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ORIGINAL ARTICLE

Effect of Bacille Calmette-Guerin vaccination on immune
responses to SARS-CoV-2 and COVID-19 vaccination
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responses to vaccines. This study aimed to determine the
immunomodulatory effects of BCG vaccination on immune
responses to vaccines against SARS-CoV-2. Methods. Blood samples,
from a subset of 275 SARS-CoV-2-naive healthcare workers

3See the Acknowledgments section for all randomised to BCG vaccination (BCG group) or no BCG vaccination
the members of the BRACE Trial (Control group) in the BRACE trial, were collected before and
Consortium Group. 28 days after the primary course (two doses) of ChAdOx1-S

(Oxford-AstraZeneca) or BNT162b2 (Pfizer-BioNTech) vaccination.
SARS-CoV-2-specific antibodies were measured using ELISA and

© 2025 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of 2025 | Vol. 14 | e70023
Australian and New Zealand Society for Immunology, Inc. Page 1


https://orcid.org/0000-0001-8404-4462
https://orcid.org/0000-0001-8404-4462
https://orcid.org/0000-0001-8404-4462
https://orcid.org/0000-0001-9924-7545
https://orcid.org/0000-0001-9924-7545
https://orcid.org/0000-0001-9924-7545
https://orcid.org/0000-0003-0020-9704
https://orcid.org/0000-0003-0020-9704
https://orcid.org/0000-0003-0020-9704
https://orcid.org/0000-0002-4155-7433
https://orcid.org/0000-0002-4155-7433
https://orcid.org/0000-0002-4155-7433
https://orcid.org/0000-0002-7637-8013
https://orcid.org/0000-0002-7637-8013
https://orcid.org/0000-0002-7637-8013
https://orcid.org/0000-0002-4197-2573
https://orcid.org/0000-0002-4197-2573
https://orcid.org/0000-0002-4197-2573
https://orcid.org/0000-0002-6721-288X
https://orcid.org/0000-0002-6721-288X
https://orcid.org/0000-0002-6721-288X
https://orcid.org/0000-0002-6665-6825
https://orcid.org/0000-0002-6665-6825
https://orcid.org/0000-0002-6665-6825
https://orcid.org/0000-0002-4642-105X
https://orcid.org/0000-0002-4642-105X
https://orcid.org/0000-0002-4642-105X
https://orcid.org/0000-0002-5059-3030
https://orcid.org/0000-0002-5059-3030
https://orcid.org/0000-0002-5059-3030
https://orcid.org/0000-0001-6141-335X
https://orcid.org/0000-0001-6141-335X
https://orcid.org/0000-0001-6141-335X
https://orcid.org/0000-0003-2295-4641
https://orcid.org/0000-0003-2295-4641
https://orcid.org/0000-0003-2295-4641
https://orcid.org/0000-0003-2421-6052
https://orcid.org/0000-0003-2421-6052
https://orcid.org/0000-0003-2421-6052
https://orcid.org/0000-0002-5623-9008
https://orcid.org/0000-0002-5623-9008
https://orcid.org/0000-0002-5623-9008
https://orcid.org/0000-0002-5683-996X
https://orcid.org/0000-0002-5683-996X
https://orcid.org/0000-0002-5683-996X
https://orcid.org/0000-0002-2395-4574
https://orcid.org/0000-0002-2395-4574
https://orcid.org/0000-0002-2395-4574
https://orcid.org/0000-0001-6378-5114
https://orcid.org/0000-0001-6378-5114
https://orcid.org/0000-0001-6378-5114
https://orcid.org/0000-0003-1713-3056
https://orcid.org/0000-0003-1713-3056
https://orcid.org/0000-0003-1713-3056
https://orcid.org/0000-0003-3730-2339
https://orcid.org/0000-0003-3730-2339
https://orcid.org/0000-0003-3730-2339
https://orcid.org/0000-0003-4664-1404
https://orcid.org/0000-0003-4664-1404
https://orcid.org/0000-0003-4664-1404
https://orcid.org/0000-0003-3446-4594
https://orcid.org/0000-0003-3446-4594
https://orcid.org/0000-0003-3446-4594
mailto:nicole.messina@mcri.edu.au
www.wileyonlinelibrary.com/journal/cti

BCG effects on SARS-CoV-2 & COVID-19 vaccination

Received 6 August 2024;
Revised 23 December 2024;
Accepted 1 January 2025

doi: 10.1002/cti2.70023

Clinical & Translational Inmunology
2025; 14: 70023

NL Messina et al.

multiplex bead array, whole blood cytokine responses to
y-irradiated SARS-CoV-2 (iSARS) stimulation were measured by
multiplex bead array, and SARS-CoV-2-specific T-cell responses
were measured by activation-induced marker and intracellular
cytokine staining assays. Results. After randomisation (mean
11 months) but prior to COVID-19 vaccination, the BCG group had
lower cytokine responses to iSARS stimulation than the Control
group. After two doses of ChAdOx1-S, differences in
iSARS-induced cytokine responses between the BCG group and
Control group were found for three cytokines (CTACK, TRAIL and
VEGF). No differences were found between the groups after
BNT162b2 vaccination. There were also no differences between
the BCG and Control groups in COVID-19 vaccine-induced antigen-
specific antibody responses, T-cell activation or T-cell cytokine
production. Conclusion. BCG vaccination induced a broad and
persistent reduction in ex vivo cytokine responses to SARS-CoV-2.
Following COVID-19 vaccination, this effect was abrogated, and
BCG vaccination did not influence adaptive immune responses to

COVID-19 vaccine antigens.

Keywords: Bacille Calmette-Guérin (BCG) vaccine, COVID-19,
heterologous, immunity, immunomodulation

INTRODUCTION

Bacille Calmette—-Guérin (BCG) vaccine has been
used for over 100 years to protect against
tuberculosis (TB). In addition to protection against
TB and other mycobacterial infections,
BCG vaccination has off-target (also known as
‘non-specific’ or heterologous) immunological and
clinical effects. These include protection from
all-cause mortality and infectious disease in
infants in high-mortality settings,"> as well as
reduced incidence of infectious disease in the
elderly.®” Because of these beneficial off-target
effects of BCG vaccination, early in the COVID-19
pandemic, BCG vaccination was trialled as a
preventative measure to reduce the impact of
COVID-19 until specific vaccines could be
developed. Findings from these trials have been
inconsistent, although the larger trials did not
show a protective effect of BCG vaccination.® A
major consideration in the interpretation of these
trials and the potential off-target effects of BCG
vaccination are the possible effects of BCG
vaccination on COVID-19 vaccine immunity.

Prior or concurrent BCG vaccination can
enhance antibody responses to some vaccines,
including hepatitis B, polio, pneumococcus and
influenza vaccines.” "' BCG vaccination has also

2025 | Vol. 14 | e70023
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been shown to alter ex-vivo vaccine-specific
cytokine and/or lymphocyte proliferation
responses to DTP and hepatitis B vaccine,'®'%13
and reduce viremia to yellow fever vaccine.™
Preliminary studies in small cohorts reported that
BCG re-vaccination enhanced COVID-19 vaccine
responses.’>'® However, subsequent larger studies
found no effect of BCG vaccination (in the
elderly) or BCG re-vaccination (in healthcare
workers) on antibody responses to COVID-19
vaccines.'’"'8

In the '‘BCG Vaccination to Reduce the Impact of
COVID-19 in Healthcare Workers’" (BRACE)
randomised controlled trial (RCT), participants
were randomised to BCG or no BCG (Control) to
determine whether BCG vaccination reduces
the incidence and severity of COVID-19."%%° As
COVID-19 vaccines became available during the
BRACE trial, we established the ‘BRACE COVID-19-
specific vaccine’ (BCOS) sub-study to determine
the effect of prior BCG vaccination on immune
responses to COVID-19-specific vaccinations.

RESULTS

Of 284 participants in Australia with blood samples
collected for BCOS, 267 had samples eligible for
inclusion. Of these, 164 participants had eligible

© 2025 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.



NL Messina et al.

pre-vaccination (V0) samples and 228 had eligible
V2 (28 + 3 days post second dose) samples
(Figure 1). The mean age of participants was 46.0
[standard deviation (SD) 12.3] years at
randomisation in the BRACE trial with an older age
among ChAdOx1-S (Oxford-AstraZeneca) recipients
[mean 47.8 (SD 12.6) years] compared with
BNT162b2 (Pfizer-BioNTech) recipients [mean 43.7
(SD 11.6) years]. Participants received their first
COVID-19 vaccinations a mean of 11.2 (SD 1.5)
months after randomisation in the BRACE trial.
Participant age, prior BCG vaccination and
comorbidities were similar between participants in
the Control and BCG groups (Figure 1, Table 1).
Participants were more likely to be female (78.5%),

BCG effects on SARS-CoV-2 & COVID-19 vaccination

particularly among ChAdOx1-S recipients in the
Control group (Figure 1, Supplementary table 1).
To determine whether BCG vaccination
administered almost a year earlier influenced
immune responses to SARS-CoV-2, cytokine
responses to stimulation with v-irradiated
SARS-CoV-2 (iSARS) were compared between the
BCG and Control groups in samples taken prior to
COVID-19 vaccination (V0). Participants had VO
blood taken at 6.6 to 13.9 months after
randomisation (Control group mean 11.0 (SD 1.7)
months; BCG group mean 10.8 (SD 1.7) months).
Following ex vivo stimulation of whole blood
samples collected prior to COVID-19 vaccination
with iSARS, all but two of the 48 cytokines

(a) BCOS blood sample collected
n=284
(Control group = 98; BCG group = 186)
Participant excluded (n = 9):
| | - reactive NCP serology at any timepoint (n = 2)
- all blood samples taken outside of window (n = 3)
- sample processing error (n = 4)
Participants with samples included
n=275
T
[ |
Pre-blood (V0) Post dose 2 (V2)
n=170 n=234
VO taken after COVID-19 | |Blood taken out of
vaccination (n = 6) window (n = 6)
Pre-blood (V0) included Post dose 2 (V2) included
n=164 n =228
T
ChAdOx1-S BNT162b2
(Astra Zeneca/Oxford) (Pfizer/BioNTech)
n=126 n=102
1
Control BCG Control Control BCG
n=53 n=111 n=40 n=62
(b) 100 (©) 100 (d) 100
2 80 £ 80 2 80
C = =
g g g
‘G 60 ‘5 60 S 60
= E =
8 40 8 40 8 40
k] ksl G
X 20 3 X 20

B

| I
0 . ! 0
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Figure 1. Participant flow diagram and demographics. (a) Consort diagram of samples included in analysis. 124 with VO samples. (b—d)
Demographic data on participants with samples collected (b) prior to COVID-19 vaccination (VO) and (c, d) 28 + 3 days after the second dose
(V2) of () ChAdOx1-S vaccine or (d) BNT162b2 vaccine. BCG, bacille Calmette Guerin; BCOS, BRACE COVID-19-specific vaccine sub-study; NCP,

SARS-CoV-2 nucleocapsid.
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Table 1. Participants with samples included in analysis

Control BCG
group group
n=94 n =181
Age (years) at randomisation in the 446 (12.1) 46.7 (12.4)
BRACE trial, mean (SD)
Sex
Male 16 (17.0%) 42 (23.2%)
Female 78 (83.0%) 138 (76.2%)
Declined 0(0.0%) 1(0.6%)
COVID-19 vaccine type
ChAdOx1-S 45 (47.9%) 109 (60.2%)
BNT162b2 48 (51.1%) 2 (39.8%)
Missing® 1(1. 1%) 0 (0.0%)
Months between randomisation and 1st 11.3 (1. 11.1 (1.5)
COVID-19 vaccination dose, mean (SD)
Days between 1st and 2nd COVID-19 54.3 (32.8) 62.1(32.5)
vaccination doses, mean (SD)
BCG-vaccinated prior to BRACE trial
Yes 50 (53.2%) 103 (56.9%)
No 44 (46.8%) 78 (43.1%)
Tuberculosis® prior to BRACE trial
Yes 5(5.3%) 21 (11.6%)
No 77 (81.9%) 133 (73.5%)
Unsure 12 (12.8%) 27 (14.9%)
Any COVID-19 comorbidities®
Yes 18 (19.1%) 36 (19.9%)
Diabetes 2 (2.1%) 1(0.6%)
Cardiovascular disease 7 (7.4%) 21 (11.6%)
Chronic respiratory disease 9 (9.6%) 16 (8.8%)
No 73(77.7%) 144 (79.6%)
Missing 3 (3.2%) 1(0.6%)
Obesity
Yes 12 (12.8%) 24 (13.3%)
No 75 (79.8%) 142 (78.5%)
Missing 7 (7.4%) 15 (8.3%)
Smoking
Yes 7 (7.4%) 8 (4.4%)
No 87 (92.6%) 173 (95.6%)
Occupation
Allied Health 3(3.2%) 2 (1.1%)
Clerical/Administrative duties 8 (8.5%) 17 (9.4%)
Doctor 16 (17.0%) 29 (16.0%)
Nurse/Midwife 39 (41.5%) 77 (42.5%)
Other role 28 (29.8%) 56 (30.9%)
Randomisation stage in BRACE trial
Stage 1 78 (83.0%) 136 (75.1%)
Stage 2 16 (17.0%) 45 (24.9%)
Scar development after BCG vaccination in BRACE trial
Yes — 130 (71.8%)
No — 48 (26.5%)
Any other vaccinations between randomisation and blood collection
VO 3(3.2%) 6 (3.3%)
V1 2(2.1%) 10 (5.5%)
V2 13 (13.8%) 29 (16.0%)

V0 (pre-COVID-19 vaccination) sample only.

bPositive tuberculin-skin-test or treatment for tuberculosis ever prior
to randomisation in BRACE trial.

‘At BRACE trial randomisation: diabetes (any type), cardiovascular
disease (including hypertension) or chronic respiratory disease
(including asthma and chronic obstructive pulmonary disease).
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assessed were lower in the BCG group than in the
Control group. This was statistically significant for
19 cytokines: basic FGF P =0.040; GM-CSF
P=0.048; GRO-a P= 0.016; IL-1a P =0.037;
IL-1Ra P = 0.046; IL-2 P = 0.038; IL-5 P = 0.033; IL-6

P =10.044; I1L-8 P= 0.008; IL-9 P=0.023; IL-15
P =10.036; MCP-1 P=0.038; M-CSF P =0.024;
B-NGF P =0.007; PDGF-BB P=0.033; SCF

P = 0.014; TNF-a P = 0.027; lymphotoxin-o. (TNF-PB)
P = 0.039; TRAIL P=0.018 (Figure 23,
Supplementary figure 1, Supplementary tables 2
and 3a). Consistent with a finding of lower
cytokine response to iSARS 11 months after
randomisation, analysis of samples taken three
months after randomisation also showed reduced
responses in the BCG group compared with the
Control group (Supplementary figure 2). However,
at three months post randomisation, this reduced
response to iSARS was only statistically significant
for GRO-oo P=0.048, IL-2 P=0.032 and IL-5
P = 0.005.

Consistent with the documented waning of
BCG vaccination-induced CD4" T-cell IFN-y
responses to mycobacteria over 6-12 months,*"%?
analysis of cytokine responses to ex vivo BCG
stimulation at VO (11 months post randomisation)
showed similar cytokine responses in the BCG

and Control groups, including for IFN-y
(Supplementary table 2). Similarly, cytokine
responses to iVero, heat-killed (HK) Candida

albicans, HK Escherichia coli, HK Staphylococcus
aureus and R848 were similar between the BCG
and Control groups (Supplementary tables 2
and 3a).

There is no accepted immunological correlate of
protection for BCG vaccination. However, failure
to develop a scar after BCG vaccination is often
considered to represent ineffective vaccination?*2*
and the presence of BCG scar, used as a surrogate
indicator of vaccination status, has been
associated with beneficial off-target effects.?>2®
Therefore, we did a sensitivity analysis excluding
participants in the BCG group who did not
develop a BCG vaccination scar by 12 months post
randomisation. In the sensitivity analysis, the
lower cytokine responses to iSARS in the BCG
group compared with the Control group was
retained; however, because of lower participant
numbers, there was decreased statistical power in
the sensitivity analysis than for the as-treated
analysis (Supplementary table 2). For responses to
BCG stimulation, there was a small difference in
LIF responses between the BCG group (which

© 2025 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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Figure 2. BCG vaccination reduces SARS-CoV-2 cytokine responses prior to COVID-19 vaccination. Whole blood cytokine responses to
y-irradiated SARS-CoV-2 (iSARS) in blood samples taken before COVID-19 vaccinations (V0). (a) Forest plots depicting adjusted geometric
mean ratios (GMR) and 95% confidence intervals for the effect of BCG vaccination determined by multivariable linear regression
(Supplementary table 2). GMR > 1.0 indicates responses that were higher for BCG-vaccinated (n = 70) compared to Control (n = 35)
participants. P-values < 0.05 are depicted in black. (b-d) Unsupervised principal component analysis (PCA) of Z-scaled iSARS cytokine
responses with COMBAT correction for cytokine assay kit. (b) Scree plot of eigenvalues for the first 10 principal components. (c¢) Heatmap of
coefficient of determination (and associated P-values) for influencing factors for the first 4 PCs. (d) Contribution (loading) for top 10 cytokines
contributing to difference in PC1. BCG, bacille Calmette Guérin; HH, household; PC, principal component; WP, workplace.

included only those who developed a scar) and
the Control group (Supplementary table 2). All
other cytokine responses to BCG stimulation
remained similar between the BCG and Control
group in the sensitivity analysis. There were also
only minor differences in the effects of BCG
vaccination in the sensitivity analysis for unrelated
stimuli, the most notable being for stimulation
with E. coli and R848, for which four additional
cytokines (E. coli: FGF-basic, IL-6, IL-17 and LIF;

R848: FGF-basic, IL-2Re, IL-17 and LIF) had
significantly lower cytokine responses in the
BCG group than in the Control group

(Supplementary table 2).

© 2025 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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Principal component analysis (PCA) of all
detected cytokines confirmed the differences in
iSARS responses observed between the BCG and
Control groups prior to COVID-19 vaccination
(V0). BCG vaccination had the strongest influence
on cytokine responses (observable in PC1), while
sex, obesity, age and cardiovascular disease
contributed to a lesser degree (Figure 2b and c).
Cytokines that mediated the influence of BCG on
cytokine responses to stimulation with iSARS are
shown in Figure 2d, and include HGF, IL-1a, IL-17
and TRAIL.

Given the strong and persistent effect of BCG
vaccination on ex vivo cytokine responses to
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iSARS, we assessed whether prior BCG vaccination
altered iSARS cytokine responses administration of
a COVID-19 adenoviral vectored (ChAdOx1-S) or
MmRNA (BNT162b2) vaccine. Twenty-eight days
after the second dose of ChAdOx1-S, differences
in cytokine responses to iSARS between the BCG
and Control group could no longer be detected
for most cytokines with the exception of a
significantly lower response in the BCG group for
CTACK (geometric mean ratio (GMR) 0.93, 95%
confidence interval (95% Cl) 0.88-0.98; P = 0.009)
and TRAIL (GMR 0.85, 95% ClI 0.73-1.0; P = 0.046)
and higher responses for VEGF (GMR 1.60, 95% Cl
1.05-2.46; P =0.030) (Figure 3a, Supplementary
tables 3b and 5). The effect of BCG vaccination on
VEGF responses was also evident 28 days after the
first dose (V1) of ChAdOx1-S (GMR 2.07, 95% ClI
3.82 to 1.13; P =0.020; Supplementary figure 2).
No other significant effects of BCG vaccination on
cytokine responses to iSARS were observed at V1.
Among BNT162b2 recipients, there was no
evidence of a difference in iSARS cytokine
responses between participants in the BCG and
Control groups (Figure 3a, Supplementary
figure 1, Supplementary tables 3b and 5). For
several cytokines, the effects of BCG vaccination
on cytokine response to iSARS appeared to be
different between ChAdOx1-S and BNT162b2
recipients (Supplementary figure 2). However,
differences in the age of ChAdOx1-S compared
with BNT162b2 recipients and differences in the
intervals between primary and secondary doses
because of vaccination policy precluded direct
comparison of the effects of BCG vaccination in
these two groups. For both ChAdOx1-S and
BNT162b2 recipients, sensitivity analysis excluding
participants in the BCG group who did not
develop a BCG vaccination scar by 12 months post
randomisation showed similar effects
(Supplementary table 6).

Analysis of cytokine response by PCA also found
that BCG vaccination in the BRACE trial was not a
major contributor to variability in cytokine
responses to iSARS following two doses of
ChAdOx1-S or BNT162b2 (Figure 3b and c). For
ChAdOx1-S recipients, the demographic factors
with the greatest influence on the variability in
cytokine responses included chronic respiratory
disease and cardiovascular disease, with IL-12p70
and IL-6 the largest contributors, as well as sex
and obesity (Figure 3c and d). For BNT162b2
recipients, the demographic factors with greatest
influence on the variability in cytokine responses

2025 | Vol. 14 | €70023
Page 6

NL Messina et al.

included obesity and workplace/household COVID-
19 exposure, with GM-CSF and IL-12p70 the
largest contributors, as well as sex (Figure 3c
and d).

While BCG-induced trained innate immunity is
largely reported in innate immune cells, studies
suggest that BCG vaccination may alter antibody
responses to subsequent vaccines. We therefore
used a multiplex bead assay to assess whether
BCG vaccination altered the level or type of
antibody response induced following ChAdOx1-S
and BNT162b2 vaccination in a subset of
participants with paired pre-(V0) and post-(V2)
vaccination samples. Participants in both the BCG
and Control groups had robust anti-Spike (S1, S2,
RBD and trimeric Spike) 1gG responses following
two doses of COVID-19 vaccinations (Figure 4a,
Supplementary table 7). There were no
differences between the BCG and Control group
in anti-Spike (S1, S2, receptor binding domain
(RBD) and trimeric Spike) 1gG1, 1gG2, 1gG3, 1gG4,
pan IgG or IgA responses before or 28 days after
two doses of ChAdOx1-S or BNT162b2
vaccinations (Figure 4b and ¢, Supplementary
table 8). A validation analysis using ELISA to
determine anti-RBD and anti-Spike IgG responses
in all participants also showed no difference
between the BCG and Control groups before or
28 days after two doses of COVID-19 vaccinations
(Supplementary figure 3).

There is limited evidence for direct effects of
BGC vaccination on off-target T-cell responses.?’
However, BCG vaccination can induce changes in
T-cell cytokine responses to unrelated vaccines.'?
We therefore assessed whether BCG vaccination
altered T-cell responses following COVID-19
vaccination. There was robust activation of CD4",
CD4" T follicular and CD8" T cells in response to
Spike antigen stimulation in peripheral blood
mononuclear cells (PBMCs) from both the BCG
and Control groups following two doses of
BNT162b2 vaccination (Supplementary figure 4,
Supplementary table 8). Spike stimulation induced
CD4*, CD4" T follicular or CD8" T-cell activation
was similar between participants in the BCG and
Control groups before and after BNT162b2
vaccination (Figure 4d and f, Supplementary
figure 5, Supplementary table 9). There was a
statistically significant (P < 0.05) increase in
Spike-specific IFN-y and TNF-a-producing CD4"
T cells (IFN-y-, TNF-o- and IFN-y/TNF-a-producing)
following two doses of BNT162b2 vaccination in
the BCG group but not the Control group
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Figure 3. BCG vaccination does not alter SARS-CoV-2 cytokine responses following COVID-19 vaccinations. Whole blood cytokine responses to
y-irradiated SARS-CoV-2 (iSARS) in blood samples taken 28 days after the second dose of ChAdOx1-S (purple; BCG group n = 85, Control group
n = 33) or BNT162b2 (green; BCG group n = 40, Control group n = 26) vaccination (V2). (a) Forest plots depicting adjusted geometric mean
ratios (GMR) and 95% confidence intervals for the effect of BCG vaccination determined by multivariable linear regression. GMR > 1.0 indicates
responses that were higher for BCG-vaccinated compared with Control participants. *P < 0.05. (b—d) Unsupervised principal component analysis
(PCA) of iSARS-induced cytokine responses 28 days after the second dose of ChAdOx1-S (left) or BNT162b2 (right) vaccination. Prior to PCA,
cytokine concentrations were Z-scaled and PCA was corrected for cytokine assay kit using COMBAT. (b) Scree plot of eigenvalues for the first 10
principal components. (c) Heatmap of coefficient of determination (and associated P-values) for influencing factors for the first 4 PCs. (d)
Contribution (loading) for top 10 cytokines contributing to difference in PC2. BCG, bacille Calmette Guérin; HH, household; PC, principal
component; WP, workplace.

© 2025 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of 2025 | Vol. 14 | e70023
Australian and New Zealand Society for Immunology, Inc. Page 7



BCG effects on SARS-CoV-2 & COVID-19 vaccination NL Messina et al.

@) (B) 1y © .
o 15x1054 Control . BCG Ds s ps P s ops ns ns NS NS NS ns ns ms s ns ns ns ns s
4 RERERRRR T RRK KRR s
& H 1x10°+ 1x10°
2 1.0x105 [ T '- '— !‘
£ (59 10t 41 i S ot ]
S k=) # %
% g 1x10° x §' g 1x10°
: : I i
& 1"102';- LI ;- . 1x102-8% LI L i' HE
1x10' T T T T— T 1x10' T T T T T
$1 S§2  RBD Trimeric NCP S1 S2  RBD Trimeric NCP
Vaccine spike spike
Prior to COVID-19 vaccine ChAdOx1-S BNT162b2
© VO Control V0 BCG © V2 Control V2 BCG © V2 Control V2 BCG
(d) (€ pgq = & = m m o mops o=
1.5+ ’
t ns ns
R 0.6
Qa 1.0 *3
[®)
5 O 0.
%) s}
0 0.54 ®
O =) 0.2 é g g ‘ g
® 2 £ ¥
) HE S 2 d
0'0__‘_:1_ 0.0 T T T T _ x-IL-
CD4* T cells IFN-y ¥ + _ +
TNF-a + - + +
® 209 ns ns (9) 087 ns N oM ons 0s oM oM ns o 0sons
~
™ 1.5 0641
— +
oo}
S 5
£, 1.0 O 0.4+
© o
a X
© 05 oaJBABE i_ Z
= g Y-\
0.0- L 0.0 :A_ = —l— -

. .
CD8" T cells IFN-y + + - N

TNF-a + - + +

Figure 4. BCG vaccination does not alter SARS-CoV-2 specific antibody or T-cell responses to COVID-19 vaccinations. (a) Dotplot presenting the
change in anti-SARS-CoV-2 trimeric Spike Pan-IgG MFI before (grey) and 28 days after the second ChAdOx1-S (purple, n = 64) or BNT162b2
(green, n = 60) dose in BCG vaccinated and Control participants. Differences before and after COVID-19 vaccinations were determined by
Wilcoxon signed-rank test ****p < 0.0001. (b, c) Violin graph with scatter dot-plot presenting anti-Spike (S1, S2, RBD and trimeric Spike) and
anti-nucleocapsid (NCP) Pan-lgG MFI. Differences between BCG-vaccinated (ChAdOx1-S n =47, BNT162b2 = 38) and Control (ChAdOx1-S
n =17, BNT162b2 n = 22) participants were determined by Wilcoxon rank-sum test. (d—g) Violin graph with scatter dot-plot presenting
percentage of (d,f) activated and (e, g) cytokine producing (d, €) CD4" and (f, g) CD8" T cells. Differences between BCG-vaccinated (n = 10)
and Control (n = 10) participants were determined by bootstrapped quantile regression. BCG, bacille Calmette Guérin; NCP, nucleocapsid; ns,
non-significant (P > 0.05); RBD receptor binding domain; S1, subunit 1; S2, subunit 2; VO, before COVID-19 vaccination; V2, 28 days after
COVID-19 vaccination.

(Supplementary figure 4, Supplementary table 8).

However, when directly comparing the cytokine DISCUSSION

responses post vaccination, there were no In this sub-study of healthcare workers in the
statistically significant differences between the BRACE trial, BCG vaccination reduced ex vivo
two groups in IFN-y or TNF-o producing CD4" or cytokine responses to SARS-CoV-2 almost a year
CD8" T cells (Figure 4e and g, and Supplementary after randomisation, but there was limited
table 9). evidence for an effect on SARS-CoV-2-specific
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cytokine, antibody or T-cell responses following
ChAdOx1-S or BNT162b2 COVID-19 vaccinations.

The protective effects of BCG vaccination
against unrelated infectious diseases, together
with the observed off-target effects on immune
responses to unrelated pathogens, made BCG
vaccination a promising intervention for reducing
the impact of the novel pathogen SARS-CoV-2
until specific vaccines could be developed.?®?°
Multiple trials were embarked upon to investigate
whether BCG vaccination could protect against
and reduce the severity of COVID-19.3° One
concern at the outset of BCG vaccination trials
was that, by increasing immune responses to
SARS-CoV-2, BCG vaccination may exacerbate
COVID-19 symptoms.?® Although the majority of
trials were underpowered, the largest among
them (each with > 2000 participants) found an
increase  in  symptomatic COVID-19 among
BCG-vaccinated participants.®2%3732 However, this
increased risk of symptomatic COVID-19 was only
statistically significant in the BRACE trial
(n = 3988), the international RCT from which
participants in this immunological sub-study were
sampled.3?> The increased risk of COVID-19 in
BCG-vaccinated participants paired with reduced
cytokine responses to iSARS suggests that, rather
than inducing a pro-inflammatory state, BCG
vaccination could have dampened early immune
responses to SARS-CoV-2, thus delaying pathogen
clearance and leading to more symptomatic
disease.

Studies of the immunomodulatory effects of BCG
vaccination in adults have typically found that
BCG increases cytokine responses following ex vivo
stimulation with unrelated (i.e. non-mycobacterial)
microbial ligands. However, studies of BCG
immunomodulatory effects in humans have largely
focussed on bacterial and fungal pathogens, and
Toll-like Receptor agonists.>*3’ In a human
challenge model of infection using the live-
attenuated vyellow fever virus vaccine, BCG
vaccination induced trained innate immunity and
reduced viremia, but had no effect on the in vitro
IFN-y response to yellow fever virus.' For influenza
virus, a small (n = 40) RCT of BCG vaccination in
adults found no effect of BCG vaccination on
ex vivo responses to live influenza virus 2 weeks
after randomisation,”’ but a recent trial among
adults, aged 60 years or above, found higher in
vitro IL-6, IL-1B and TNF-a responses to heat-
inactivated influenza virus for BCG-vaccinated
compared with placebo-vaccinated participants

© 2025 The Author(s). Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.

BCG effects on SARS-CoV-2 & COVID-19 vaccination

12 months after randomisation.®® The trial of older
adults also found higher IL-6 responses to heat-
inactivated  SARS-CoV-2  for  BCG-vaccinated
participants but no effect on the other cytokines
tested.®® Notably, however, there was no difference
between BCG-vaccinated and placebo-vaccinated
participants in SARS-CoV-2 infection in that study.
In contrast to these studies, our previous findings
comparing samples before and three months after
randomisation,3® and our current study, show that
BCG vaccination induces a broad and persistent
reduction in whole blood cytokine responses to
ex vivo stimulation with iSARS. This suppressive
effect was evident three months after
randomisation but stronger at 11 months. The
reason for the enhanced effect over time is unclear;
however, studies of BCG off-target effects on
bacterial and fungal responses also show increasing
effects at one year compared with three months
after vaccination.>* There are a number of possible
explanations for the differences in the reported
effects of BCG vaccination on responses to viral
ligands. These include participant characteristics,
such as participant age and ethnicity, which have
been shown to influence the effect of BCG
vaccination on COVID-19%° and immune responses
to SARS-CoV-2, respectively.”® Other contributory
factors might include differences in study design, in
particular the use of whole blood vs PBMCs, and
heat vs y-irradiation inactivated SARS-CoV-2.
Because of differences in study design, it is
unclear whether the effect observed in our study is
specific to SARS-CoV-2 or more generalised across
response to other viruses. Analysis of responses to
R848, an agonist of TLR7/8 that recognise viral
single-stranded RNA, showed only minor effects in
this study, primarily in the sensitivity analysis
excluding participants in the BCG group without a
scar. This minor difference between the
intervention groups suggests that the effect of BCG
vaccination is not broadly conserved across
single-stranded RNA viruses and likely functions
downstream of alternative pattern recognition
receptors.

In addition to effects on unrelated pathogens,
BCG vaccination may also alter responses to
subsequent vaccinations. Early studies suggested
that BCG vaccination enhanced humoral and
in vitro cytokine responses to vaccine antigens.?’*’
However, recent infant and adult studies found
only non-statistically significant effects of BCG
vaccination on subsequent antibody responses to
routine vaccines.'*? Overall, studies reporting the
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effect of BCG vaccination on adaptive immune
responses induced by other vaccines have shown
inconsistent effects.’*?”#142 For COVID-19 vaccines,
studies in mice have reported that BCG vaccination
increases adaptive immune responses to SARS-CoV-2
Spike vaccines and that prior or co-administration
reduces severity of SARS-CoV-2 infection.**** In two
large immunological studies of participants in RCTs,
one among the elderly in the Netherlands (n = 945)
and the other among healthcare workers in Brazil
(n =874), there was no difference between
BCG-vaccinated and placebo-vaccinated participants
in 1gG responses to COVID-19 vaccines (ChAdOx1-S

and BNT162b2 in the Netherlands, median of
347 days after randomisation; ChAdOx1-S and
CoronaVac in Brazil mean of 80 days after

randomisation).’”'® Our finding of no effect of BCG
vaccination on vaccine-specific antibody responses
following ChAdOx1-S and BNT162b2 vaccination is
consistent with these studies. In contrast, one small
observational study (n = 37) of healthcare workers
in India found that BCG re-vaccination enhanced
antibody and Spike-specific T-cell cytokine responses
to the adenovirus-based ChAdOx1-S vaccine.®
However, these effects varied between high and
low Spike-antigen responders and was potentially
prone to type 1 error having included less than five
participants in the vaccination group. A second
small study in Mexico (n=60) found that,
compared with placebo-vaccination, BCG re-
vaccination of healthcare workers enhanced
neutralising antibody responses to BNT162b2.'® A
difference between our study and these earlier
studies in India and Mexico is the interval between
BCG and COVID-19 vaccinations: 11 months in the
present study, compared with 30 days in the others.
In our study, the limited differences in cytokine
responses to iSARS and the absence of an observed
difference in antibody responses following the
COVID-19 vaccination together with the lack of an
observed difference in T-cell responses between
BCG-vaccinated and placebo-vaccinated BNT162b2
recipients suggest that recent BCG vaccination
(11 months prior) does not impact immune
responses to COVID-19 vaccinations.

The strengths of our study include the large
number of participants from a RCT of BCG
vaccination and the inclusion of only SARS-CoV-2-
naive participants. As part of the BRACE trial,
these participants had weekly prospective follow-
up and 3-monthly anti-NCP antibody testing,
enabling the exclusion of any participants with
prior SARS-CoV-2 infection. This ensured that
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observed effects of BCG before and after
COVID-19 vaccinations were not confounded by
adaptive immune responses to prior SARS-CoV-2
infection. An additional strength is the analysis of
a range of responses to COVID-19 vaccines to
provide a comprehensive analysis of the effect of
BCG. A further strength was the analysis of the
effect of BCG vaccination on response to
COVID-19 vaccines based on two distinct platform
technologies. This enabled us to ascertain that
the limited effect of BCG after COVID-19
vaccination was not vaccine/platform specific
and likely related to the strength of the peak
(four weeks after a dose) COVID-19-specific
response largely overcoming any effects of BCG.

A limitation of our study was the inability to
determine whether BCG vaccination was effective in
all participants in the BCG group. There is no
correlate of protection for BCG vaccination and
therefore no measure to determine effectiveness of
vaccination. Canonically, BCG vaccination increases
in vitro IFN-y responses to BCG and mycobacterium
tuberculosis  through  antigen-specific ~ CD4"
T cells.*>*® This response peaks 10-12 weeks after
vaccination and wanes over 6-12 months, the
period of time that responses were measured in our
participants.?’*> However, BCG vaccination induced
IFN-y responses to mycobacterial stimulation are not
consistently  observed across and  within
populations,*’>" and are not correlated with either
protection against tuberculosis*>>>>3 or induction
of trained immunity responses.'*>* Therefore, the
absence of a difference in IFN-y responses between
BCG vaccinated and Control participants in our
study is not indicative of ineffective BCG
vaccination. An alternative measure of effective
BCG vaccination is the development of a keloid scar
at the injection site. While BCG scar size is not
correlated with protection against TB,”® the absence
of a BCG scar is often used as a surrogate for ‘no BCG
vaccination’ in cohort studies of specific and
off-target effects and has been used as an indicator
for BCG re-vaccination.?>?%°¢>8 |n our study,
sensitivity analysis including only BCG-vaccinated
participants who developed a scar by 12 months
post vaccination showed no overall difference in the
observed effect of BCG vaccination on responses to
BCG or SARS-CoV-2 indicating that the lack of
observed difference after COVID-19 vaccination was
not because of failed BCG vaccination.

A further limitation of this study includes the
receipt of influenza vaccination on the day of
randomisation for participants recruited in Stage 1 of
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the BRACE trial. The clinical off-target effects of BCG
vaccination are proposed to be retained with
co-vaccination®: however, it is possible that the
influenza vaccination in the Stage 1 participants
influenced the observed effect of BCG.>>®° To
account for any effect of influenza co-vaccination,
we adjusted for BRACE trial stage in the regression
analyses. An additional limitation is the unequal
recruitment of BCG-vaccinated and Control
participants. Although participants were randomised
1:1 to the BCG vaccination or Control group in the
BRACE trial, participants who did not receive BCG
vaccination (which might be assumed by participants
because of lack of BCG scar formation months after
randomisation) were less likely to enrol in the
sub-study. Finally, differences in participant age and
the intervals between primary and secondary doses
(12 weeks for ChAdOx1-S and three weeks for
BNT162b2), dictated by national vaccination policy
during the study, limited the ability to compare the
off-target effects of BCG vaccination between
the two vaccine platforms. This difference in age is
particularly relevant as the age at which BCG
vaccination is administered may influence its
off-target effects against SARS-CoV-2.532

In  SARS-CoV-2-naive healthcare workers in
Australia, BCG vaccination induced a broad and
long-lasting reduction in ex vivo cytokine
responses to SARS-CoV-2. This effect was
overcome by ChAdOx1-S or BNT162b2 vaccination,
after which there was limited observed effect
of BCG vaccination on immune responses to
SARS-CoV-2 or COVID-19 vaccine antigens.

METHODS

Study setting

This study is an exploratory sub-study of the BRACE trial
(NCT04327206), an international RCT that took place from
March 2020 to April 2022.

BRACE trial

The protocol for the BRACE trial is available at
clincaltrials.gov.®" Briefly, healthcare workers were recruited
to the BRACE trial in two stages. In Stage 1 (recruitment in
Australia from March 2020 to May 2020), participants were
randomised 1:1 to receive BCG vaccination (BCG group) or no
BCG (Control group) on the day of their seasonal influenza
vaccination. In Stage 2 (recruitment in Australia, Spain, the
Netherlands, the United Kingdom and Brazil from May 2020
to April 2021), participants were randomised 1:1 to receive
BCG vaccination (BCG group) or saline placebo (Control
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group). Participants randomised to the BCG group in both
stages received a single 0.1 mL intradermal dose of
BCG-Denmark vaccine (Danish strain 1331 AJ Vaccines,
Copenhagen, Denmark). Participants were followed up for
12 months following randomisation with weekly symptom
reporting (including COVID-19 test results and daily symptom
recording for episodes of illness) and 3-monthly detailed
surveys. Peripheral blood collected at randomisation and
3-monthly throughout the trial was tested for antibodies
against SARS-CoV-2 NCP protein to identify SARS-CoV-2
infections prior to and during the BRACE trial.?°

Randomisation and blinding

Randomisation in the BRACE trial was done using a web-
based procedure (REDCap®),°®? in randomly permuted
blocks of variable length. Randomisation was stratified by
stage, site, age group and presence of COVID-19
comorbidity. Investigators and trial staff (excluding those
involved in randomisation and safety follow-up/reporting)
were blinded to the randomisation group throughout the
trial.

BRACE COVID-19-specific vaccine sub-study

This sub-study included BRACE trial participants recruited to
the BCOS sub-study from BRACE trial study sites in Australia
(Victoria and South Australia). Participants were eligible for
inclusion in BCOS 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 BCOS.
Participants were excluded from eligibility in BCOS if they
expected to be unable to provide a blood sample 28 days
after the first and second dose of a COVID-19 vaccination,
or if they had a positive SARS-CoV-2 test at any time prior
to recruitment to BCOS.

Study visits for blood collection were prior to the first
dose of a COVID-19 vaccine (Visit 0, V0), 28 (+3) days after
the first dose (V1) and 28 (+3) days after the second dose
(V2). The recommended three-week interval between the
first and second dose of BNT162b2 at the time of this study
precluded inclusion of a V1 study visit 28 days after the first
dose for BNT162b2 recipients.

COVID-19 vaccination

Participants received their COVID-19 vaccinations through
the Australian COVID-19 vaccination programme. At the
time of the BCOS, the ChAdOx1-S or BNT162b2 vaccines
were administered in a two-dose prime-boost schedule in
Australia with recommended intervals of 12 and three
weeks, respectively.

Sample collection

Peripheral blood samples were collected between 2 March
2021 and 24 September 2021. Peripheral blood was
collected in CAT Serum Separator Clot Activator tubes
(Greiner Bio-One, Kremsmunster, Austria) and sodium
heparin tubes (BD Biosciences, Franklin Lakes, USA).
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Serology testing

Peripheral blood collected in CAT tubes was centrifuged
and serum was stored at —80°C until testing. Where a VO
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 (n =8). For prior SARS-CoV-2 infection testing,
anti-SARS-CoV-2 NCP total antibodies were measured using
the Cobas Elecsys Anti-SARS-CoV-2 assay as per the
manufacturer’s instructions (Roche, Basel, Switzerland).®*

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.®*®°

Multiplex antibody analysis

To characterise antigen-specific serum antibody responses,
we utilised a panel of SARS-CoV-2 antigen-coupled beads in
a custom multiplex array, as previously described.%®¢’
Briefly, magnetic carboxylated multiplex beads (Bio-Rad,
Hercules, USA) were coupled with 100 pg antigen
[SARS-CoV-2 Trimeric Spike, Spike 1 (S1), Spike 2 (S52) (Sino
Biological, Beijing, China)] per 1.25 x 107 beads or 49.7 ng
antigen [SARS-CoV-2 RBD (gift from Adam Wheatley)] per
1.25 x 107 beads. 1000 beads/bead region diluted in PBS
containing 0.1% bovine serum albumin (BSA) (incubation
buffer) were added to each well (in a total of 25 uL volume
per well) in black, clear-bottom 384-well plates (Greiner
Bio-One; 781 906). A volume of 25 puL serum diluted in PBS
was added to each well (1:3200 for Pan-IgG and IgG1; 1:800
for 1I9G2-4 and IgA1) and plates were incubated on a plate
shaker overnight at 4°C. Wells were then washed with PBS
0.05% Tween-20 (PBST) and PE-conjugated mouse anti-
human isotype antibodies (Pan-lgG: Southern Biotech,
Birmingham, USA, 9040-09, clone JDC-10; IgG1: Southern
Biotech, 9052-09, clone 4E3; 1gG2: Southern Biotech,
9070-09, clone HP6002; IgG3: Southern Biotech, 9210-09,
clone HP6050; IgG4: Southern Biotech, 9200-09, clone
HP6025; IgA1: Southern Biotech, 9130-09, clone B3506B4)
were diluted to 1.3 ug mL™" and added at 25 pL volume
per well before incubation for 2 h at room temperature on
a plate shaker. Plates were then washed with PBST, and
beads were resuspended in 50 uL of sheath fluid per well.
The level of PE signal associated with each bead region in
each well, reported as median fluorescence intensity (MFI),
was determined by a FLEXMAP 3D Luminex instrument
system (Luminex, Austin, USA). Double background
subtraction was performed by first subtracting
background measured in blank (buffer only) wells and
subtracting background signal measured for BSA blocked
control beads in each well. Haemagglutinin H1
(A/California/07/2009; H1 (Cal/09); Sino Biological) coupled
beads were included as the positive control.

Whole blood stimulation

Peripheral blood collected in sodium heparin tubes was
diluted 1:1 with RPMI 1640 medium containing GlutaMAX
Supplement and HEPES [Gibco, Life Technologies (Thermo
Fisher Scientific) ~Waltham, USA] and added to
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pre-prepared stimulation assay strips as described
previously.3®3° The final concentrations of stimuli in the
assay strips were as follows: 1:9 y-irradiated mock-infected
Vero-cell supernatants (iVero) and 1:9 vy-irradiated
SARS-CoV-2 [hCoV-19/Australia/VIC01/2020 (VICO1, NCBI:
MT007544.1)] infected Vero-cell supernatants (iSARS) 1052
TCIDsy, mL~', BCG-Denmark (Serum Statens Institut,
Copenhagen, Denmark) 75pug mL™', HK C. albicans
1.0 x 10° CFU mL™", HK E. coli 1.0 x 10° CFUmL™", HK S.
aureus 1.0 x 107 CFU mL™" (HK pathogens were clinical
isolates from children with invasive disease at the Royal
Children’s Hospital Melbourne®®) and resiquimod (R848,
InvivoGen, San Diego, USA) 3.5 ug mL~'. Whole blood was
stimulated at 37°C (5% CO,) for 20 (+2) hours.3® Following
stimulation, supernatants were harvested and stored at
—80°C for future cytokine analysis.

Cytokine analysis

Supernatants from stimulated whole blood were diluted 1:4
prior to quantification of secreted cytokines, chemokines
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-o, HGF, IFN-02, IFN-y, IL-1a, IL-1B, IL-1Ra, IL-2, IL-2ro,
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-1a, MIP-1B, B-NGF, PDGF-BB, RANTES,
SCF, SCGF-B, SDF-10, TNF-o, TNF-B, TRAIL and VEGF. Data
were acquired on the Bio-Plex 200 system using the BioPlex
Manager™ 6.1 Software (Bio-Rad).

T-cell stimulation

PBMCs were isolated from peripheral blood collected in
sodium heparin tubes by density centrifugation using
Lymphoprep (StemCell Technologies, Vancouver, Canada)
density gradient medium. PBMCs were washed twice in PBS,
then stored cryopreserved in vapour phase liquid nitrogen
for later use. PBMCs (1.1 x 10°%) were plated into 96-well
plates for both assays as described previously.®®%° For the
activation-induced marker (AIM) assay, PBMCs were
stimulated in complete RPMI (cRPMI) medium [RPMI1640
medium (Invitrogen, Thermo Fisher Scientific)]
supplemented with 2 mm L-glutamine (Gibco), 1 mm MEM
sodium pyruvate (Gibco), 100 um MEM non-essential amino
acids (Gibco), 5 mm HEPES buffer solution (Gibco), 55 um
2-mercaptoethanol (Gibco), 100 U mL™" penicillin (Gibco),
100 ug mL™" streptomycin (Gibco) and 10% fetal bovine
serum (Gibco) with SARS-CoV-2 Spike peptide pool
[1 pg mL™"] [181 peptides, 0.06 mg mL~"' per peptide; BEI
Resources, NIAID, NIH, SARS-Related Coronavirus 2 Spike (S)
Glycoprotein, NR-5240] or dimethylsulfoxide [DMSO;
negative control; 0.1%; Sigma-Aldrich (Merck), Burlington,
USA] and cultured at 37°C and 5% CO, for 24 h. Cells were
then washed and stained with CXCR5-BV421 (562747; BD
Biosciences), CD3-BV510 (317332; BiolLegend, San Diego,
USA), CD8-BV605 (564116; BD Biosciences), CD4-BV650

(563875; BD Biosciences), CD25-BV711 (563159; BD
Biosciences), CXCR3-BV786 (353738; BD Biosciences),
CD137-APC (309810; BiolLegend), CD27-AF700 (560611;
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BD Biosciences), CD14-APC-H7 (560180; BD Biosciences),
CD19-APC-H7 (560252; BD Biosciences), Live/Dead NIR
(L34976; Invitrogen), CD69-PerCPCy5.5 (310925; BioLegend),
CD134-PE (340420; BD Biosciences), CD95-PE-CF594 (562395;
BD Biosciences), CD45RA-PeCy7 (337167, BD Biosciences)
after which cells were fixed with 1% paraformaldehyde.

For the intracellular cytokine staining (ICS) assay, PBMCs
were stimulated with 100 pg mL™' SARS-CoV-2 Spike
peptide pool (as detailed above) or DMSO (negative
control; 0.1%; Sigma-Aldrich) in combination with anti-
CD28/CD49d (1:100, 347690; BD Biosciences), 10 U mL~" IL-2
(11147528001, Roche) for 24 h at 37°C and 5% CO2, with
brefeldin A (555029, BD Biosciences) added after 8 h. Cells
were subsequently washed twice with MACS buffer (PBS,
0.5% BSA, 2 mM EDTA) and stained with surface antibodies
CD3-BV510, (CD4-BV650, CD8-PerCPCy5.5 (565310; BD
Biosciences) and Live/Dead NIR for 30 min on ice. Cells were
washed twice and fixed using the BD Cytofix/cytoperm kit
(554723; BD Biosciences) according to the manufacturer’s
instructions, followed by an intracellular staining with
IFN-y-v450 (560371; BD Biosciences) and TNF-a-AF700
(557996; BD Biosciences) for 30 min on ice. Cells were
washed twice and resuspended in MACS buffer before
acquisition on an LSR Fortessa Il (BD Biosciences) followed
by the analysis using the FlowJo software (v10).

Statistical analysis

Statistical analysis was done using Stata version 18.0
(StataCorp LLC, College Station, USA) and R’® 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, GraphPad Software, Boston, USA).
Participants were excluded from analysis if they had
positive NCP serology at any time point.

For cytokine data, 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 iSARS
stimulation, the proportion of values above the upper limit
of detection was IP-10 0.1%, MCP-1 6.9%. The remaining
cytokines had all values below the upper limit of detection.
For other stimuli, the proportion of samples within the limit
of detection are presented in Supplementary table 2.
Samples were excluded if blood was taken outside of the
blood collection window (VO = 1, V2 = 3). The effect of BCG
vaccination on responses to iSARS stimulation was assessed
using linear regression of log-transformed cytokine data
adjusted for: nil (iVero) stimulation cytokine response, sex,
BCG vaccination prior to BRACE trial, BRACE trial stage
(stage 1 or 2), days between randomisation and blood
collection, age at first COVID-19 vaccine dose (V1/V2) or VO
blood collection (VO only), days between COVID-19 vaccine
dose and blood collection (V1/V2), days between first and
second COVID-19 doses (V2 only) batch of pre-prepared
stimulant and assay kit. Distribution of data for IL-3 and IL-7
remained non-normal after log transformation; therefore,
these iSARS responses to these cytokines were analysed by
bootstrapped quantile regression of the raw cytokine data
with adjustments as above for the linear regression.

Principal component analysis was performed with the
prcomp function in R and was used to investigate variations
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in cytokine concentrations following iSARS stimulation
at baseline (V0), post-ChAdOx1-S vaccination (V2) and post-
BNT162b2 vaccination (V2). Prior to PCA, cytokine
concentrations  were  standardised using  z-score
normalisation to ensure equal contribution to the analysis,
irrespective of their original scales. The analysis evaluated
the influence of participant characteristics as baseline (e.g.
sex, obesity), technical variation and BCG vaccination status
on the principal components. This influence was quantified
using the coefficient of determination (R% values and
associated P-values, providing insights into the extent to
which these factors explain the variance captured by each
principal component. Additionally, the contribution
(loading) of each cytokine to the principal components was
calculated. Cytokines with the highest contributions to the
principal components were highlighted, offering a focussed
view on the cytokines most associated with the variance
observed in response to iSARS stimulation under different
vaccination conditions.

For multiplex serology data, differences before (V0) and
after (V2) COVID-19 vaccination were determined by
Wilcoxon matched-pairs signed rank test and differences
between participants in the Control and BCG groups were
determined by Wilcoxon rank-sum test. For serology ELISA
data, samples were excluded if blood was taken outside of
the blood collection window (VO=6, V1=6, V2=09).
Differences between participants in the Control and BCG
groups were assessed using linear regression of
log-transformed antibody area under the curve (AUC) data
adjusted for: sex, BCG vaccination prior to BRACE trial,
BRACE trial stage (stage 1 or 2), days between
randomisation and blood collection, age at first COVID-19
vaccine dose (V2) or VO blood collection (VO only), days
between COVID-19 vaccine dose and blood collection (V2),
days between first and second COVID-19 doses (V2 only).

The gating strategy for the T-cell activation assays, is
presented in Supplementary figure 6. Differences before
(VO) and after (V2) COVID-19 vaccination and between
DMSO and Spike stimulated T cells were determined by
two-way ANOVA with Tukey correction for multiple
comparisons in GraphPad Prism. Differences between
participants in the Control and BCG groups were assessed
using bootstrapped quantile regression adjusted for: sex,
BCG vaccination prior to BRACE trial, BRACE trial stage
(stage 1 or 2), days between randomisation and blood
collection, age at first COVID-19 vaccine dose (V2) or VO
blood collection (VO only), days between COVID-19 vaccine
dose and blood collection (V2), and days between first and
second COVID-19 doses (V2) in Stata.
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