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BCG – the only available vaccine against tuberculosis (TB) - was first given to babies 100 years ago in
1921. While it is effective against TB meningitis and disseminated TB, its efficacy against pulmonary
TB is variable, notably in adults and adolescents. TB remains one of the world’s leading health problems,
with a higher prevalence among men. Male sex is associated with increased susceptibility to
Mycobacterium tuberculosis in mice, but sex-specific responses to BCG vaccination have not been exam-
ined. In this study we vaccinated TB-susceptible 129 S2 mice with BCG and challenged with low-dose
M. tuberculosis H37Rv by aerosol infection. BCG was protective against TB in both sexes, as unvaccinated
mice lost weight more rapidly than vaccinated ones and suffered from worse lung pathology. However,
female mice were better protected than males, showing lower lung bacterial burdens and less weight
loss. Overall, vaccinated female mice had increased numbers of T cells and less myeloid cells in the lungs
compared to vaccinated males. Principal component analysis of measured features revealed that mice
grouped according to timepoint, sex and vaccination status. The features that had the biggest impact
on grouping overall included numbers of CD8 T cells, CD8 central memory T cells and CD4 T effector cells,
with neutrophil and CD11b+GR-1� cell numbers having a big impact at day 29. Hierarchical clustering
confirmed that the main difference in global immune response was due to mouse sex, with only a few
misgrouped mice. In conclusion, we found sex-specific differences in response to M. tuberculosis H37Rv
-challenge in BCG-vaccinated 129 S2 mice. This highlights the need to include both male and female mice
in preclinical testing of vaccine candidates.
� 2021 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction Calmette Guérin (BCG) [1,2]. They had continuously passaged
One hundred years ago (1921), Albert Calmette and Camille
Guérin from the Pasteur Institute in Lille supervised the first vacci-
nation of a newborn with their newly developed vaccine, Bacille
Mycobacterium bovis on ox bile-soaked potato slices over 230
times. M. bovis is the etiologic agent of cattle tuberculosis (TB),
and at that time was particularly threatening to neonates, as con-
taminated milk from infected cows could cause infection orally.
Accordingly, BCG was initially given orally, and only later by intra-
dermal application. The first vaccinated neonate was born into a
household containing a TB patient, and was considered highly at
risk. The death rate of neonates born into such environments ran-
ged from 15% to 50%. Over the following years, numerous neonates
were vaccinated with BCG and retrospective analysis revealed that
<1% of them died of TB [2]. Although these were not controlled
clinical trials, it was obvious that the vaccine could reduce mortal-
ity of neonates markedly. Subsequently, BCG has been adminis-
e com-
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tered to over 4 billion individuals – mostly neonates – and has
become the most widely used vaccine globally. Every year, 120–
140 million neonates are immunized with BCG as part of the
Expanded Program of Immunization (https://www.who.int/immu-
nization/programmes_systems/en/). Numerous studies have
shown that BCG protects neonates against TB, particularly extra-
pulmonary TB [3,4]. However, its value as vaccine against pul-
monary TB remains questionable, especially in adolescents and
adults. Meta-analyses suggest overall efficacy of approximately
50% for BCG against TB, but this varies greatly between regions
[3,5]. Accordingly, today TB remains one of the deadliest infectious
diseases worldwide. In 2019, around 10 million individuals devel-
oped active TB and 1.4 million died [6]. TB is a chronic disease pri-
marily caused by the acid fast bacillus, Mycobacterium tuberculosis
(Mtb). Factors that impact susceptibility to TB remain incompletely
understood [7]. Gender and sex seem to influence the risk of TB,
with males being more susceptible than females. Globally, more
men become infected and die annually from TB than women [6].
A meta-analysis of TB prevalence surveys from 28 countries found
that prevalence among men was more than twice as high as among
women [8]. This study concluded that male sex should be consid-
ered a risk factor for TB disease. The increased prevalence in males
was initially thought to be solely due to sociological factors; how-
ever, evidence suggests that biological differences contribute too
[9–11]. Factors that may render men more susceptible to pul-
monary TB include sex steroid hormones, genes on the X and Y
chromosomes, and sex-specific metabolic features [9,12]. In child-
hood, TB prevalence in males and females is equal, but between 10
and 16 years the prevalence begins to rise in males, until from age
30 onwards they are more susceptible than females by twofold
[13]. This indicates a role for sex steroid hormones in the increased
susceptibility. The influence of sex steroid hormones on immune
responses has been widely documented in humans and in animal
models using castrated and hormone-reconstituted animals
[7,9,14]. Castration of male mice causes androgen deprivation,
leading to increased T cell numbers in peripheral lymph nodes
and increased T cell proliferation after exposure to antigen [15].
Specific X and Y chromosome genes have also been identified that
control molecular cascades leading to sex differences in disease
[16,17].

Male mice of multiple strains have also demonstrated increased
susceptibility to Mtb and other mycobacterial strains, including M.
avium, M. marinum and M. lepraemurium [18–22]. In M. avium
infection, ovariectomized mice suffered from increased lung bacte-
rial loads [21]. This effect was reversed by administration of 17b-
estradiol, which enhanced macrophage activity against M. avium.
Conversely, castration reversed the increased susceptibility of male
mice toM. marinum [20]. Male BALB/c mice have increased suscep-
tibility to Mtb, with higher bacterial loads and increased mortality
compared to females and castrated males [19]. Similarly, male
C57BL/6 mice have increased susceptibility, with elevated bacterial
loads and a strong, early inflammatory response in the lungs, coin-
ciding with increased pathology and mortality [18]. Pulmonary
pathology develops differently in C57BL/6 males and females in
terms of immune cell recruitment and spatial organisation, with
males having smaller lymphoid aggregates and increased myeloid
cell infiltrates [18], as well as smaller B cell follicles in the lungs
[23]. Little is known about the role of sex in BCG efficacy, although
sex differences have been described in immunity to other vaccines
[12].

The mouse has been used widely as an experimental model for
TB. In the commonly used C57BL/6 and BALB/c mouse strains,
males were found to be more susceptible than females [18,19].
Both of these mouse strains are relatively resistant to TB [24].
The less frequently used mouse strain 129 S2 is highly susceptible
to TB and even low dose infection generally leads to death within
2

weeks after challenge. Susceptibility is dependent on type I inter-
feron responses and associated with infiltration of neutrophils
and inflammatory monocytes into the lung [25], both characteris-
tic of human TB [26,27]. Transcriptomic analysis revealed that
compared to the gene expression profile of infected C56BL/6 mice,
the expression profile of infected 129 S2 mice is more similar to
that of humans with active TB disease [28]. At day 21 post infec-
tion, lung pathology of 129 S2 mice was characterized by large,
necrotic lesions, whereas that of C57BL/6 mice comprised smaller,
non-necrotic lesions with less inflammation. By analyzing concor-
dant and discordant gene modules, the T-cell response was identi-
fied as the major discriminator between 129 S2 and C57BL/6 mice
at day 21 post infection. Based on this information, we decided to
test the 129 S2 mouse as a model for evaluating TB vaccine candi-
dates. We analyzed the impact of sex on BCG vaccine efficacy in
129 S2 mice and found weaker protective efficacy against Mtb
challenge in males. Our data indicate that male mice suffered from
increased infiltration into the lung of myeloid cells as well as
reduced T-cell responses.
2. Methods

2.1. Bacterial strains

The Mtb H37Rv (ATCC; catalogue no. 27294) and BCG Danish
1331 (BCG SSI) (ATCC; catalogue no. 35733) were grown in Middle-
brook 7H9 broth (BD) supplemented with albumin-dextrose-
catalase enrichment (BD), 0.2% glycerol, and 0.05% Tween 80 or
on Middlebrook 7H11 agar (BD) containing 10% (vol/vol) oleic
acid-albumin-dextrose-catalase enrichment (BD) and 0.2% glyc-
erol. BCG was grown to mid-log phase, washed with phosphate-
buffered saline (PBS) and stored at �80 �C in PBS/10% glycerol.
Prior to vaccination, BCG were thawed, washed in PBS and pre-
pared at a dose of 106 colony forming units (CFU) in 100 ll PBS.
2.2. Mouse model

Mice were bred in-house and housed in individually ventilated
cages. All mouse experiments were ethically approved by the State
Office for Health and Social Services, Berlin, Germany (project
number G0120/16). Mice were handled in accordance with the
European directive 2010/63/EU on Care, Welfare and Treatment
of Animals. All efforts were taken to minimize their discomfort.
6–8 week old 129 S2 mice were vaccinated subcutaneously at
the tail base with 1x106 CFUs BCG or left unvaccinated as a control.
At 60 days post vaccination, mice were aerosol-infected with a low
dose of 20–50 CFU of Mtb H37Rv using a Glas-Col inhalation expo-
sure system. Input CFUS were checked at 24 h post infection by
plating whole lung homogenates from input control mice onto
Middlebrook 7H11 agar plates, and counting colonies 3–4 weeks
later. Mice were weighed weekly until day 14, and twice a week
thereafter. Mice were euthanized if weight loss exceeded 15% or
mice reached symptom score 2. Blood was collected for serum
antibody measurements. Spleens were collected for CFUs. Lungs
were collected and divided for CFUS (right lung) and flow cytome-
try (left lung). Right or left lungs were collected for histology from
some of the mice.
2.3. Mycobacterial loads

Spleens and lungs were homogenized by manual mechanical
disruption in Whirl-Pak sample collection bags (Roth) containing
1 ml PBS/0.05% Tween80 (PBS-T), prepared as 10-fold serial dilu-
tions and plated on Middlebrook 7H11 agar containing ampicillin.
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CFUs were counted 3–4 weeks after incubation of the plates at
37 �C.

2.4. Symptom score

0: Smooth coat, clear eyes, normal movement and behaviour,
normal interactions with other mice, active movement when
awake, no weight loss, adequate reaction to gentle stimuli, normal
breathing

1: Unkempt coat, slightly delayed reaction to gentle stimuli,
weight loss of 0–10%

2: Shaggy coat, secretions from eyes or nose, sunken eyes, poor
interaction with other mice, delayed/ weak reaction to gentle stim-
uli, weight loss of 10–15%, increased breathing rate

3: Very shaggy coat, abnormal posture, avoiding movement,
self-isolation, vocalisation, self-mutilation, lateral position, weight
loss > 15%, increased breathing or obvious dyspnoea

We performed euthanasia if animals reached weight loss of 15%
or score 2.

2.5. Histology

Lungs were fixed in 4% formaldehyde in PBS and embedded in
paraffin wax. Tissue sections were stained with Giemsa and whole
lung sections were scanned with a ZEISS Axioscan Z1 driven by
ZEN. Lung pathology analysis was performed using Volocity (Per-
kin Elmer).

2.6. Flow cytometry

The left lung was cut into small pieces and digested for 1 h at
37 �C in Iscove’s Modified Dulbecco’s Medium (IMDM) (Gibco) con-
taining 13 lg/mL DNase I (Sigma-Aldrich) and 50 U/mL collagenase
IV (Sigma-Aldrich). Single-cell suspensions were prepared by pass-
ing digested tissue through 70 lM cell strainers (Corning Falcon).
Isolated lung cells were stained with fluorescent antibodies in
PBS/0.1% BSA containing Fc block (anti-FccRII/III, clone 24G2, pro-
duced in-house) and 1% rat serum and detected by flow cytometry.
Intracellular staining of transcription factors was performed using
the Transcription Factor Buffer set (BD Pharmingen). Cells were
acquired on a Cytoflex (Beckman Coulter). Data were analysed
using Flowjo software (Tree Star Inc., Ashland, OR).

The antibody panels used and the gating strategy are shown in
the Supplemental Material.

2.7. Specific IgG

Mycobacteria--specific antibodies were measured in serum col-
lected at day 21 by indirect ELISA. Plates were coated with Mtb
H37Rv lysate (BEI Resources), and IgG antibodies were detected
with AP-labeled anti-mouse IgG (SouthernBiotech).

2.8. Statistical analyses

The comparison between four groups was performed using lin-
ear modelling (multicomp R package; glht function) with the fol-
lowing contrasts: differences between male mice (control vs
BCG), differences between female mice (control vs BCG) separately
and jointly between male and female (interaction), which is the
equivalent contrast for two-way ANOVA. Correction for multiple
testing was performed using the single-step approach (adjustment
of p-values based on the joint t-distribution of the linear function).
For comparison of two groups, the Mann-Whitney test was per-
formed using GraphPad Prism version 9.0.0.

Principal Component Analysis (PCA) was performed for the
complete set of measurements using the prcomp R function and
3

the rotation vector of component 1 and 2 was investigated to
reveal features impacting particular components. The hierarchical
clustering (HC) was performed using the complete method on
Euclidian distance (pheatmap R package). Both PCA and hierarchi-
cal clustering were performed in R programming language.
3. Results

3.1. Reduced efficacy of BCG vaccination in male mice

Male and female TB-susceptible 129 S2 mice were vaccinated
subcutaneously with 1x10E6 CFUs BCG and challenged with 20-
50CFUs Mtb H37Rv at 60 days post vaccination. Control mice were
unvaccinated. Weights were monitored and the percentage weight
change was calculated for each mouse (Fig. 1A). Unvaccinated
female control mice showed weight loss starting shortly before
day 21, while BCG-vaccinated mice did not lose weight. In contrast,
both unvaccinated and BCG-vaccinated male mice showed weight
loss shortly before day 21, although this was ameliorated in the
vaccinated mice. By day 21, unvaccinated control male and female
mice reached 15% body weight loss and had to be euthanized. BCG-
vaccinated female mice showed no signs of illness up until the end
of the experiment at day 29 (Fig. 1B), whereas the remaining male
mice showed signs of illness such as reduced movement and
ungroomed fur. We used linear modelling (see Methods) to to
determine whether there was a difference between the effects of
BCG vaccination in male and female mice. This method allowed
us to contrast 1) unvaccinated and vaccinated female mice, 2)
unvaccinated and vaccinated male mice, and 3) male and female
(interaction). The results showed a significant difference between
males and females in terms of symptom scores.

Bacterial burdens were measured in the lungs and spleens col-
lected at the experimental endpoint (day 29 for vaccinated mice, or
day 21 for unvaccinated mice, which had to be euthanized earlier)
(Fig. 1C). BCG-vaccinated females had significantly lower bacterial
burdens in the lungs and spleen at day 29 compared to the burdens
in control unvaccinated mice at day 21. In contrast, there was no
statistically significant reduction in Mtb load in the lungs of male
BCG-vaccinated mice, although there was a trend to a reduction,
with lower median values in vaccinated mice, and decreased bac-
terial loads in the spleen. In a separate experiment, we collected
lung samples for histology at day 21. Image analysis of lung pathol-
ogy indicated that BCG vaccination decreased the size of lesions in
BCG-vaccinated male mice compared to unvaccinated controls
(Fig. 2A and 2B). Female mice showed a similar tendency to
decreased lesion size after BCG vaccination.
3.2. Lung cell populations in BCG-vaccinated male and female mice

We analysed lung cell populations in male and female BCG-
vaccinated mice by flow cytometry at day 29 post Mtb challenge
(Fig. 3A to J). The gating strategies are shown in Supplementary
Fig. 1. Data were pooled from two experiments. We did not have
sufficient cells to perform myeloid cell staining in one of the mice.
Total numbers of lung cells were similar between male and female
vaccinated mice (Supplementary Fig. 2A). Susceptibility of 129 S2
mice has been associated with increased infiltration of the lungs
with inflammatory monocytes and neutrophils [25]. In our exper-
iments, the percentages and numbers of neutrophils tended to be
raised in male mice (Fig. 3A), and percentages and numbers of
inflammatory monocytes (Fig. 3B) were increased in male mice
compared to females. Macrophages are the main host cell for Mtb
bacilli, therefore we also examined CD11b+GR-1� cells (mono-
cytes/macrophages) and alveolar macrophages. Percentages and
numbers of CD11b+GR-1� monocytes/macrophages were also



Fig. 1. Reduced efficacy of BCG vaccination in male compared to female mice. Mice were vaccinated with 1 � 10E6 BCG and challenged by aerosol at day 60 post vaccination
with 20–50 CFUs Mtb H37Rv. Unvaccinated control mice had to be euthanized at day 21 due to weight loss while vaccinated mice were analysed at day 29. A) Percentage
weight change after infection. B) Symptom score at the endpoint. C) Bacterial burdens in lungs and spleen at the endpoint. CFUs: colony forming units. Statistical significance
was calculated by linear modelling with contrast set within sex group and between groups and correction for multiple testing was performed. *, P < 0.05; **, P < 0.01; ***,
P < 0.001. Representative of two experiments, n = 4–6 per group.
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increased in male mice compared to females (Fig. 3C), while alve-
olar macrophage numbers were similar in males and females
(Fig. 3D). The myeloid-cell-to-T-cell ratio (MTR) was increased in
male mice (Supplementary Fig. 2B).

T cell responses are considered critical in TB immunity. Effector
memory T (TEM) cells elicited by BCG can control acute infection,
while long-term protection requires the generation of central
memory T (TCM) cells [29]. TCM cells circulate between the blood
and lymph nodes but can rapidly enter the tissues in response to
infection or tissue injury [30,31]. In BCG-vaccinated 129 S2 mice
challenged with Mtb, the populations of CD4 TEM, CD8 TEM and
CD4 TCM were similar between males and female lungs (Fig. 3E-
G), but populations of CD8 TCM cells were increased in females
compared to males (Fig. 3H). The establishment of a resident mem-
ory T (TRM) cell population in the lungs is considered an important
component of immunity to pulmonary TB [32]. At day 29, percent-
ages and numbers of CD4 TRM were similar in males and females
(Fig. 3I), while CD8 TRM numbers were slightly increased in males
(Fig. 3J). Numbers of CD4 and CD8 T cells and the CD4/CD8 T cell
ratio were similar between males and females (Supplementary
Fig. 2C-E). B cell populations were not significantly different
between males and females (Supplementary Fig. 2F). In addition,
mycobacteria-specific IgG levels were similar in males and females
at day 21 (Supplementary Fig. 2G).

3.3. Pulmonary leukocyte populations in BCG-vaccinated and control
mice at day 18

As differences in cell populations can reflect differences in bac-
terial burdens, we investigated lung cell populations at day 18 post
challenge, prior to the onset of weight loss and signs of disease. At
this timepoint, lung bacterial loads were decreased in both male
and female BCG-vaccinated mice compared to unvaccinated con-
trols, while spleen Mtb burdens were similar between all groups
4

(Fig. 4A). Total numbers of isolated lung cells were not significantly
different between the groups (Fig. 4B). Trends between mouse
groups were the same in two experiments, but we did not pool
the data as for some parameters the actual values varied. At this
timepoint, populations of neutrophils, inflammatory monocytes,
CD11b+GR-1� monocytes/macrophages and alveolar macrophages
were all similar between the groups (Fig. 4C-F). The MTR showed
a tendency to be raised in both male groups (Supplementary
Fig. 2H).

Male mice tended to have decreased proportions and numbers
of both CD4 and CD8 T cells in lungs at day 18 compared to females
(Fig. 5A and B). However, BCG vaccination tended to increase pop-
ulations of CD4 TEM in both male and female mice (Fig. 5C). In con-
trast, CD4 TCM numbers tended to be lower in males (Fig. 5D).
Similar to day 29, the numbers of CD8 TEM tended to be lower in
BCG-vaccinated males than in females (although percentages were
raised) (Fig. 5E), and analysis by linear modelling indicated a differ-
ence between males and female responses in this cellular compart-
ment. Also similar to day 29, populations of CD8 TCM tended to be
decreased in male BCG-vaccinated mice compared to females
(Fig. 4F). CD4 TRM and CD8 TRM populations also tended to be lower
in males than in females (Fig. 5G and H). Interestingly, in BCG-
vaccinated male mice the CD4/CD8 ratio was increased compared
to unvaccinated controls, whereas this was not the case in females
(Supplementary Fig. 2I).

We performed additional experiments to examine the T cell
phenotypes. The percentages of lung CD4 and CD8 T cells express-
ing the proliferation marker Ki-67 were increased in male mice
only (Fig. 6A and B). Percentages of CD4 T cells expressing the tran-
scription factors T-bet and RORcT, markers of Th1 cells and Th17
cells, respectively, were increased in both male and female mice
(Fig. 6C and D). In contrast, BCG vaccination decreased percentages
of lung CD25+Foxp3+ regulatory CD4 T cells (Treg) in both males and
females (Fig. 6E).



Fig. 2. Pulmonary pathology in BCG-vaccinated mice and unvaccinated controls. Mice were vaccinated with 1 � 10E6 BCG and challenged by aerosol at day 60 post
vaccination with 20–50 CFUs Mtb H37Rv. Lungs were collected at day 21. A) Lung sections were scanned with a ZEISS Axioscan Z1 driven by ZEN. B) Scanned lung sections
were analysed with Volocity for percentage of infiltrated area (Perkin Elmer). The % of infiltrated lung = infiltrated area/(normal tissue area) x100. Statistical significance was
calculated by linear modelling with contrast set within sex group and between groups and correction for multiple testing was performed. *, P < 0.05. n = 5 per group.
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3.4. Principal component analysis and hierarchical clustering

Principal component analysis (PCA) was performed on the mea-
sured features (immune cell populations, symptom scores, bacte-
rial loads), to graphically represent the division between the
analysed groups. Fig. 7A (Day 18) and Fig. 7B (Day 29) show that
clusters of female and male mice can be distinguished by the most
informative components 1 and 2 (details of levels of variance
explained in PCA are included in Supplementary Fig. 3). Moreover,
Fig. 7A shows that at day 18 the unvaccinated control mice of both
sexes lie close together on the plot. A rotation matrix investigation
was performed to extract the most influential measured features
(Supplementary Fig. 4). At day 18, features that had the biggest
impact on grouping included numbers of CD4 TEM, percentages of
CD4 TRM, numbers of CD8 T cells, CD8 TCM and CD8 TRM, and num-
bers of T bet+ and ROR-ct CD4 T cells (Supplementary Fig. 4A),
which is consistent with the single feature statistical analysis. At
day 29, the neutrophils, CD8 TCM, CD8 T cell numbers, and the
CD11b+GR-1� cells had a big impact (Supplementary Fig. 4B). Prin-
cipal component analysis of data from both days together showed
that the timepoint had the biggest impact on grouping (Supple-
mentary Fig. 5). Features that had a big impact on this grouping
included numbers of CD4 and CD8 T cells, percentages of CD4
TRM, CD4 TEM and CD8 TCM, the CD4/CD8 ratio, and numbers of
inflammatory monocytes (Supplementary Fig. 6).

To confirm general differences between male and female mice,
unsupervised clustering was performed (hierarchical clustering).
5

Fig. 8A and 8B show that the main difference in global response
was due to the mouse sex, with only a few misgrouped mice. At
day 18, further grouping was related to vaccination status, and
the similarity between unvaccinated controls can be observed,
with 2 female mice having a similar global response profile to con-
trol males (Fig. 8A). Overall, this suggests differences between the
sexes in the responses to BCG vaccination.

4. Discussion

In our experiments with TB-susceptible 129 S2 mice, BCG vac-
cination showed better protective efficacy againstMtb H37Rv chal-
lenge in female mice than it did in males. The efficacy of BCG
vaccination in 129S2 mice has been previously assessed in two
studies investigating BCG vaccination in different mouse strains
[7,33]. In the study by Smith et al, only male mice were examined
[7], and in the study by Zelmer et al., the sex of the mice was not
reported [33]). Using only male mice, Smith et al. found that bac-
terial loads were only reduced in the spleen, and not in the lungs,
of BCG-vaccinated mice at week 4 post infection with Mtb H37Rv
[7], which agrees with our findings. In their study, mice were vac-
cinated with 1 � 10E5 BCG and challenged at 12 weeks post vacci-
nation, while in ours mice were vaccinated with 1 � 10E6 BCG and
challenged 2 months post vaccination. Zelmer et al. vaccinated
mice with 2 � 10E5 CFUs of BCG and challenged with 30 CFUs of
Mtb Erdman 6 weeks after vaccination [33]. They also did not find
a significant effect of BCG vaccination on lung bacterial burdens at



Fig. 3. Comparison of pulmonary immune cell populations in male and female BCG-vaccinated mice. Mice were vaccinated with 1 � 10E6 BCG and challenged by aerosol at
day 60 post vaccination with 20–50 CFUs Mtb H37Rv. At day 29, lungs were harvested and cells were isolated by digestion with collagenase and DNAse. Lung cell populations
were analysed by flow cytometry. A) Neutrophils (Ly6Ghi Ly6Chi CD11b+). B) Inflammatory monocytes (iMOs) (Ly6C+ Ly6G� CD11b+CD11c�). C) CD11b+GR-1� cells (CD11c�)
(monocytes/macrophages). D) Alveolar macrophages (CD11c+SiglecF+). E) CD4 T effector memory cells (TEM)(CD3+CD4+CD44+CD62L�). F) CD8 TEM (CD3+CD8+CD44+CD62L�).
G) CD4 T central memory cells (TCM) (CD3+CD4+CD44+CD62L+). H) CD8 TCM (CD3+CD8+CD44+CD62L+). I) CD4 T resident memory cells (TRM) (CD3+CD4+CD103+CD69+). J) CD8 T
resident memory cells (TRM) (CD3+CD8+CD103+CD69+). Statistical significance was calculated using the MannWhitney. *, P < 0.05; **, P < 0.01. Pooled data from two individual
experiments, n = 3–5 per group per experiment.
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Fig. 4. Pulmonary myeloid cell populations of BCG-vaccinated and unvaccinated control mice at day 18. Mice were vaccinated with 1 � 10E6 BCG and challenged by aerosol
at day 60 post vaccination with 20–50 CFUs Mtb H37Rv. At day 18, lungs were harvested and cells were isolated by digestion with collagenase and DNAse. Lung cell
populations were analysed by flow cytometry. A) Bacterial loads in lungs and spleens at day 18 post-infection. B) Total lung cells isolated from one lung per mouse. C)
Neutrophils (Ly6Ghi Ly6Chi CD11b+). D) Inflammatory monocytes (iMOs) (Ly6C+ Ly6G� CD11b+CD11c�). E) CD11b+GR-1� cells (CD11c�)(monocytes/macrophages). F) Alveolar
macrophages (CD11c+SiglecF+). Statistical significance was calculated using linear modelling with contrast set within sex group and between groups and correction for
multiple testing was performed. *, P < 0.05; **, P < 0.01. Representative of two experiments, n = 4–5 per group per experiment.
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7 weeks post challenge. Interestingly, Smith et al. found that sus-
ceptibility to TB and the efficacy of BCG vaccination in different
mouse strains were independently controlled by the mouse geno-
type [7].

In our study, BCG vaccination reduced areas of lungs with
lesions in both male and female mice after Mtb challenge. Yet, per-
centages of myeloid cells were increased among lung cells of male
vaccinated and challenged mice, as previously observed in C57BL/6
mice [18]. Neutrophils contribute towards disease in 129 S2 mice
[25], and are associated with active TB disease in humans
[26,27]. Inflammatory monocytes and other myeloid cells serve
as a niche for Mtb infection [34], and the monocyte-to-
lymphocyte ratio (MLR) is increased during active TB in humans
[35]. A recent study indicates that the MLR is higher in males than
in females during TB [36]. As a substitute for MLR in humans, we
7

calculated the MTR in our mice, and found that the MTR was
increased in male mice.

At day 18 post challenge, there was a trend to increased per-
centages of CD4 TEM and CD4 TRM in both male and female BCG-
vaccinated mice, but numbers of these cells tended to be lower
in males. A limitation of our study is that we did not inject mice
with labelled anti-CD45 prior to isolating the lungs, which can dis-
criminate circulating cells and tissue-localized cells [37]. There-
fore, some of the TEM and TCM we detected may have been
circulating cells. However, TRM were characterized by their expres-
sion of CD103 (alpha E integrin; aE) and CD69, functional markers
that distinguish tissue-resident cells from those in circulation [38].
Adhesive interactions between aE/b7 and E-cadherin allow the
retention of TRM cells in the tissue, while CD69 limits the exit of
the cells from the tissue [38]. In particular, CD103 is upregulated



Fig. 5. Pulmonary T cell subsets of male and female BCG-vaccinated mice at day 18. Mice were vaccinated with 1 � 10E6 BCG and challenged by aerosol at day 60 post
vaccination with 20–50 CFUs Mtb H37Rv. At day 18, lungs were harvested and cells were isolated by digestion with collagenase and DNAse. Lung cell populations were
analysed by flow cytometry. A) CD4 T cells (CD3+CD4+). B) CD8 T cells (CD3+CD8+). C) CD4 T effector memory cells (TEM)(CD3+CD4+CD44+CD62L�). D) CD4 T central memory
cells (TCM) (CD3+CD4+CD44+CD62L+). E) CD8 TEM (CD3+CD8+CD44+CD62L�). F) CD8 TCM (CD3+CD8+CD44+CD62L+). G) CD4 T resident memory cells (TRM) (CD3+CD4+CD103+-
CD69+). H) CD8 TRM (CD3+CD8+CD103+CD69+). Statistical significance was calculated using linear modelling with contrast set within sex group and between groups and
correction for multiple testing was performed. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Representative of two experiments, n = 4–5 per group per experiment.
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in response to changes in the local cytokine environment [31,38].
Interestingly, increased numbers of tissue resident leukocytes
were previously reported in female mice during sepsis [39]. In this
8

study, macrophages from female mice were found to be more
effective in phagocytosis and bacterial killing, while the presence
of proportionally more CD4 T cells in females than in males limited



Fig. 6. Phenotype of T cells in the lungs of BCG-vaccinated and unvaccinated control mice at day 18. Mice were vaccinated with 1 � 10E6 BCG and challenged by aerosol at
day 60 post vaccination with 20–50 CFUs Mtb H37Rv. At day 18, lungs were harvested and cells were isolated by digestion with collagenase and DNAse. Lung cell populations
were analysed by flow cytometry. A) Ki67 expressing CD4 T cells. B) Ki67 expressing CD8 T cells. C) T-bet expressing CD4 T cells. D) ROR-cT expressing CD4 T cells. E)
Regulatory T cells (Treg) (CD3+CD4+CD25+Foxp3+). Statistical significance was calculated using linear modelling with contrast set within sex group and between groups and
correction for multiple testing was performed. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Representative of two experiments, n = 4–5 per group per experiment.
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excessive cytokine production and recruitment of neutrophils,
modulating tissue damage.

Overall, numbers of T cells were lower in males than in females,
which is in line with the known effects of androgens on reducing T
cell responses. Many studies have shown that healthy human
women have higher CD4+ T cell counts than age-matched men,
and higher CD4/CD8 ratios [12]. In our study, we did not see differ-
ences in CD4/CD8 ratios between males and females. The role for
Th1 cells, driven by T-bet, and Th17 cells, programmed by ROR-
cT, in controlling Mtb infection is well-established. Both male
and female BCG-vaccinated mice had increased percentages of T-
bet+ and ROR-cT+ CD4 T cells and reduced percentages of Treg cells,
compared to unvaccinated mice. However, only males had
increased percentages of CD4 and CD8 T cells bearing the prolifer-
9

ation marker Ki-67. Treg cells can downregulate T cell responses,
but also assist in controlling excessive inflammation. Human stud-
ies indicate higher numbers of Treg cells in males than in females,
but studies in mice show conflicting results, with difference pat-
terns depending upon the disease and tissue studied [12]. Females
also tend to have higher antibody levels than males in response to
vaccination or infection [12,40]. However, in our model, both BCG-
vaccinated and unvaccinated males and females had similar levels
of mycobacteria-specific IgG after Mtb challenge.

To obtain an unbiased view of our data, we performed PCA anal-
ysis and hierarchical clustering. In the PCA analysis, the timepoint,
vaccination status and mouse sex had the biggest effect on mouse
grouping. The features that were most influential on the grouping
of the mice tended to be the CD4 and CD8 T cell subsets, with CD4



Fig. 7. Principal Component Analysis for all measurements collected at two different timepoints. A) Components projection at day 18, where colours represents different
mouse sex and vaccination status. B) Components projection at day 29 only for BCG vaccinated mice, where colour represents mouse sex. In both panels, ellipses represent a
95% radius for multivariate t-distribution of each group, and the variance explanation of each component is presented in the axis description.

Fig. 8. Hierarchical clustering for all measurements collected at two different timepoints. A) HC day 18 on unvaccinated control and BCG-vaccinated mice with different sex.
B) HC at day 29 performed only on BCG-vaccinated mice. In both panels, the x axis represents mice, while the y axis shows particular measured features. Red colour
represents a high value for a particular feature in a group of investigated mice, while blue colour represents the opposite (normalized row-wise). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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and CD8 TCM and TRM featuring prominently. This echoes the study
from our group in which the T cell response was the major discrim-
inator between resistant and susceptible mouse strains [28]. At day
29, myeloid cells also emerged as important features impacting the
grouping of mice in the PCA. The hierarchical clustering provided
additional insights. At day 18 mice tended to cluster predomi-
nantly according to sex and then according to vaccination status,
suggesting sex specific responses to both Mtb and BCG. At day
29, myeloid cell responses had a strong influence on clustering.
10
Although bacterial loads, weight loss and symptom scores were
similar in unvaccinated male and female mice, there were some
trends to differences between males and females irrespective of
BCG vaccination, for example, trends in males towards higher
MTRs, higher numbers of alveolar macrophage but lower numbers
of TRM cells, proliferating (Ki67+) T cells, and T-bet or ROR-cT+ CD4
T cells. Thus, we cannot exclude some impact of sex on susceptibil-
ity to TB on the outcome of BCG vaccination. The overall outcome
of vaccination will always depend on both susceptibility to infec-
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tion and efficacy of the vaccine (and the impact of sex thereon). By
using linear modelling, we could dissect differences in response to
BCG between the sexes to some extent. There were significant dif-
ferences in BCG response for symptom scores, % CD8 TEM cells and
% CD8 TCM cells between male and female mice. Interestingly, the
theme of CD8 T cells being important in sex-driven differences in
vaccination outcome reoccurred in the PCA analysis and hierarchi-
cal analysis.

The preference for using female or male mice varies widely
between research areas [41]. A survey of journal articles found that
immunology studies favoured female mice [41]. Strikingly, the per-
centage of articles in which some portion of the results was anal-
ysed by sex was lowest in the field of immunology, and in the
majority of immunology articles, mouse sex was not specified.
Female mice may be favoured for long-term experiments as males
are considered more likely to fight [42]. However, aggression in
mice varies between strains and can be reduced by housing litter-
mates together and optimising environmental conditions [42]. In
some fields, male mice are favoured to avoid variability caused
by the female hormonal cycle [41]. In the field of biology as a
whole, females are underrepresented in both preclinical and clini-
cal studies, which may negatively impact the medical care of
women [41,43]. Underrepresenting male mice in immunology
studies could have a similar effect on the medical care of men.
As preclinical studies are the entry point for the clinical trial pipe-
line for novel drug and vaccine candidates, the NIH has recom-
mended consideration of sex as a biological variable to improve
translation of results into the clinical setting [14].

Although the difference in the prevalence of TB among men and
women has been well documented, there is surprisingly little
information available about sex-specific responses to BCG vaccina-
tion. The protective efficacy of BCG against TB was reported to be
higher among females than males (78.6% vs. 65.8%) in a study from
South Korea [44]. A study in North America showed similar results,
with efficacy being slightly higher among women than men (79%
vs 68%) [45]. Non-specific effects of BCG vaccination on overall
neonatal mortality and the incidence of respiratory diseases were
found to be sex-dependent [46–48]. In the first week after vaccina-
tion, a stronger protective effect on mortality was observed in boys
[46], but in the long term the non-specific protective effect of BCG
vaccination was stronger in girls [46–48].

Although not many clinical trials of BCG efficacy against Mtb
have compared responses in males and females, sex differences
have been examined using mycobacterial growth inhibition assays
(MGIA), which were developed to assess vaccine immunogenicity
ex vivo [49]. In these experiments, peripheral blood mononuclear
cells (PBMCs) from BCG-vaccinated females co-cultured with
mycobacteria controlled mycobacterial growth better than PBMCs
from BCG-vaccinated males. BCG-vaccinated females also had a
higher frequency of cytokine-producing NK cells and a higher
CD4/CD8 ratio compared to males, while males had a higher fre-
quency of monocytes and a trend towards a higher MLR. Another
study investigated the effect of sex on modulation of inflammatory
responses by the BCG vaccine [50]. Pre-vaccination levels of multi-
ple inflammatory markers were significantly higher in males than
in females, and BCG vaccination had a stronger effect on dampen-
ing this systemic inflammation in males than in females. In this
study, no changes in the lymphocyte or monocyte percentages
among PBMCs were observed.

In summary, female 129 S2 mice were better protected than
males by BCG vaccination against TB. Our data strongly suggests
that in pre-clinical trials, novel vaccine candidates should be tested
in both males and females, to generate more representative results
that encompass sex-specific differences in immune responses and
vaccine efficacy. In clinical trials, stratified analysis of vaccine effi-
cacy should be carried out in order to determine potential differ-
11
ences between men and women. It is possible that in some cases
different vaccination strategies or even different vaccines may be
optimal for each sex.
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