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Tuberculosis (TB) is a major global health problem and the only currently-licensed vaccine,
BCG, is inadequate. Many TB vaccine candidates are designed to be given as a boost to
BCG; an understanding of the BCG-induced immune response is therefore critical, and
the opportunity to relate this to circumstances where BCG does confer protection may
direct the design of more efficacious vaccines. While the T cell response to BCG
vaccination has been well-characterized, there is a paucity of literature on the humoral
response. We demonstrate BCG vaccine-mediated induction of specific antibodies in
different human populations and macaque species which represent important preclinical
models for TB vaccine development. We observe a strong correlation between antibody
titers in serum versus plasma with modestly higher titers in serum. We also report for the
first time the rapid and transient induction of antibody-secreting plasmablasts following
BCG vaccination, together with a robust and durable memory B cell response in humans.
Finally, we demonstrate a functional role for BCG vaccine-induced specific antibodies in
opsonizing mycobacteria and enhancing macrophage phagocytosis in vitro, which may
contribute to the BCG vaccine-mediated control of mycobacterial growth observed.
Taken together, our findings indicate that the humoral immune response in the context of
BCG vaccination merits further attention to determine whether TB vaccine candidates
could benefit from the induction of humoral as well as cellular immunity.
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1 INTRODUCTION

Tuberculosis (TB), caused by Mycobacterium tuberculosis (M.tb),
remains a major global health threat with 9.9 million new cases
and 1.5 million deaths in 2020 (1). There are currently no
validated correlates of protection from TB. However, M.tb is
an intracellular pathogen and the necessity for a T cell response
in conferring acquired immunity to TB has been demonstrated
in numerous studies (2-6). This has led to limited attention on
the humoral response to TB, although emerging evidence
suggests that antibodies may play a more significant role in
protection than previously appreciated (7-10). Antibodies could
contribute to protection directly through increasing phagocytosis
and phagolysosome formation or bacterial neutralization, and/or
indirectly through enhancing T cell-mediated immunity (7). It
has recently been shown that compared to antibodies from
patients with active TB disease (ATB), antibodies from
individuals with latent TB infection (LTBI) have unique Fc
functional profiles, selective binding to FcyRIII and distinct
antibody glycosylation patterns, and also that they drive
enhanced phagolysosomal maturation, inflammasome
activation and macrophage killing of intracellular M.tb (9).

Bacillus Calmette Guerin (BCG) is the only currently
available vaccine against TB. BCG confers incomplete and
variable protection against pulmonary TB in adolescents and
adults, and a new more efficacious TB vaccine is needed (11, 12).
However, it is uncertain which aspects of the immune response a
candidate vaccine should aim to induce in order to confer
protection that is superior to BCG. Due to the important role
of BCG vaccination in protecting infants from severe forms of
TB disease, and its potential non-specific effects protecting from
all-cause mortality, most TB vaccine candidates are designed as a
heterologous boost to a BCG prime (13, 14). It is thus critical to
understand the immune response to BCG vaccination and which
aspects will be, or would ideally be, induced or boosted.
Furthermore, because BCG vaccination is partially protective,
and can confer superior protection when administered
intravenously in macaques (15, 16) or against sustained M.tb
infection when administered as a revaccination in non-LTBI
South African adolescents (17), studying the immune response to
BCG offers a valuable opportunity to explore immune
mechanisms of protection and apply these to inform the
design of more efficacious TB vaccine candidates.

Robust Thl responses to BCG vaccination have been described
and are generally considered to be essential, but not sufficient, for
protection (18-21). A role for trained innate immunity,
unconventional T cells and humoral immunity in BCG-mediated
protection has been proposed (22-24). Indeed, in a post-hoc
correlates of risk analysis, levels of Ag85A-specific IgG were
associated with reduced risk of TB disease in BCG-vaccinated
South African infants (25). We have comprehensively reviewed
what is currently known about the humoral immune response to
BCG vaccination and revaccination across species (26). In brief, the
literature presents inconsistent evidence for the induction of specific
antibody responses following BCG vaccination, and the relevance of
these responses is unclear, with support both for (25, 27-30) and
against (28, 31-33) a protective function. Interestingly, recent

evidence suggests that BCG vaccination can modulate antibody
glycosylation patterns with potential relevance for functionality
(34), and IgM titers were among the strongest markers of reduced
bacterial burden following M.tb challenge of BCG immunized
macaques (35).

Antibodies are produced by antibody-secreting B cells
(ASCs). Upon activation by recognition of their cognate
antigen during infection or vaccination, B cells undergo clonal
expansion and differentiate into plasmablasts and memory B
cells (mBCs) (36). While plasmablasts and plasma cells secrete
antibody, mBCs can survive quiescently for decades, poised to
rapidly respond to antigen re-stimulation by differentiating into
short- and long-lived ASCs that can prolong the duration of high
serum antibody levels (37, 38). It is generally accepted that mBC-
derived ASCs are central to the long-term protection mediated
by most licensed vaccines (36, 39), and the dynamics, magnitude
and specificity of the ASC response to vaccination against other
infections have been described (40-42). While one study has
reported a significantly higher frequency of purified protein
derivative (PPD)-specific mBCs in peripheral blood
mononuclear cells (PBMC) from historically BCG-vaccinated
compared with unvaccinated volunteers (43), the longitudinal
ASC response following BCG vaccination has not been
described. Evaluating these cells may provide a more dynamic,
discriminative measure of humoral immunity than detecting
stable serum antibodies by conventional serology.

The hitherto poorly-defined humoral response to BCG
vaccination merits further investigation. We set out to explore
the BCG vaccine-induced specific antibody response in serum
collected from different cohorts of human volunteers
representing TB-endemic and non-endemic populations. As
the macaque model is widely used in TB studies (44), we
included macaque samples to better understand the
translatability of antibody responses to humans. While serum
is the most widely-used sample for the assessment of antibody
responses, it is often a limited resource, and we therefore
explored in both species whether plasma can be used
interchangeably. We also sought to determine the frequency
and kinetic of BCG-induced antigen-specific ASCs (both
plasmablasts and mBCs), and their association with serum
antibody levels. Finally, we employed functional assays to
explore a potential role for antibodies in vitro. Our findings
offer proof-of-concept and provide some logistical foundations
for a more comprehensive characterization of the BCG vaccine-
induced antibody response across different populations and
vaccine regimens for which different levels of protection
are observed.

2 METHODS

2.1 Samples

2.1.1 Human Samples

Human PBMC, serum and plasma samples were taken from a
randomized controlled clinical study of healthy BCG-naive UK
adults, henceforth referred to as human Study 1. Volunteers were
randomized to receive intradermal (ID) BCG SSI at a standard
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dose (2-8 x 10° CFU) (n=27) or to be unvaccinated controls
(n=8). Samples were used from baseline and follow-up visits at 7,
14, 21, 28 and 84 days. ELISA operators were blinded to
treatment group. The study was approved by the NHS
Research Ethics Service (NRES) Committee South Central -
Oxford B (REC reference 15/SC/0022), and registered with
ClinicalTrials.gov (NCT02380508). All aspects of the study
were conducted according to the principles of the Declaration
of Helsinki and Good Clinical Practice. Volunteers provided
written informed consent prior to screening. Baseline
biochemical and hematological analysis and serological testing
for human immunodeficiency virus (HIV), hepatitis B virus
(HBV) and hepatitis C virus (HCV) were performed to ensure
no abnormalities warranting exclusion. LTBI was excluded at
screening by T-SPOT.TB (Oxford Immunotec, UK) or
QuantiFERON®-TB Gold In-Tube test.

PBMC and serum samples from human Study 2 were
collected from a previously-described cohort of adult male
military recruits who had recently arrived in the UK from
Nepal (45). Volunteers shown to be LTBI-negative by T-
SPOT.TB ELISpot assay (Oxford Immunotec, UK) and without
known history or physical evidence of prior BCG vaccination
were enrolled into the current study (group A, n=11), together
with a small group of historically BCG-vaccinated individuals
who received no intervention (group B, n=4). Ethical approval
was granted by the Ministry of Defence Research Ethics
Committee (MODREC 237/PPE/11), and all participants
provided written informed consent. Group A received a single
ID vaccination of BCG SSI at a standard dose (2-8 x 10° CFU) in
accordance with current British Army public health policy, and
samples were collected at baseline and follow-up visits at 7 days
and 70 days.

2.1.2 Macaque Samples

Macaque serum and/or plasma samples used in the ELISA
studies described here were collected as part of five
independent historical studies of BCG vaccination at Public
Health England (PHE), further details of which are provided in
Table 1. Animals were randomized by socially-compatible group
to receive an adult human dose of BCG Danish strain 1331 (SSI,

Copenhagen) 2-8x10° CFU ID into the upper arm under
sedation, or to be unvaccinated controls. The BCG vaccine was
prepared and administered according to the manufacturer’s
instructions for preparation of vaccine for administration to
human adults, by addition of 1 ml Sauton’s diluent to a
lyophilized vial. In all cases, animals were obtained from
established breeding colonies at PHE in the UK, which were
captive-bred for research purposes, and a single animal was
considered an experimental unit. They were provided with
enrichment in the form of food and non-food items on a daily
basis; animal welfare was monitored daily. Study design and
procedures were approved by the Public Health England Animal
Welfare and Ethical Review Body and authorized under an
appropriate UK Home Office project license. Animals were
housed in compatible social groups and in accordance with the
Home Office (UK) Code of Practice for the Housing and Care of
Animals Used in Scientific Procedures (1989) and the National
Centre for Refinement, Reduction and Replacement (NC3Rs)
Guidelines on Primate Accommodation, Care and Use, August
2006 (NC3Rs, 2006).

2.2 Enzyme-Linked Immunosorbant Assay

ELISAs were performed as previously described (48). The antigens
used were PPD from M.tb (Statens Serum Institut (SSI), Denmark)
at a concentration of 5 pig/ml; whole BCG SSI at a concentration of
5x10° CFU/ml, M.tb H37Rv cell membrane fraction, culture
filtrate or whole cell lysate each at a concentration of 2 ug/ml;
or lipoarabinomannan (LAM) at a concentration of 1 pg/ml (BEI
resources repository). Plates were coated with 50 ul of antigen and
incubated at 4°C overnight. Samples were prepared by diluting test
serum and positive/negative control serum 1:10, (human Study 1
and macaque studies) or 1:100 (human Study 2), and 50 pl was
added per well for 2 hours. For human samples, secondary
antibody [goat anti-human IgG (y-chain-specific), goat anti-
human IgA (o-chain-specific), or goat anti-human IgM
(u-chain-specific) alkaline phosphatase conjugate, Sigma
Aldrich, MO, US] was diluted 1:1000 and 50 ul was added
per well for 1 hour. For macaque samples, secondary antibody
[goat anti-monkey IgG (y-chain-specific), goat anti-monkey IgA
(ot-chain-specific), or goat anti-monkey IgM (p-chain-specific)

TABLE 1 | Summary of macaque samples used in antibody studies.

Study Species Genotype Age (yrs) Sex Groups (n) Times Ref.

1 Rhesus Indian 14-15 14F Naive controls (5) DO n/a
1M BCG vaccinated (10) D28
D56

2 Rhesus Indian 2.9-3.2 M Naive controls (4) DO (46)
BCG vaccinated (5) D56

3 Rhesus Indian 3 M BCG vaccinated (6) DO (15)
D56
D140

4 Rhesus Indian 3.8-4.2 M BCG vaccinated (6) DO (47)
D56
D140

5 Cynomolgus Mauritian 2.3-3.7 M BCG vaccinated (12) DO n/a
D56
D140
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alkaline phosphatase conjugate, Rockland Immunochemicals, PA,
US]. was diluted 1:750 and 50 pl added per well for 1 hour. 50 ul
of p-nitrophenyl phosphate (pNPP) development buffer was
added to each well and the plates were read every 10 minutes
using a Model 550 Microplate Reader (Bio-Rad, UK) until the
positive control reached a predetermined OD,s5 that was
consistent across plates. Reported values represent the mean
OD,ys values of triplicate negative controls subtracted from the
mean OD,y5 of triplicate samples.

2.3 Ex Vivo B Cell Enzyme-Linked
Immunospot Assays

2.3.1 Antibody-Secreting Cell ELISpot

ELISpot plates were coated in triplicate with 50 pl/well of BCG
SSI at 4x10° CFU/ml. Sterile phosphate-buffered saline (PBS) was
used for negative controls. For the detection of total IgG-
secreting cells, six wells were coated with 50 pl/well of
polyvalent goat anti-human IgG at 50 pg/ml in PBS. Plates
were incubated overnight at 4°C and then washed three times
with sterile PBS and blocked with R10 media (100 pl/well) for
1 hour at 37°C. Cryopreserved PBMCs were thawed and
prepared as previously described (45) and resuspended to a
concentration of 5x10° cells/ml in R10. 50 pl of cell suspension
was added to the negative control wells and to the first three
antigen-coated wells per volunteer. Cells were diluted 1:2 in R10
for the second three antigen-coated wells per volunteer. PBMC
dilutions for the total IgG controls were 1:1, 1:25 and 1:50 in R10;
50 pl of the IgG control dilutions were added to duplicate wells.
Plates were incubated at 37°C, 5% CO, for 16-18 hours. Cells
were then discarded and plates washed six times with PBS-
Tween. 50 pl/well of anti-human y-chain specific IgG conjugated
to ALP and diluted 1:5000 in PBS was added and plates
incubated for 4 hours at room temperature. Plates were then
washed 6 times with PBS-Tween. 50 pl/well of developer was
added for 3-5 minutes until spots developed. Plates were washed
thoroughly and dried overnight before counting on an AID
ELISpot reader. Frequencies of antigen-specific ASCs were
calculated by subtracting the mean count of the negative
control wells from the test antigen wells and correcting for the
number of PBMC in the well. ASC frequency was reported as
both the number of ASCs per 1x10° PBMC and the percentage of
total IgG-secreting cells. Responses were considered positive if
the count was two or more spots in each replicate well, and the
total number of spots in the antigen-coated wells twice that
observed in the blank control wells.

2.3.2 Memory B Cell ELISpot

For each volunteer, 500 pl of thawed PBMC at a concentration of
2x10° cells/ml in R10 media was added to six wells of a 24-well
flat-bottom tissue culture plate. 500 pl of Mitogen stimulation
mix containing Staphylococcus aureus Cowan (1:2400 dilution),
CpG (5 pg/ml) and pokeweed mitogen (1:6000 dilution from a 1-
mg/ml stock), was added to five wells per volunteer. 500 ul R10
was added to an unstimulated well as a control. Plates were
incubated at 37°C, 5% CO,, for 6 days. On day 5, ELISpot plates
were coated overnight as described above. On day 6, plates were

washed and blocked as described. The cultured cells set up on
day 0 for each volunteer were harvested by gentle resuspension
and the stimulated cells and unstimulated cells were each pooled,
washed twice by centrifugation at 700 g for 5 minutes at room
temperature, resuspended in R10 and counted. Cells were then
resuspended at 2x10° cells/ml in R10, and 100 pl was added to
the negative control wells and the first three antigen-coated wells.
For the total IgG wells, dilutions of 1:1, 1:50 and 1:100 were
added to each well in duplicate. 100 pl of unstimulated cells were
added to duplicate IgG wells. Plates were then incubated at 37°C,
5% CO,, for 16-18 hours and developed and counted as
described above. Frequencies of mBC were shown as the
number of BCG-specific mBC-derived ASC per million
cultured PBMC and as the proportion of mBC-derived ASC of
total IgG-secreting ASC.

2.4 Functional Assays

2.4.1 Direct PBMC Mycobacterial Growth

Inhibition Assay

MGIAs were performed as previously described (48), co-culturing
3x10° PBMC and ~500 CFU BCG Pasteur Aeras in a volume of
480 ul RPMI (containing 2 mM l-glutamine and 25 mM HEPES),
plus 120 ul autologous serum per well of a 48-well-plate for 96
hours at 37°C and 5% CO,. At the end of the culture period, co-
cultures were added to 2 ml screw-cap tubes and centrifuged at
15,300 g for 10 minutes. During this time, 500 pl sterile water was
added to each well to lyse adherent monocytes. Supernatants were
removed from the 2 ml screw-cap tubes, and water from the
corresponding well added to the pellet. Tubes were pulse vortexed
and the full volume of lysate transferred to BACTEC MGIT tubes
supplemented with Polymyxin-B, Amphotericin-B, Nalidixic
acid, Trimethoprim, Azilocillin (PANTA) antibiotics and Oleic
Albumin Dextrose Catalase (OADC) enrichment broth (Becton
Dickinson, UK). Tubes were placed on the BACTEC 960
instrument (Becton Dickinson, UK) and incubated at 37°C
until the detection of positivity by fluorescence. On day 0,
duplicate direct-to-MGIT viability control tubes were set up by
inoculating supplemented BACTEC MGIT tubes with the same
volume of mycobacteria as the samples. The time to positivity
(TTP) read-out was converted to log;o CFU using stock standard
curves of TTP against inoculum volume and CFU. Results are
presented as normalized BCG growth (log;, CFU of sample -
log;0 CFU of growth control).

2.4.2 IgG Purification by Protein G Affinity
Chromatography and Complement Depletion

IgG fractions from 300 pl plasma from each of 9 volunteers from
human Study 1 (selected according to those with a sufficient
volume available) were purified by affinity chromatography on
HiTrap Protein G HP columns according to manufacturer’s
instructions (GE-Healthcare). The IgG fraction was eluted with
430 pl of 200 mM Glycin buffer (pH 2.0; 0.2 mL/min flow) and
neutralized at pH 7.0 with 1 M Tris-HCI buffer pH 11.0. To
confirm complement depletion in purified IgG fractions,
MILLIPLEX MAP Human Complement Magnetic Bead Panel
1 and 2 kits (Merck Millipore, USA) were used according to
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manufacturer’s instructions. Complement protein levels in 200x
diluted samples were quantified by 5PL logistic regression
algorithms built into the Bioplex Manager 6 software using
reference standards, and measurements were run on a Bioplex-
200 instrument (BIO-RAD, Hertfordshire, UK).

2.4.3 Preparation of BCG-GFP

BCG Montreal (ATCC 35735) containing pEGFP cloned under
the control of mycobacterial 19 kDa promoter was kindly
provided by Dr Rajko Reljic from St George’s University of
London, whereinafter designated as BCG-GFP. Cryopreserved
BCG-GFP was thawed and grown in medium containing
Middlebrook’s 7H9 broth (BD Biosciences, UK) supplemented
with 10% OADC enrichment (BD Biosciences, UK), 0.2%
glycerol and 0.05% tyloxapol at 37°C, in aerobic conditions, on
a shaker at 200 rpm until it reached log phase and an OD of 1.0
by spectrophotometry, which is equivalent to ~1x10” CFU.

2.4.4 Antibody-Dependent Cellular Phagocytosis

1x10° THP-1 monocytes (ATCC TIB-202) per well in 6-well
plates were induced into phagocytic macrophage-like cells by
stimulation with 200 nM Phorbol 12-Myristate Acetate (PMA)
(Sigma-Aldrich, UK) for 48 hours followed by a resting period
without PMA of 24 hours. Prior to infection, BCG-GFP was
incubated for 1 hour at room temperature in 2 ml of RPMI 1640
with either diluted serum (1:100) or a final concentration of
purified total IgG of 50 ug, 100 1g or 500 pg. Triplicate negative
control wells were included in each experiment that contained
neither serum nor purified IgG. In parallel, THP-1 derived
macrophages were pre-incubated for 1 hour with a final
concentration of 100 pg/ml of Purified NA/LE Human Fc
Block (BD Biosciences, UK). For in vitro infection, adherent
cells were infected with BCG-GFP at a multiplicity of infection
(MOI) of 5:1 (CFU:cell) and incubated for 4 hours. Macrophages
were washed thrice with cold sterile PBS to remove extracellular
BCG-GFP and incubated for 15 minutes with Accutase cell
detachment solution (BD Biosciences, UK) before final
recovery with sterile cell scrapers. Before fixation, cells were
stained with a Live-or-Dye fixable viability stain (V450
fluorochrome, Biotium) and washed with PBS. Cells were then
fixed with 4% paraformaldehyde for 20 minutes, followed by
staining for 30 minutes with anti-CD11b antibody (APCy7
fluorochrome, BD Biosciences, UK). BCG-GFP+ total live cells
were quantified by flow cytometry. Samples were run on an LSR
II flow cytometer and the data analyzed using FlowJo version
10.8 (TreeStar Inc, Ashland, USA). Each sample was run in
duplicate and the results are representative of three experiments.

2.4.5 Opsonization

After harvesting BCG-GFP by centrifugation at 3000 g for 15
minutes and washing twice with PBS, bacterial clumps were
dissociated by sonication for 10 minutes and dispersion through
a 27G needle. A single cell suspension of 5x10° CFU BCG-GFP
was incubated for 2 hours at room temperature in 2 ml of sterile
PBS with either diluted plasma (1:10, 1:100 or 1:1000 dilution) or
50 pg, 100 pg or 500 pg of purified total IgG. BCG was washed

twice by centrifuging at 4000 g for 10 minutes and re-suspending
in sterile PBS, labeled with anti-human IgG Fc antibody (V450
fluorochrome, BD Biosciences, UK) for 30 minutes, and then
fixed with 4% paraformaldehyde for 20 minutes. Percentage
opsonization was defined as the percentage of IgG+ BCG-GFP
by flow cytometry gated by GFP+ or by FSC/SSC for total BCG,
adapted from Barr et al. (49). Relative MFI per cell was defined
as the median fluorescence intensity divided by the number of
anti-IgG+ events detected.

2.5 Statistical Analysis

Data were analyzed using GraphPad Prism v.9.2 and SPSS v.27.
Normality was determined by Shapiro-Wilk. Longitudinal data
was analyzed using a one-way ANOVA with Dunnett’s
correction for multiple comparisons (all time-points vs.
baseline) for normally-distributed data or a Friedman test with
Dunn’s correction for multiple comparisons (all time-points vs.
baseline) for non-normally distributed data. For studies with
random missing values due to sample unavailability (Figure 1),
data was logged and analyzed using a mixed-effects model with
Dunnett’s correction for multiple comparisons (all time-points
vs. baseline). When comparing two conditions (eg. serum vs.
plasma), a paired t-test (for normally-distributed data) or
Wilcoxon signed-rank test (for non-normally distributed data)
was conducted. Associations were determined using a
Spearman’s rank correlation.

3 RESULTS

3.1 BCG Vaccination in Humans and
Macaques Induces Higher Levels of
PPD-Specific Antibodies Compared

With Baseline

For human Study 1 in UK adults, there was a similar age range of
volunteers recruited to each group (mean 27 years, range 18-42
for BCG vaccinees; mean 30 years, range 20-45 for controls). 74%
of vaccinees and 50% of controls were female. Using serum from
this study, we observed a significant increase in PPD-specific IgG
at 28 and 84 days and IgA at 28 days post-BCG vaccination
compared with baseline, but no significant change in IgM
(Figures 1A-C). There were no differences in antibody
responses between males and females at any time-point or in
fold change following BCG vaccination for any of the three
isotypes (data not shown).

In rhesus macaques enrolled into macaque Study 1, we
observed a significant increase in PPD-specific IgG in serum at
56 days post-BCG vaccination compared with baseline, but no
significant change in IgA or IgM (Figures 1D-F). Using serum
collected from rhesus macaques (macaque Studies 3 and 4) and
cynomologus macaques (macaque Study 5), we compared
responses between the two species at the same time-points
following BCG vaccination with the standard dose. We
observed similarly significant induction of PPD-specific IgG
at 56 and 140 days post-BCG vaccination in the two species
(Figure S1A). There was no difference in fold change in IgG
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response following BCG vaccination between the species at either
time-point (Figure S1B).

No differences were observed over time in the control group
for any of the isotypes measured for either humans or macaques.
There was no difference in fold change in PPD-specific IgG or
IgA levels at 28 days following BCG vaccination (the only
directly comparable time-point) between humans and
macaques (Figure S2). We observed several associations
between fold change following BCG vaccination in levels of
different PPD-specific isotypes in both humans and macaques,
as summarized in Tables S1-S4.

Similar results were obtained for IgG, IgA and IgM responses
in plasma in both humans and macaques (Figure S3). PPD-
specific IgG, IgA and IgM levels were significantly higher in
serum compared with plasma at all time-points in humans and
some time-points in macaques (Figure S4). There was no
difference in fold change following BCG vaccination between
serum and plasma for any of the isotypes at any of the time-
points measured in either species (Figure S5). The correlation
between PPD-specific antibodies in the BCG vaccinated group in
serum and plasma was strong at all time-points for all isotypes in
both species (Figure S6).

DO D28 D56 DO D28 D56

DO D28 D56 DO D28 D56

Timepoint (Days) Timepoint (Days)

FIGURE 1 | PPD-specific antibody responses to BCG vaccination in healthy UK adults and rhesus macaques. Serum was collected from volunteers enrolled into human
Study 1 who were either unvaccinated controls (red) or received BCG vaccination (cyan) (A-=C), and from rhesus macaques enrolled into macaque Study 1 which were either
unvaccinated controls (yellow) or received BCG vaccination (blue) (D-F). PPD-specific IgG (A, D), IgA (B, E) and IgM (C, F) responses were measured over time. Points
represent the mean of triplicate values, boxes indicate the median value with the interquartile range (IQR) and the upper whisker extends to the largest value no further than
1.5 *1QR from the hinge, the lower whisker extends from the hinge to the smallest value at most 1.5 * IQR from the hinge. Outliers are plotted individually. A mixed effects
analysis with Dunnett’s correction for multiple comparisons was conducted on logged values (A=C) or a Friedman test with Dunn’s correction for multiple comparisons (D-F)
was performed to compare the BCG vaccine-induced response between post-vaccination and baseline time-points.

3.2 Association Between Levels of Serum
Antibodies Specific to Different
Mycobacterial Fractions

In human Study 2, all volunteers were male Nepalese military
recruits with a similar median age in groups A and B (18.9 vs. 20.5
years respectively). IgG responses specific to multiple mycobacterial
fractions were measured at baseline, 7 and 70 days post-BCG
vaccination in serum. At 70 days, there was a significant increase in
IgG specific for whole BCG, whole-cell lysate, cell membrane
fraction, culture filtrate and lipoarabinomannan (LAM)
compared with baseline (Figures 2A-E). There was no change
over time in the level of IgG specific to any of the antigens in the
historically BCG-vaccinated group who received no intervention.
The greatest BCG-induced fold change was in IgG specific for M.tb
whole cell lysate and M.tb culture filtrate (median fold change = 1.7
and 1.6 respectively), while the smallest was against M.tb cell
membrane fraction and LAM (median fold change = 1.2 and
1.2). However, there was a significant association in BCG-induced
fold change in IgG between all mycobacterial fractions (Table 2).
Responses to M.tb cell membrane fraction and LAM in the
historically BCG vaccinated group were similar in magnitude to
day 70 responses in the recently BCG vaccinated group, which may
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FIGURE 2 | IgG responses to different mycobacterial fractions in serum collected from Nepalese military recruits. Serum samples were taken from Nepalese

adults enrolled into human Study 2 (red = historically BCG-vaccinated individuals who received no intervention, cyan = BCG-naive individuals who received BCG
vaccination). IgG responses to whole BCG (A), M.tb whole cell lysate (B), M.tb cell membrane fraction (C), M.tb culture filtrate (D) or M.tb lipoarabaninomannan
(E) were measured. Points represent the mean of triplicate values, boxes indicate the median value with the interquartile range (IQR) and the upper whisker
extends to the largest value no further than 1.5 * IQR from the hinge, the lower whisker extends from the hinge to the smallest value at most 1.5 * IQR from the
hinge. Outliers are plotted individually. A repeated measures one-way ANOVA with Dunnett’s multiple comparisons test was used to compare between time-
points in the BCG vaccinated group.

TABLE 2 | Spearman’s correlations between fold change (post-vaccination/baseline) in IgG specific to different mycobacterial fractions following BCG vaccination in

serum collected from Nepalese military recruits.

Whole BCG M.tb Whole cell lysate M.tb cell membrane fraction M.tb culture filtrate LAM
Whole BCG .955 71 .909 .809
X .000 .004 .000 .003
M.tb whole cell lysate .955 745 .964 718
.000 X .008 .000 .013
M.tb cell membrane fraction 7N .745 782 927
.004 .008 X .004 .000
M.tb culture filtrate .909 .964 782 .736
.000 .000 .004 X .010
LAM .809 718 927 .736
.003 .013 .000 .010 X

* indicates a p-value of <0.05, ** indicates a p-value of <0.01, and *** indicates a p-value of <0.001.

reflect a more sustained response to these fractions (Figures 2C, E).
There was no difference in fold change in the BCG-specific IgG
response following BCG vaccination between individuals in human
Study 1 (from a non-TB endemic country) at 84 days and
individuals from human Study 2 (from a TB-endemic country)
at 70 days (data not shown).

IgG levels specific to PPD and whole BCG were compared in
serum from human Study 1. There was a significant increase in
IgG specific to whole BCG and PPD at 28 days post-BCG
vaccination (Figures S7A, B), and a significant correlation
between IgG specific to the two antigens following vaccination
(Figure S7C). Similarly, in macaque Study 2 there was a

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 798207


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Bitencourt et al.

Humoral Response to BCG Vaccination

significant increase in both BCG-specific and PPD-specific IgG
at 56 days following BCG vaccination (Figures S7D, E) with a
significant correlation between the two measures (Figure S7F).
There was no change in IgG levels in the control group over time
in either study. Finally, antibody responses to M.tb whole cell
lysate (MTB WCL) were measured in serum collected from
rhesus macaques enrolled into macaque Study 1. There was an
increase in MTB WCL-specific IgG and IgA but not IgM at days
28 and 56 post-BCG vaccination (Figures S8A-C), and we
observed significant associations between PPD-specific and
MTB WCL-specific IgA and IgM at day 28, and IgG at day 56
(Figures S8D-F).

3.3 BCG-Specific IgG-Secreting
Plasmablasts and Memory B Cells Are
Induced Following BCG Vaccination

To investigate the origin of the antibodies observed, B cell
ELISpot assays were performed to detect BCG-specific IgG-
secreting cells indicative of either plasmablasts measured
following an overnight assay, or mBCs enumerated following
several days of culture and stimulation with polyclonal mitogens.
The antigen used was the same BCG strain given during
vaccination (BCG-SSI). The transient induction of plasmablasts
was noted at 7 days following BCG vaccination in Group A
(mean of 20 ASC per million PBMC or 1.7% of total IgG+ ASC)
which was undetectable by day 70 (Figures 3A, B). No
plasmablast responses were seen in Group B (historically BCG
vaccinated but receiving no intervention). There was an increase
in the memory B cell response at 7 and 70 days post-BCG
vaccination in Group A, and Group B showed persisting stable
BCG-specific mBC responses (mean of 16 mBC-derived ASC per
million cultured PBMC or 0.06% of 1gG+ mBC-derived ASC)
(Figures 3C, D), reflecting their historical BCG vaccination
status. There was a trend towards a correlation between ASC
responses at 7 days and BCG-specific IgG levels at 7 days
(Figure 3E), which was significant at 70 days (Figure 3F).
There were no associations between mBC-derived ASC
responses and BCG-specific IgG levels at either time-
point studied.

3.4 BCG Vaccine-Induced Antibodies Play
a Functional Role In Vitro

A workflow for the functional assays performed is provided in
Figure S9. The direct PBMC MGIA was conducted using
cryopreserved cells and autologous serum collected at baseline
and 84 days post-BCG vaccination from a subset of volunteers,
n=9, enrolled into human Study 1. To identify a vaccine-induced
response, we compared control of mycobacterial growth
mediated by baseline PBMC combined with baseline serum vs.
post-vaccination PBMC combined with post-vaccination serum.
To determine whether serum factors such as antibodies were
contributing to the observed effect, we then swapped serum by
time-point. Therefore post-vaccination serum was combined
with baseline PBMC and baseline serum was combined with
post-vaccination PBMC. We hypothesized that if serum factors
were contributing to mycobacterial growth inhibition as well as

cellular immunity, the vaccine response in this assay would be
diminished or lost when serum was swapped by time-point.

When serum was matched to time-point, there was a
significant improvement in control of mycobacterial growth at
84 days post-BCG vaccination compared with baseline, as
previously reported (50) (Figure 4A). When serum was
swapped between pre- and post-vaccination time-points
(baseline PBMC cultured with day 84 serum, and day 84
PBMC cultured with baseline serum), control of mycobacterial
growth was no longer different between time-points. This finding
was validated using samples (n=9) collected at baseline and 70
days from Study 2. When serum was matched to time-point,
there was a significant improvement in control of mycobacterial
growth at 70 days post-BCG vaccination compared with baseline
(Figure 4B). When serum was exchanged between pre- and post-
vaccination time-points, the difference in control of
mycobacterial growth was again lost. Control of mycobacterial
growth was modestly improved using cells taken at baseline
cultured with serum taken at 70 days post-vaccination compared
with serum taken at baseline (Figure 4B).

The mechanism by which serum factors may be influencing
mycobacterial growth control in the MGIA was explored by
measuring opsonization of BCG-GFP and ADCP using THP-1
derived macrophages and diluted serum from human Study 1
(n=9). The flow cytometry gating strategies are shown in Figure
$10. Opsonization rates were significantly higher when BCG-
GFP was incubated with serum from 84 days post-vaccination
compared with baseline at all three serum dilutions (Figure 5A).
To remove the influence of other serum components and
differing antibody titers and thus represent a cleaner system,
the assay was repeated using standardized amounts of total IgG
purified from pre- and post-BCG vaccination plasma. Effective
depletion of complement proteins was confirmed by Luminex
(Figure S11). Opsonization remained significantly increased
following vaccination (Figure 5B, C). Similar results were
obtained when total bacteria (GFP+ and GFP- combined) were
gated based on size to account for non GFP-expressing bacteria,
and when mean fluorescence intensity (MFI) was used as a read-
out to take into account bacteria opsonized with multiple
antibodies (Figure S12).

Macrophage phagocytosis of BCG-GFP also increased
significantly following incubation with post-vaccination sera or
purified IgG compared with sera or purified IgG from baseline,
and this effect was reversed when cells were first treated with anti-
Fc-y receptor (FcyR) antibody to block binding of the FcyRs
(Figures 6A-C). Following BCG vaccination, there was a
correlation between macrophage phagocytosis and opsonization
using 500 pg of purified IgG (r=0.7, p=0.04, Spearman’s, data
not shown).

4 DISCUSSION

We describe the induction of specific IgG following BCG
vaccination in two independent human cohorts (one from a
TB-endemic and one from a non-endemic region), consistent

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 798207


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Bitencourt et al.

Humoral Response to BCG Vaccination

® Recently BCG vaccinated

A
501 p = 0.0009
8% 401
<@
20 301
S c
2s
c?‘é 201
@
88 107
0 —o——————0—
Do D7 D70 DO D7 D70
c Timepoint (Days)
o p < 0.0001
@D 501
< p=0.03
g
20 401
o=
<o
S 307
£5s
8} |y
% o
%‘1 10 /
a 1. . . . . .
Do D7 D70 DO D7 D70
Timepoint (Days)
E
501
[®)
L 401 °
o= o
gﬂ- 30_ [ ]
[ =4
i .
8§ 201 % ‘
iy
E S 404 °° ° r=0.44
R p=0.18
0.
0.0 0.5 1.0 15

D7: BCG-specific ELISA OD (405nm)

measured at 7 days (E) and 70 days (F) after BCG vaccination.

© Historically BCG vaccinated (no intervention)

B
51 p =0.0009
—

BCG-specific ASC as a %
of IgG—-producing ASC

04 —o——————o— —L 3—
DO D7 D70 DO D7 D70
Timepoint (Days)

D
o p <0.0001
23 °%°] =0.03
o< p'_|— -
2 2041
33
& 2 0.3
@ 7
E
55021 o
S
(9] [ ]
232 0.1
@ =S
| ©
S o . EiE_‘;E
Q ® 0.0

Do D7 D70 DO D7 D70
Timepoint (Days)

50

40 °

30

20 .

10- r=0.83
p=0.003

D7: BCG-specific ASC
per million PBMC

0.0 05 10 15
D70: BCG-specific ELISA OD (405nm)

FIGURE 3 | BCG-specific IgG-secreting plasmablast (ASC) and memory B cell-derived ASC responses following BCG vaccination. ASC and mBC-derived ASC
responses were determined at baseline, 7 days and 70 days using cells collected from Nepalese military recruits enrolled into human Study 2 (red = historically BCG-
vaccinated individuals who received no intervention, cyan = BCG-naive individuals who received BCG vaccination). ASC responses are presented as the number of
BCG-specific ASCs per million PBMC (A) and as the proportion (%) of total IgG-secreting ASC (B). mBC responses are shown as the number of BCG-specific
mBC-derived ASC per million cultured PBMC (C) and as the proportion (%) of mBC-derived ASC of total IgG-secreting ASC (D). Points represent the mean of
triplicate values, boxes indicate the median value with the interquartile range (IQR) and the upper whisker extends to the largest value no further than 1.5 * IQR from
the hinge, the lower whisker extends from the hinge to the smallest value at most 1.5 * IQR from the hinge. Outliers are plotted individually. A Friedman test with
Dunn’s multiple comparisons test was used (A-D). A Spearman rank correlation was performed between ASC responses and BCG-specific IgG responses

with several previous reports (51-54). While others observed no
change in IgG titer following BCG vaccination, limitations of
such studies have included antibody quantification methods,
small sample sizes, variable/unspecified time-points and
differences in dose and strain of BCG (26, 55-57). Both of our
cohorts comprised healthy adults who received a standard dose
of BCG SSI and antibodies were measured up to ~3 months post-
vaccination. One limitation of our studies is the unequal number

of males and females. While it has been suggested that antibody
responses to other vaccines may be higher in females (58), we did
not observe any such sex differences. Interestingly, the greatest
fold change following vaccination was in IgG specific for M.tb
WCL and culture filtrate, suggesting recognition of secreted as
well as surface proteins. The historically BCG vaccinated
volunteers showed a sustained humoral response against LAM,
and it has previously been reported that anti-LAM or -AM
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FIGURE 4 | Serum factors contribute to BCG-induced control of mycobacterial growth in vitro. Samples were used from n=9 healthy UK adults enrolled into human
Study 1 (A) and n=9 healthy Nepalese military recruits enrolled into human Study 2 (B), all of whom received ID BCG vaccination. The direct MGIA was performed
using PBMC collected at baseline and 84 days (A) or 70 days (B) post-BCG vaccination, co-cultured with BCG and either autologous serum matched to time-point,
or autologous serum switched by time-point ie. post-vaccination serum cultured with baseline PBMC and baseline serum cultured with post-vaccination PBMC.
Normalized BCG growth = (log1o CFU of sample - logo CFU of growth control). Points represent the mean of duplicate values, boxes indicate the median value with
the interquartile range (IQR) and the upper whisker extends to the largest value no further than 1.5 * IQR from the hinge, the lower whisker extends from the hinge to

the smallest value at most 1.5 * IQR from the hinge. Outliers are plotted individually. A paired t-test was used to compare between time-points.

antibodies may contribute to protection from TB (28, 59, 60).
AM-specific IgG2, IgA and IgM are also boosted by BCG
revaccination (28); antibody responses to BCG revaccination
would be interesting to explore further in light of recent efficacy
data (17).

While macaques are partially protected by BCG vaccination
and considered the most relevant preclinical model for human TB
vaccine development, there is a paucity of literature on the
antibody response to BCG in this model (61-63). We
demonstrate BCG vaccine-mediated induction of specific 1gG
consistently across five different macaque studies, which included
two species and animals of different ages (young adults aged 2.3-
4.2 years and older adults aged 14-15 years). Interestingly, 1gG
and IgA levels were still rising at 56 days post-vaccination;
contrary to a recent report that suggested a peak at 28 days
(16). Although previous studies have reported that rhesus
macaques are more susceptible to acute progressive TB disease
and BCG confers lower efficacy compared with cynomolgus
macaques of Asian origin (33, 64), the study reported here was
in cynomolgus macaques of Mauritian origin which are less
genetically diverse with equal susceptibility to TB disease as
rhesus macaques (65, 66). We also observed similar fold change
in IgG and IgA levels relative to baseline in humans and macaques
at the comparable time-point (day 28), offering some confidence
in the translatability of this model in this context.

PPD-specific antibody levels in serum and plasma correlated
strongly, consistent with the observations of Siev et al. (67), but
were modestly yet significantly higher in serum across isotypes.
Other studies have similarly noted lower levels of proteins in
plasma than serum (68, 69), potentially associated with the
addition of anticoagulant to blood prior to obtaining plasma,
or the presence of fibrinogen (70). Although this may limit the

interchangeability of serum and plasma in the same experiment,
fold change in BCG vaccine-induced antibody responses was
comparable indicating that sensitivity to detect a vaccine-
induced response does not differ. One limitation of this study
is that only serum and plasma were available, so we were unable
to evaluate secretory IgA which may be of particular relevance
against pulmonary infection by blocking mycobacterial entrance
and/or modulating proinflammatory responses (71-74). Future
work should aim to assess this localized antibody response in
addition to those in the systemic blood compartment.

To our knowledge, the specific antibody-secreting B cell
response to BCG vaccination has not been previously
described. We observed induction of BCG-specific 1gG-
secreting plasmablasts at 7 days post-BCG vaccination
returning to baseline by day 70, consistent with the kinetic of
response to other primary vaccinations (40, 41). BCG-specific
mBC responses were detectable in the group who had received
BCG up to 20 years previously, in concordance with a previous
study (43). However, the responses noted here are higher, which
may be due to the use of different antigens and different
populations. Unfortunately sample availability did not allow
the testing of responses to other mycobacterial antigens, but
this would be interesting to explore in future - particularly
whether the apparently superior durability of LAM-specific
IgG responses corresponds to long-lived LAM-specific mBCs.
In the previously BCG-naive group, mBCs induced by BCG
vaccination were apparent at 7 days, as per the murine model
(75). A study assessing longitudinal mBC responses following
exposure to malaria vaccines showed a gradual increase in
specific mBCs which peaked at 84 days before declining by 140
days (42). We were unable to define the peak or longevity of
mBC responses in our study due to logistical restrictions on
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FIGURE 5 | Enhanced opsonization of BCG-GFP with sera or purified IgG following BCG vaccination. Samples were used from n=9 healthy UK adults enrolled into
human Study 1. BCG-GFP was incubated with either serum at different dilutions (A) or purified IgG at different concentrations (B) collected at baseline and 84 days
post-BCG vaccination, and the percentage of BCG-GFP that was opsonized was determined by flow cytometry. Points represent the mean of duplicate values,
boxes indicate the median value with the interquartile range (IQR) and the upper whisker extends to the largest value no further than 1.5 * IQR from the hinge, the
lower whisker extends from the hinge to the smallest value at most 1.5 * IQR from the hinge. Outliers are plotted individually. A Wilcoxon matched-pairs test was
used to compare between time-points. Flow plots are shown from a single replicate of one subject at baseline and 84 days post-BCG vaccination using different
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collecting later follow-up samples, but one would similarly
expect contraction to a persisting residual level over time (76).
A further limitation is the lack of sample for flow cytometry-
based analysis of antigen-specific cells which would allow
definitive identification and quantification of ASCs and mBCs.
Interestingly, we saw relatively high antibody responses at
baseline and in the naive unvaccinated controls across isotypes
and studies, which may indicate cross-reactive antibodies
induced by environmental exposure to non-tuberculous
mycobacteria (77, 78). Others have also noted pre-existing
specific antibodies in serum from PPD-negative individuals
with no known exposure to M.tb (27, 79). It is possible that an
element of the ASC response in the Nepalese cohort was due to
the generation of plasmablasts from pre-existing mycobacteria-
specific mBCs. Indeed, the rapidity and magnitude of the ASC
response was comparable to recall responses observed in
secondary vaccination studies (40, 42); although this
hypothesis is not supported by the lack of mBC responses at
baseline in unvaccinated volunteers, they may have been present
at frequencies below the limit of detection of the ELISpot assay. It

remains to be determined whether baseline reactivity interferes
with induction of a humoral response to BCG vaccination in the
way it appears to affect IFN-y responses (80), particularly given
the widely-accepted masking/blocking hypotheses for the
geographical variation in BCG efficacy (12).

In order to explore a functional role for the antibodies
detected, we applied a sum-of-the-parts mycobacterial growth
inhibition assay (MGIA) that we have previously optimized as a
potential surrogate of TB vaccine-induced protection (48, 50, 81-
85). Various immune mechanisms have been proposed to
contribute to mycobacterial control in this assay including
polyfunctional CD4+ T cells and trained innate immunity (48,
83, 84). In two independent cohorts, we confirmed previous
findings of enhanced mycobacterial growth control following
BCG vaccination, and further showed that this effect was reduced
by exchanging pre- for post-vaccination serum and vice versa. In
our second human cohort, we observed enhanced mycobacterial
control when baseline cells were cultured with post-vaccination
serum compared with baseline cells cultured with baseline
serum, although the effect was less pronounced than between
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vaccination using purified IgG (C).

baseline cells cultured with baseline serum and post-vaccination
cells cultured with post-vaccination serum. This suggests that
control of mycobacterial growth in the direct MGIA is mediated
by a combination of cellular and humoral immunity, although
the mechanism by which antibodies contribute is as
yet undetermined.

Our finding of increased opsonization and macrophage
phagocytosis of BCG using post-vaccination compared with
pre-vaccination serum points to a functional role for BCG
vaccine-induced antibodies that may contribute to the
mycobacterial growth control observed in the MGIA. This is
consistent with other studies reporting enhancement of
opsonophagocytosis and mycobacterial growth control via
antibody-mediated mechanisms (27, 28). That increased
opsonization and ADCP following vaccination were also
observed using standardized quantities of purified IgG suggests
that a) IgG antibodies are mediating this effect at least in part,
and b) there may be vaccine-induced qualitative differences in
the functional capacity of these antibodies, although the
proportion of antigen-specific IgG within total IgG was not
standardized. A stronger ADCP effect observed with diluted
serum compared to purified IgG suggests that other serum
factors such as complement are contributing, although this
difference may also be influenced by the low concentrations of
purified IgG used. We also provide further evidence that the
enhancement of macrophage phagocytosis is FcyR-mediated
(28). In future, it would be interesting to adapt the assay for
use with primary cells to take into account effects of BCG
vaccination on monocytes and how these influence ADCP.

In conclusion, we have demonstrated the BCG vaccine-
mediated induction of specific antibodies that are modestly
higher in serum than plasma and comparable across humans
and macaques in magnitude of vaccine response, as well as serum
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FIGURE 6 | Enhanced macrophage phagocytosis of BCG-GFP with sera or purified IgG following BCG vaccination. Samples were used from n=9 healthy UK adults
enrolled into human Study 1. Antibody-dependent cellular phagocytosis was measured using human THP-1 derived macrophages and serum (A) or purified IgG (B)
from baseline and 84 days post-BCG vaccination and the percentage of BCG-GFP that was phagocytosed was determined by flow cytometry. Points represent the
mean of duplicate values, boxes indicate the median value with the interquartile range (IQR) and the upper whisker extends to the largest value no further than 1.5 *
IQR from the hinge, the lower whisker extends from the hinge to the smallest value at most 1.5 * IQR from the hinge. Outliers are plotted individually. A Wilcoxon
matched-pairs test was used to compare between time-points. Flow plots are shown from a single replicate of one subject at baseline and 84 days post-BCG

responses to a range of mycobacterial fractions. We have also
shown for the first time the rapid and transient induction of
antibody-secreting plasmablasts following BCG vaccination,
together with a robust memory B cell response at 70 days post-
vaccination. While contracted, a measurable mBC response was
still present in volunteers that received BCG vaccination up to 20
years previously, suggesting that this pool is maintained and may
contribute to a long-lived humoral response. Finally, we used
functional assays to demonstrate a potential contribution of
antibodies to BCG vaccine-mediated control of mycobacterial
growth that is FcyR-mediated. Future work should aim to
perform similar assessments in studies where protection data
are available so that it can be determined whether different
aspects of the antibody response relate to levels of protection
from TB in vivo. Further characterization of the BCG-induced
response may aid in the design of more efficacious TB vaccine
candidates that could benefit from the induction of humoral as
well as cellular immunity.
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