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Abstract

Background and objectives. Because of its beneficial off-target
effects against non-mycobacterial infectious diseases, bacillus
Calmette–Gu�erin (BCG) vaccination might be an accessible early
intervention to boost protection against novel pathogens.
Multiple epidemiological studies and randomised controlled trials
(RCTs) are investigating the protective effect of BCG against
coronavirus disease 2019 (COVID-19). Using samples from
participants in a placebo-controlled RCT aiming to determine
whether BCG vaccination reduces the incidence and severity of
COVID-19, we investigated the immunomodulatory effects of BCG
on in vitro immune responses to SARS-CoV-2. Methods. This study
used peripheral blood taken from participants in the multicentre
RCT and BCG vaccination to reduce the impact of COVID-19 on
healthcare workers (BRACE trial). The whole blood taken from
BRACE trial participants was stimulated with c-irradiated SARS-
CoV-2-infected or mock-infected Vero cell supernatant. Cytokine
responses were measured by multiplex cytokine analysis, and
single-cell immunophenotyping was made by flow cytometry.
Results. BCG vaccination, but not placebo vaccination, reduced
SARS-CoV-2-induced secretion of cytokines known to be associated
with severe COVID-19, including IL-6, TNF-a and IL-10. In addition,
BCG vaccination promoted an effector memory phenotype in both
CD4+ and CD8+ T cells, and an activation of eosinophils in response
to SARS-CoV-2. Conclusions. The immunomodulatory signature of
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BCG’s off-target effects on SARS-CoV-2 is consistent with a
protective immune response against severe COVID-19.

Keywords: COVID-19, BCG, cytokine, T cell, SARS-CoV-2, cytokine,
immunoregulation

INTRODUCTION

The paradigm of vaccination is the induction of
antigen-specific memory in adaptive immune cells.
However, it is increasingly recognised that
vaccines can have beneficial off-target (aka non-
specific or heterologous) effects. One such vaccine
is the live-attenuated tuberculosis (TB) vaccine,
bacillus Calmette–Gu�erin (BCG). Randomised
controlled trials (RCTs) show that BCG vaccination
protects against respiratory tract infections, with
observed reductions of up to 80%.1–3 The
beneficial off-target effects of BCG are attributed
to BCG-mediated immunomodulation.

Given the strong evidence for BCG-mediated
protection against unrelated infections, over 20
clinical trials are underway to determine whether
BCG vaccination can protect against COVID-19.4

These studies are based on the premise that BCG
vaccination enhances immune responses to SARS-
CoV-2 to protect against COVID-19. Although
effective COVID-19-specific vaccines are now
available, because of shortages in supply and the
emergence of potential immune-escape variants,
BCG vaccination may offer an easily accessible
preventative intervention to bolster protection
against infections with SARS-CoV-2 or other
future novel pathogens until specific vaccinations
can be given. Using samples from SARS-CoV-2-
na€ıve participants in a multicentre RCT and BCG
vaccination to reduce the impact of COVID-19 in
healthcare workers (BRACE trial; NCT04327206),5

we investigated whether BCG vaccination alters
in vitro immune responses to SARS-CoV-2
(Figure 1).

RESULTS

Broad cytokine responses to irradiated
SARS-CoV-2

To investigate the immune responses to SARS-
CoV-2, we established an in vitro whole-blood
stimulation assay. Samples taken from BRACE trial
participants prior to randomisation were stimulated
for 20 h with gamma-irradiated SARS-CoV-2-

infected (iSARS) and mock-infected (iVero) Vero cell
supernatants. Compared with iVero, we found
significant stimulation responses to iSARS for 35 of
48 cytokines measured (Figure 2a). Stimulation
effects of iSARS were strongest for interferon (IFN)-
a2 (P = 7.56E�10), interleukin(IL)-1 receptor
antagonist (IL-1RA; P = 7.56E�10), IFN-c-induced
protein (IP)-10 (CXCL10; P = 2.40E�09), monocyte
chemoattractant protein (MCP)-1 [chemokine (C-C
motif) ligand 2, CCL2; P = 1.63E�09], MCP-3 (CCL7;
P = 7.56E�10) and macrophage inflammatory
protein-(MIP)-1b (CCl4; P = 1.11E�09).

To characterise the iSARS stimulation-induced
cytokine responses in SARS-CoV-2-na€ıve
participants, we compared the stimulation effect of
iSARS with the stimulation effect of a range of
killed pathogens and Toll-like receptor (TLR)
agonists previously validated in the whole-blood
assay system.6,7 Using unsupervised clustering
analysis of cytokine–stimulant pairs, we found that
cytokine responses largely clustered within stimulus
groups rather than by cytokine function
(Figure 2b). Between pathogen groups, iSARS
responses were most highly correlated with
cytokine responses to poly(I:C), and least correlated
with responses to bacterial stimuli (Figure 2b).

SARS-CoV-2-induced activation of myeloid
lineage cells

Single-cell immunophenotyping by flow cytometry
revealed activation of innate and adaptive immune
cells in response to iSARS (Figure 3). Among the
major immune cell populations, iSARS stimulation
resulted in minor reductions in proportions of non-
adherent monocyte (P = 3.0E�04) and dendritic cells
(P = 0.026) compared with iVero (Figure 3a). For
non-adherent monocytes, iSARS stimulation resulted
in a shift towards non-classical phenotype
(P = 3.5E�06) with fewer intermediate (P = 6.5E�06)
and classical (P = 0.002) monocytes, as well as
increased HLA-DR expression (P = 0.010) than iVero
stimulation (Figure 3a,b, Supplementary figure 1a).
Stimulation with iSARS increased expression of
CD11b (P = 6.0E�05), CD63 (P = 2.1E�05) and HLA-
DR (P = 7.0E�05) on neutrophils, as well as CD63
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(P = 0.001) on eosinophils (Figure 3b and
Supplementary figure 1a).

Activation of lymphocytes by SARS-CoV-2

Among T-cell populations, iSARS stimulation
increased the proportion of regulatory T cells
(Tregs; P = 0.039) and the proportion of PD-1+

Tregs (P = 0.013), and decreased the proportion of
effector memory conventional CD4+ T cells (Tconv;
P = 0.019; Figure 3c).

Analysis of activation-induced markers revealed
an increase in the proportion of CD69+ and the
level of CD69 expression on CD69+ natural killer
(NK; proportion, P = 2.6E�06; MFI, P = 2.0E�04), B
(proportion, P = 2.6E�06; MFI, P = 2.6E�06) and cd
T (proportion, P = 3.0E�06; MFI, P = 0.005) cells
with smaller increases observed for CD4+ Tconv
(proportion, P = 7.3E�05; MFI, P = 0.003) and CD8+

T (proportion, P = 2.6E�06; MFI, P = 6.5E�06) cells
in response to iSARS stimulation than iVero
(Figure 3d and Supplementary figure 1b). Among
T- and NK cell populations, there was also a small
increase in PD-1+ cells (NK cells, P = 0.03; CD4+

Tconv, P = 3.0E�04; CD8+ T cells, P = 0.002; and cd
T cells, P = 0.009) following iSARS compared with
iVero stimulation, as well as an increase in PD-1
expression on PD-1+CD4+ Tconv (P = 4.0E�04) and
PD-1+CD8+ T (P = 0.002) cells (Figure 3d and
Supplementary figure 1c).

Given the strong iSARS responses in NK cells, we
further investigated the effects of iSARS on NK cell

subpopulations.8 We observed a small decrease in
CD56lowCD16� NK cells (P = 0.013) and an increase
in CD56lowCD16low NK cells (P = 0.046; Figure 3e).
The iSARS-induced increase in CD69+ NK cells
was observed across all NK cell subpopulations
(CD56lowCD16�, P = 1.5E�05; CD56lowCD16low, P =
3.0E�06; CD56lowCD16high, P = 2.6E�06; CD56high

CD16�, P = 3.0E�04; and CD56highCD16high,
P = 0.001) and a population of CD56lowCD16+

(CD3�CD19�CD14�) cells (P = 4.0E�04; Figure 3E).
Moreover, among the predominant NK cell
subpopulations, CD56lowCD16high and CD56low

CD16low, we observed increased CD25 expression
[CD56lowCD16high (P = 3.2E�06) and CD56low

CD16low (P = 5.0E�04)] but no changes in CD127 or
PD-1 expression (Figure 3e and Supplementary
figure 1d).

BCG vaccination-induced reduction in
cytokine responses to SARS-CoV-2

To investigate the effects of BCG vaccination on
immune responses to SARS-CoV-2, we compared
cytokine responses and immune cell phenotypes
in paired samples taken from BRACE trial
participants at baseline and 3 months after
randomisation (Figure 1). The demographic details
of the participants included in this analysis are
presented in Table 1. Demographic details were
similar between both groups for the cytokine and
single-cell immunophenotyping analyses with the
exception of older age [mean 51.0 (�17.7 SD)

Figure 1. Schematic of study design. Created with BioRender.com.
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years for BCG-vaccinated compared with 42.1
(�15.9 SD) years for placebo-vaccinated] and
higher proportion of prior BCG vaccination (56%
for BCG-vaccinated compared with 38% for
placebo-vaccinated) in the single-cell
immunophenotyping analysis. Consistent with the
low community transmission of SARS-CoV-2 in
Australia at the time of the study, all participants
were SARS-CoV-2 spike IgG antibody-negative at
both sample collection time points (Table 1).

Three months following randomisation, there
were changes in cytokine responses to iSARS for
17 of 48 cytokines in BCG-vaccinated participants
and for 7 of 48 in placebo-vaccinated participants
(Figure 4a; Supplementary table 1). Changes that
were observed only for BCG-vaccinated
participants were reductions in basic fibroblast
growth factor (FGF); granulocyte colony-
stimulating factor (G-CSF); granulocyte–
macrophage colony-stimulating factor (GM-CSF);
hepatocyte growth factor (HGF); MIP-1b;
regulated on activation, normal T cell expressed
and secreted (RANTES, CCL5); IL-4; IL-6; leukaemia
inhibitory factor (LIF); tumor necrosis factor (TNF)-a;
and IL-10 (Figure 4b; Supplementary table 1).

BCG vaccination promotes SARS-CoV-2-
induced effector T cells in vitro

Analysis of changes in the proportions of immune
cell subpopulations and activated cells in iSARS-
stimulated whole blood, 3 months after
randomisation, revealed a larger number of
changes following BCG vaccination (12/57
parameters) than placebo vaccination (4/57
parameters; Figure 4c; Supplementary table 2). Of
the changes that were observed only for BCG-
vaccinated participants, several were within the T-
cell subpopulations, including an increase in
effector memory and a decrease in na€ıve subset
for both CD4+ T conv and CD8+ T cells (Figure 4d).
In BCG-vaccinated participants, there were an
increase in the proportion of PD-1+ among CD4+ T

conv and a decrease in proportion of na€ıve Tregs
(Figure 4d). BCG-vaccinated participants also had
an increase in CD69+ cells among a CD56�CD16+

(CD3�CD19�CD14�) population that did not occur
in placebo-vaccinated participants. Other changes
in immune cell population proportions were
similar for the BCG-vaccinated and placebo-
vaccinated groups (Supplementary table 2).

Enhanced SARS-CoV-2 eosinophil activation
by BCG vaccination

Expression levels of activation markers were also
compared before and 3 months after
randomisation (Figure 4e; Supplementary table 3).
Increased expression of CD11b and CD63 on
eosinophils was observed only for BCG-vaccinated
participants, whereas changes in these markers on
monocytes and neutrophils were similar for BCG-
vaccinated and placebo-vaccinated participants
(Figure 4f). There were also a decrease in CD69
expression among CD69+ B cells in BCG-vaccinated
participants (Figure 4f) and a decrease HLA-DR
expression on monocytes from placebo-vaccinated
participants (Supplementary table 3).

DISCUSSION

Using a specially developed in vitro assay, our
study is the first to show off-target effects of BCG
vaccination on human cytokine and immune cell
activation responses to SARS-CoV-2.

Epidemiological and cohort studies have
reported variable findings on the effect of BCG
vaccination on COVID-19. This might be explained
by the long duration (often decades) between
BCG vaccination and outcome measures, as well as
population differences (e.g. compliance with
COVID-19 prevention measures).9–12 Preliminary
findings from one RCT in elderly patients showed
a reduction in combined clinical- and
microbiological-diagnosed COVID-19 in BCG-
vaccinated, compared with placebo-vaccinated,

Figure 2. Whole-blood cytokine responses to SARS-CoV-2. (a) Violin and Tukey boxplots of cytokine concentration (in pg mL�1) following

stimulation of whole blood, taken prior to randomisation, with c-irradiated SARS-CoV-2 (iSARS) or c-irradiated uninfected Vero cell supernatant

(iVero). Centre lines indicate medians; box limits indicate 25–75th percentiles; whiskers extend to 1.5 times the interquartile range from the 25th

and 75th percentiles; and outliers are represented by dots. Stimulation effect measured by the Wilcoxon signed-rank test comparing the iSARS

with the iVero response (n = 50). Asterisks in the box plots depict significance (*P < 0.05, **P < 0.01 and ***P < 0.001). (b) The results from

unsupervised hierarchical clustering of whole-blood cytokine responses to a range of pathogens and TLR agonist ligands are shown. Clustering

was done using Spearman’s correlation as the measure of similarity between cytokine–stimulant pairs. Red indicates a strong negative correlation,

whereas blue indicates a strong positive correlation. The data shown are from samples taken prior to randomisation in participants with no

missing cytokine–stimulant pair results (n = 38). BCG, bacillus Calmette–Gu�erin; iSARS, c-irradiated SARS-CoV-2; and Th, T helper.

3
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participants13 (preprint). The BCG vaccination-
induced immunomodulatory effects on SARS-CoV-
2 responses in our study support the potential for
BCG vaccination to have beneficial off-target
effects against COVID-19 by dampening
hyperactive inflammatory responses and
enhancing protective leucocyte populations.

The immune response to SARS-CoV-2 infection
contributes to disease pathogenesis with
inflammation and cytokine storm contributing to
the development of acute respiratory distress
syndrome and multi-organ dysfunction.14,15 In our
study, the effects of BCG vaccination on cytokine
responses are opposite to the immunophenotypes

associated with severe COVID-19. Of the 12
cytokines found to have reduced SARS-CoV-2-
induced secretion following BCG vaccination in
our study, nine have been associated with severe
COVID-19, namely G-CSF,16,17 GM-CSF,18,19 HGF,18

IL-6,17,18,20–25 IL-10,16–18,20–23 LIF,18 MIP-1b (CCL4),18

RANTES (CCL5)18,24 and TNF-a.17,18,20,24,25 MIP-1b
and RANTES (CCL5), however, have also been
reported to be lower in severe than in mild
cases.21 Therefore, the reduced SARS-CoV-2-
induced secretion of these cytokines following
BCG vaccination suggests that BCG might protect
against severe COVID-19 by suppressing
pathological cytokine responses.

Figure 3. Immune cell activation in response to SARS-CoV-2. (a–d) Violin and Tukey boxplots of immune cell populations following stimulation

of whole blood, taken prior to randomisation, with c-irradiated SARS-CoV-2 (iSARS) or c-irradiated uninfected Vero cell supernatant (iVero).

Centre lines indicate medians; box limits indicate 25th–75th percentiles; whiskers extend to 1.5 times the interquartile range from the 25th and

75th percentiles; and outliers are represented by dots. Data are presented as (a) proportion (%) of CD45+, proportion of parent (granulocyte or

monocyte as indicated) or expression [median fluorescence intensity (MFI)]; (b) proportion of total T cells or indicated T-cell subpopulation; (c)

proportion of CD69+ and PD-1+ among parent populations and MFI of CD69 and PD-1 among CD69+ and PD-1+ cells for each parent

population, respectively; and (d) proportion of each subset among NK cells (CD3�CD19�CD14�), proportion of CD69+ within NK cell subsets and

MFI of CD25, CD127 and PD-1 among CD56lowCD16high and CD56lowCD16low NK cells. Stimulation effect measured by the Wilcoxon signed-

rank test comparing the iSARS with the iVero response (n = 29). Asterisks in the box plots depict significance (*P < 0.05, **P < 0.01 and

***P < 0.001). NK, natural killer; Tconv, conventional T cell; Treg, regulatory T cell; and TEMRA, terminally differentiated effector memory T cells.

3

Table 1. Demographics and other characteristics of participants

Factor

Cytokine responses Single-cell immunophenotyping

Placebo-vaccinated

n = 22

BCG-vaccinated

n = 28

Placebo-vaccinated

n = 8

BCG-vaccinated

n = 9

Age at randomisation (years), mean (SD) 39.0 (13.8) 41.4 (15.3) 42.1 (15.9) 51.0 (17.7)

Sex

Female 18 (82%) 22 (79%) 6 (75%) 8 (89%)

Previously diagnosed/treated for latent TB

No 21 (96%) 28 (100%) 7 (88%) 9 (100%)

Unsure 1 (5%) 0 (0%) 1 (13%) 0 (0%)

Previous positive (> 5 mm) TST

Yes 2 (9%) 3 (11%) 2 (25%) 3 (33%)

Unsure 0 (0%) 2 (7%) 0 (0%) 0 (0%)

Previous BCG vaccination

Yes 6 (27%) 11 (39%) 3 (38%) 5 (56%)

Comorbidities for COVID-19†

Yes 4 (18%) 5 (18%) 3 (38%) 4 (44%)

Vaccine administered perfectly

Yes 21 (96%) 25 (89%) 7 (88%) 9 (100%)

Time (days) between randomisation

and 3-month blood, mean (SD)

103.0 (8.9) 102.3 (7.1) 96.8 (1.0) 96.1 (1.5)

Positive SARS-CoV-2 serology (anti-spike)

Baseline blood 0 (0%) 0 (0%) 0 (0%) 0 (0%)

3-month blood 0 (0%) 0 (0%) 0 (0%) 0 (0%)

SD, standard deviation; TB, tuberculosis; TST, tuberculin skin test.
†Diabetes (any type), cardiovascular disease, chronic respiratory disease.
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Our findings of BCG-induced enhancement of
eosinophil activation in response to SARS-CoV-2
are consistent with a growing number of studies
showing immunomodulatory effects of BCG on
granulocyte populations. A recent study found

that BCG vaccination in adults altered the
phenotype of circulating neutrophils and
eosinophils, and increased neutrophil responses to
bacterial and fungal stimuli.26 Off-target effects
of BCG on eosinophils may have further
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implications given the potential protective effect
of BCG against allergic disease and asthma.27 The
contribution of eosinophils to SARS-CoV-2
immunity remains unclear, and many studies have
focused on total granulocytes and neutrophils,
although reduced eosinophils are associated with
severe COVID-19.14 One study, which extensively
profiled granulocyte populations in COVID-19
patients, found that failure to increase CD11b,
CD24 or CD11a expression on eosinophils was
associated with severe disease.28 A similar pattern
was observed for CD63 expression although this
was not statistically significant.28 These may
represent a subset of activated eosinophils that
are protective in COVID-19, and the boosting of
CD11b and CD63 upregulation by BCG might thus
enhance this protective effect.

The role of T cells in severe COVID-19 remains
unclear. There are varying reports of CD4+ and
CD8+ T-cell exhaustion, and both expansion
and depletion of effector/activated/terminally
differentiated T cells in severe COVID-19.15,29 T-
cell production of the inflammatory cytokines IL-6,
GM-CSF and GM-CSF/IFN-y is associated with
severe COVID-19.30,31 In the context of COVID-19,
CD4+ and CD8+ TEMRA are the major sources of
GM-CSF associated with disease severity. In
contrast, T-cell lymphopenia is a common feature
of severe COVID-19, and T cells have been
inversely correlated with cytokines prominent in
severe COVID-19.15,29 Studies have shown reduced
proportions or numbers of CD4+ and CD8+

effector memory and TEMRA, and reduced
numbers of CD4+ and CD8+ na€ıve, central memory,
effector memory and TEMRA in severe COVID-
19.18,32 These reductions are evident within the
first 12 days and persist longest in patients with
the most severe severity.32 We found that BCG
vaccination increased effector memory and
decreased na€ıve T cells and Treg proportions
following SARS-CoV-2 stimulation. Together with

the decreased GM-CSF and IL-6 responses
observed in our study, our findings suggest that
rapid promotion of effector memory T cells and
reduction in inflammatory cytokine responses by
BCG vaccination might protect against the
development of severe COVID-19.

BCG off-target effects on innate immune
populations have been linked to induction of
trained immunity; however, few studies have
investigated off-target effects of BCG on T cells and
the underlying mechanism.33 A recent study
showed that in vitro exposure to BCG-derived
peptides and BCG vaccination both boosted CD4+

and CD8+ T-cell responses to SARS-CoV-2
peptides.34 This suggests that one mechanism
underpinning the enhanced effector T-cell
responses to SARS-CoV-2 in our study could be
cross-reactivity between BCG and SARS-CoV-2
antigens. However, the lack of association between
levels of SARS-CoV-2 antigen-specific T-cell IFN-c
responses in mild COVID-19 despite increased
effector CD8+ T cells, and the enrichment of TCR-
activated pathways in severe COVID-19, also
suggests a role for bystander activation.32

In transgenic mice expressing the human ACE2
receptor, BCG vaccination is partially protective
against a lethal SARS-CoV-2 challenge. In two
studies, prior subcutaneous BCG vaccination
reduced SARS-CoV-2 infection-induced weight loss
but did not alter overall disease score.35,36 Prior
BCG vaccination also reduced SARS-CoV-2
infection-induced IL-6, CXCL-1 (IL-8 equivalent in
mice) and GM-CSF in lung tissue.35,36 In one model,
co-administration of BCG with SARS-CoV-2 spike
and SARS-CoV-2 spike+alum vaccination boosted
immunity with increased CD4+ and CD8+ T-cell
responses to a greater extent than SARS-CoV-2
spike or SARS-CoV-2 spike+alum vaccines alone.35

Moreover, concomitant BGG with the SARS-CoV-2
spike+alum completely protected against lethal
SARS-CoV-2 infection in the humanised ACE2

Figure 4. Effect of BCG vaccination on immune responses to c-irradiated SARS-CoV-2. Volcano and Tukey boxplots depicting differences in c-

irradiated SARS-CoV-2 (iSARS) stimulation effect (iSARS-iVero response) on whole-blood (a, b) cytokine (n = 50), (c, d) immune cell population

(n = 17) and (e, f) extracellular marker (n = 17) responses 3 months after randomisation. Differences in iSARS stimulation effect measured by the

Wilcoxon signed-rank test comparing the iSARS stimulation effect at 3 months (m3) post-randomisation with the iSARS stimulation effect at

baseline (d0). Volcano plots: blue dots show changes in the BCG-vaccinated group, gold dots show changes in the placebo-vaccinated group,

and black dots show immune responses for which there was no change. Red line indicates P = 0.05. Boxplots: Centre lines indicate medians; box

limits indicate 25–75th percentiles; whiskers extend to 1.5 times the interquartile range from the 25th and 75th percentiles; and outliers are

represented by dots. Asterisks in the box plots depict significance (*P < 0.05, **P < 0.01 and ***P < 0.001). _f45, frequency of CD45+ cells; _fp,

frequency of parent; _fm, frequency of mononuclear cells; _ft, frequency of T cells; BCG, bacillus Calmette–Gu�erin; CM, central memory; EM,

effector memory; iSARS, c-irradiated SARS-CoV-2; iVero, c-irradiated uninfected Vero; MFI, median fluorescence intensity; NK, natural killer; Treg,

regulatory T cell; and TEMRA, terminally differentiated effector memory T cells.
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receptor mice.35 There are limitations to these
murine models, in that BCG vaccination causes
infection in mice, the route of administration
differs (intradermal injection in humans compared
with subcutaneous and intravenous injections in
these models), wild-type mice are resistant to SARS-
CoV-2, and there is rapid onset of severe symptoms
in the SARS-CoV-2-infected transgenic mice.
Despite this, the decreased inflammatory cytokine
responses and increased T-cell responses observed
in our study are consistent with the findings from
these models. This suggests that, in addition to
protecting against COVID-19 directly, BCG
vaccination might also boost the efficacy of COVID-
19-specific vaccines.

The stimulation model developed in this study
has significant implications for future research on
SARS-CoV-2. In this model, short-term in vitro
stimulation with SARS-CoV-2 induced a range of
innate and adaptive immune cell populations and
secretion of a broad panel of cytokines,
chemokines and growth factors. The development
of this model for in vitro stimulation using
inactivated virus enables analyses of immune
responses to SARS-CoV-2 in a diverse range of
laboratory settings. There are multiple methods
for virus inactivation; however, common methods,
such as chemical and heat inactivation, can
damage structural proteins and viral antigens.37 In
contrast, c-irradiation can effectively inactivate a
range of viruses38 including SARS-CoV-239 whilst
maintaining immunoreactivity.40 The potent c-
irradiated SARS-CoV-2-induced activation of
immune cells from SARS-CoV-2-na€ıve adults in our
assays supports the potential of c-irradiated SARS-
CoV-2 vaccines41,42 and provides a model for
future studies assessing modulation of immune
responses to SARS-CoV-2.

In SARS-CoV-2-unexposed adults, we found that
cytokine responses to a range of inactivated
pathogens and TLR agonists were more strongly
correlated within stimulation groups rather than
by cytokine. This is consistent with previous
studies of in vitro cytokine responses, which also
show organisation of cytokine responses within
pathogen groups rather than by immune response
pathways.43,44 The close association between
responses to iSARS and poly(I:C) in our study
suggests a role for the TLR3 pathway in immune
responses to SARS-CoV-2. Multiple TLRs have been
associated with immune responses to SARS-CoV-2.
TLR3 recognises double-stranded RNA and is
activated by single-stranded RNA viruses as they

generate double-stranded RNA during the
replication process. Low TLR3 expression has been
linked to severe COVID-19,45 and the TLR3
pathway has been shown to be protective against
the related SARS-CoV in murine models.46

Moreover, TLR3 has been shown to be an early
driver of cytokine responses to SARS-CoV-2 with a
later contribution by TLR7.47 Together, these data
support a role for TLR3 in the early innate
immune response to SARS-CoV-2 infection.

The limitations of our study include the low
participant number for the single-cell
immunophenotyping analysis. However, the impact
of this was mitigated by the inclusion of samples
from placebo-vaccinated participants, which
ensured that changes resulting from environmental
and technical variance over time could be detected.
Additionally, we did not correct for potential
confounders, although key factors (i.e. sex,
comorbidities) were similar between the BCG-
vaccinated and placebo-vaccinated groups.
However, because of the small sample size in the
single-cell immunophenotyping analysis, we were
unable to exclude potential confounding by the
small difference between the groups in age and
prior BCG vaccination status. We were unable to
determine whether the BCG-induced changes in
SARS-CoV-2 responses observed in our study are
associated with protection against severe COVID-19
as SARS-CoV-2 community transmission in the study
setting (Melbourne, Australia) was low over the 12-
month follow-up period of these participants in the
BRACE trial.

In conclusion, we found that BCG vaccination
has off-target effects on innate and adaptive
immune responses to SARS-CoV-2. The
immunomodulatory signature of BCG’s off-target
effects on SARS-CoV-2 responses is distinct from
that observed for bacterial and fungal stimuli.
Moreover, the BCG-induced changes in SARS-
CoV-2 immunity are in direct contrast to immune
signatures of severe COVID-19. These findings
provide support for the hypothesis that BCG
vaccination might reduce the severity of COVID-19.

METHODS

Subjects and study design

Participants were a subset of participants from BRACE trial
sites in Victoria, Australia.5 The inclusion and exclusion criteria
for the BRACE trial have been previously described.5

Participants were randomised to receive 0.1 mL intradermal
vaccination with BCG-Denmark (AJ Vaccines, Copenhagen,
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Denmark; BCG-vaccinated) or NaCl (placebo-vaccinated). At
randomisation and the 3-month study visit, venous blood was
collected from participants into a lithium heparin tube
(Greiner Bio-One, Frickenhausen, Germany) and, in a subset
set of participants, also into a sodium heparin tube (BD,
Plymouth, UK). The latter were eligible for inclusion in this
immunological substudy if they had a sodium heparin whole-
blood sample stimulated with iSARS. This stimulation was
done for all participants whose blood sample was collected at
an appropriate date and time for iSARS stimulation, with a
sufficient volume of blood collected in a sodium heparin tube
available. Participants were excluded from the substudy if
they had a positive SARS-CoV-2 test result between
randomisation and the 3-month blood sample.

Preparation of stimuli

The SARS-CoV-2 [hCoV-19/Australia/VIC01/2020 (VIC01, NCBI:
MT007544.1)] virus was kindly gifted to us by the Victorian
Infectious Diseases Reference Laboratory (VIDRL). Virus stocks
were prepared by growing VIC01 in Vero cells in serum-free
MEM in the presence of 1 µg mL�1 TPCK Trypsin
(Worthington Biochemical Corporation, Lakewood, USA).
Serum-free media contained MEM (from Media Preparation
Unit, Peter Doherty Institute), 5% FBS (Sigma-Aldrich, St.
Louis, USA), 50 U mL�1 penicillin and 50 µg mL�1

streptomycin (Gibco, Bleiswijk, The Netherlands), 2 mM
GlutaMAX (Gibco) and 15 mM HEPES (Gibco). Gamma
irradiation of SARS-CoV-2-infected (iSARS) and mock-infected
(iVero) supernatants was performed by Steritech at a dose of
50 kGy. Viral titres were determined in pre- and post-gamma
irradiation samples to confirm virus inactivation.

Preparation of other stimuli was described previously.6 The
final concentrations of stimuli in the assay strips were as
follows: RPMI, 1:2; iVero, 1:10; iSARS, 105.2 TCID50 mL�1; BCG-
Denmark (Serum Statens Institut), 75 µg mL�1; heat-killed
Candida albicans, 1.0 9 106 CFU mL�1; heat-killed Escherichia
coli, 1.0 9 106 CFU mL�1; heat-killed Staphylococcus aureus,
1.0 9 107 CFU mL�1; heat-killed Streptococcus pneumoniae
serotype 15C (non-vaccine serotype), 1.0 9 107 CFU mL�1;
poly(I:C; high-molecular weight), 5 µg mL�1; and resiquimod
(R848), 3 µg mL�1.

Whole-blood stimulation

Whole blood, diluted 1:1 with RPMI 1640 medium
(GlutaMAX Supplement, HEPES, Gibco, Life Technologies,
Bleiswijk, The Netherlands), 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, supernatants were
harvested and stored at �80°C for future cytokine analysis
and cells were immediately prepared for single-cell
immunophenotyping.

Single-cell immunophenotyping

Following stimulation and removal of the supernatant, red
blood cells (RBCs) were lysed by incubation in RBC lysis buffer
for 10 min. The cells were washed twice in PBS and

resuspended in 200 µl PBS; then, 100 µl was transferred each
into two wells of a 96-well plate. Fixable viability stain LIVE/
DEADTM Fixable Near-IR Dead Cell Stain (Panel 1, Invitrogen,
Eugene, USA) or fixable viability stain BV510 (Panel 2, BD
biosciences, New Jersey, USA) was used with a final
concentration of 1 µl mL�1. Cells were incubated for 15 min
[light-protected, at room temperature prior to centrifugation
and washing in FACS buffer (2% FCS, 2 mM EDTA in PBS)].
Samples were resuspended in 20 lL FACS buffer containing
human FC-block (BD Biosciences) and incubated (light-
protected) for 5 min at room temperature. The following
markers (BD Biosciences) were included in the antibody
cocktails: Panel 1: CD3, CD4, CD8, CD11b, CD11c, CD14, CD15,
CD16, CD19, CD45, CD56, CD63 and HLA-DR; and Panel 2:
CCR7, CD3, CD4, CD8, CD11c, CD127, CD14, CD16, CD19, CD25,
CD45RA, CD56, CD69, HLA-DR, PD-1 and cd TCR. Twofold
concentrated antibody cocktails were added 1:1 to cells, then
incubated (light-protected) for 30 min on ice. Cells were then
washed in FACS buffer prior to fixation in 2% PFA for 20 min
on ice (light-protected). Fixed cells were washed and
resuspended in FACS buffer for acquisition using a LSR II X-20
Fortessa (BD). Compensation was made at the time of
acquisition using a combination of single-stained cells and
compensation beads (BD Biosciences).

Cytokine analysis

Supernatants from stimulated whole blood were diluted 1:5
prior to quantification of secreted cytokines, chemokines
and growth factors using the Bio-Plex Pro Human Cytokine
48-Plex Screening Panel (Bio-Rad, California, USA) according
to the manufacturer’s instructions. The following analytes
were measured: CTACK, Eotaxin, Basic FGF, G-CSF, GM-CSF,
GRO-a, HGF, IFN-a2, IFN-c, IL-1a, IL-1b, IL-1ra, IL-2, IL-2ra,
IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12(p40), IL-12
(p70), 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-1a, TNF-a, TNF-b, TRAIL and VEGF.
Data were acquired on the Bio-Plex 200 system using the
Bio-Plex ManagerTM 6.1 software (Bio-Rad).

SARS-CoV-2 anti-spike ELISA

Plasma was isolated from whole blood collected in lithium
heparin tubes and stored at �80°C until analysis. Anti-SARS-
CoV-2 antibodies in plasma samples were detected using
Wantai SARS-CoV-2 Total Ab ELISA (Beijing Wantai
Biological Pharmacy Enterprise, Beijing, China) as previously
described.48

Data analysis

For all sample collection, laboratory processing and analysis,
data cleaning and data processing, researchers were
blinded to the BCG vaccination status of participants.

Cytokine analysis

As per our previous studies, values below the lower limit
detection for each analyte were assigned a value of half
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the lowest detected value for that analyte. Only
participants with matched baseline (pre-randomisation) and
3-month samples available were included in the cytokine
data analysis. Data were non-parametric before and after
log transformation as determined by a Shapiro–Wilk
normality test using P < 0.05 as the threshold for non-
normal distribution (data not shown); therefore, non-
parametric tests were used on non-transformed data for all
analyses.

Correlation analysis

Unsupervised hierarchical clustering of cytokine–stimulant
pairs was done in the statistical programming language R
using R Studio.49 Cytokine–stimulant pairs with > 10%
missing data were excluded (BCG: IL-1b, IL-6, IL-8, MCP-1,
MIP-1a and MIP-1b; C. albicans: IL-8, MCP-1 and MIP-1a;
E. coli: IL-6, MCP-1, MIP-1a and MIP-1b; S. aureus: IL-8,
MCP-1, MIP-1a and MIP-1b; S. pneumoniae: IL-6, IL-8,
MCP-1, MIP-1a and MIP-1b; and R848: IL-1b, IL-6, MIP-1a
and MIP-1b). Spearman’s correlation was the measure of
similarity used, and clustering was done using these
coefficients as distance by an unsupervised hierarchical
clustering approach.

Single-cell immunophenotyping analysis

Flow cytometry files were preprocessed using FlowJo
version 10.7.1 (FlowJo, Oregon, USA). Debris, doublets, RBC
and non-live cells were removed using standard
preprocessing. Where required, compensation was adjusted
at the time of analysis. Supplementary figure 2 depicts the
manual gating strategy for each of the panels. For MFI
analysis, immune cell subsets with less than 20 cells in the
subset for at least 50% of the samples were excluded
from MFI analysis. This resulted in the exclusion of dendritic
cells, and CD56highCD16�, CD56highcd15high and
CD56lowCD16� NK cells from MFI analysis. Only participants
with matched baseline (pre-randomisation) and 3-month
samples were included in single-cell immunophenotyping
analysis of differences in iSARS stimulation effect after
randomisation.

Statistical analysis

Stimulation effect of iSARS in baseline (pre-randomisation)
samples was determined by a Wilcoxon signed-rank test
comparing the iSARS with the iVero response in paired
samples. Differences in iSARS stimulation effect after
randomisation were measured by a Wilcoxon signed-rank
test comparing the iSARS stimulation effect (iSARS response
minus iVero response) at 3 months post-randomisation with
the iSARS stimulation effect at baseline in paired samples.
This was done separately for participants in the BCG
vaccination and placebo-vaccinated groups. As these
analyses were exploratory, we did not adjust for multiple
testing. Statistical analysis was performed using Stata
(version 13.1; College Station, USA) and depicted
graphically using R and GraphPad Prism (version 9.1.0;
California, USA).
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