAdOx1-S-induced changes in re-
sponses to SARS-CoV-2 and S. aureus, both of which
increased following ChAdOx1-S vaccination. However,
positive correlations were also generally observed be-
tween changes in SARS-CoV-2 responses and both
ChAdOx1-S- and BNT162b2-induced changes in E. coli
response, which decreased following vaccination with
either COVID-19 vaccine. This suggests that although
the COVID-19 vaccines altered immune responses to
unrelated pathogens, individuals who initially had a
higher response of a particular cytokine to a pathogen
were also the higher responders to COVID-19 vaccines.
This is consistent with the strong contribution of
non-modifiable factors such as genetics and age in
determining interindividual variability in cytokine
responses to pathogens.57

The strengths of our study include the use of
samples from a large number of healthcare workers
who received one of the two widely used COVID-19
vaccines during the same time period. As community
transmission of SARS-CoV-2 was low in Australia
prior to December 2021, we were able to include only
SARS-CoV-2 naïve participants. Moreover, the use of
weekly symptom tracking and 3-monthly anti-NCP
antibody testing within the BRACE trial enabled us
to identify and exclude any participants with prior
SARS-CoV-2 exposure. This ensured that observed
immune responses were due to the vaccine-induced
immunity rather than prior infection.

The limitations of this study include that participants
were not randomised to the different COVID-19 vac-
cines, and there were some differences in baseline de-
mographics between the groups. During the study
period, the use of BNT162b2 vaccine was preferenced by
13
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the Australian Government for adults under 50 years of
age due to concerns about the rare thrombosis
with thrombocytopenia syndrome reported amongst
ChAdOx1-S recipients.58 Therefore, a difference in age
between ChAdOx1-S and BNT162b2 recipients was ex-
pected. To reduce the impact of this on our findings we
adjusted for participant age in the linear regression
analysis. An additional limitation was the absence of a
non-COVID-19-vaccinated control group. This was not
feasible as it would have been unethical to delay receipt
of COVID-19 vaccinations during the pandemic. Small
group sizes, particularly for the paired BNT162b2 anal-
ysis may have limited the findings of our study. For
analysis of effects of COVID-19 vaccines on response to
BCG stimulation, recent BCG vaccination (as part of the
BRACE trial) may have influenced the observed off-
target effects. In the two-group analysis we were able
to adjust for this by inclusion of BCG vaccination in the
BRACE trial as a covariate. Another limitation is the
potential effect of missing data as this study was based
on a convenience sample. Participants who did not have
matched samples both before and after COVID-19 vac-
cinations could not be included in the paired analysis.
Whilst this might have led to reduced power in the
analysis, it is unlikely to have resulted in any systematic
bias. There was also missingness due to participants
missing blood samples (i.e., provided a pre-vaccination
sample but not post-vaccination sample) and those
who had bloods taken outside the accepted time window
post vaccination. The lack of a defined minimal clini-
cally important difference for cytokine responses limits
the interpretation of our findings.59 Nonetheless,
whether the immunological changes observed in this
proof-of-concept study translate to any clinical impact
warrants further study. Finally, the assessment of im-
mune responses at the peak of the specific adaptive
immune response to COVID-19 vaccines may not fully
capture the long-term effects of the vaccines. As this is
an exploratory study, further research is needed to
investigate the persistence and duration of the immune
response and potential bystander activation effects.

Our study provides valuable insight into potential
immunomodulatory effects of replication-deficient
adenovirus and modified mRNA COVID-19 vaccines
against a sub-set of unrelated pathogens. Further
studies are needed to determine whether these effects
are clinically meaningful.
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