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Abstract

and

Despite the initial successes of the Bacillus Calmette-Guerin (BCG) vaccine in children, its efficacy against tuberculosis
is highly variable. There is a lack of understanding about how mental conditions influence BCG vaccination. Here, we
used the chronic social defeat stress (CSDS) model to explore the effects of depression on BCG vaccination efficacy.
We observed higher lung and spleen bacterial loads and a lower organ index in depressed compared to BCG mice.
Meanwhile, a relatively lower T cell protective efficacy was observed in both compared to control and BCG mice

via a mycobacterium growth inhibition assay (MGIA). Cytokine expression of IL.-12p40, IL-13, IL-17, TNF-a and IFN-y
was reduced, whereas the expression of IL-10 and IL-5 was increased in the spleen of both compared to BCG mice.
Moreover, the proportions of CD4*IFN-y*, CD8*IFN-y* T lymphocytes and CD4" effector/central memory T cells were
reduced in the splenocytes of the depressed BCG mice. Depression promotes CD4* regulatory T cells (Treg) and mye-
loid-derived suppressor cell (MDSC) generation in depressed mice, contributing to the reduced pro-inflammatory
immune response upon BCG vaccination. This study provides insight into the decreased protective immunity by BCG

vaccination attributable to depression in mice.
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Introduction

The Mycobacterium tuberculosis (M. tuberculosis) com-
plex shares high genetic homology, varying patho-
genicity and broad infection hosts, including humans,
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domestic livestock, wild animals and non-human pri-
mates (H. Zhang et al. 2022). Mycobacterium bovis is a
cattle pathogen with a zoonotic risk to humans (Romha
et al. 2018). The number of active tuberculosis (TB)
patients increased from 10.1 million in 2020 to 10.6
million in 2021, together with 1.6 million deaths (Bagc-
chi, 2023) and nearly $3 billion in annual losses in the
livestock industry (Gong et al. 2021). Although the clini-
cal differentiation of infection by either M. tuberculosis
or M. bovis is not possible, up to 10% of human tuber-
culosis cases are associated with M. bovis in some coun-
tries (Khan et al. 2019). Bacillus Calmette-Guerin (BCG)
remains the only World Health Organization (WHO)-
recognized vaccine candidate in children (Moliva
et al. 2017) and facilitates the control of bovine tubercu-
losis (Williams et al. 2022; Buddle et al. 2016). However,
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its protective efficacy is still lower in high infection areas
that vary from 0-80% and gradually wanes after adoles-
cence (Abubakar et al.,, 2013; Roy et al., 2014). The role
of depression in decreasing BCG-mediated prophylaxis
is unknown and is crucial for innate immunity activation
and subsequent development of adaptive immunity.
Unfortunately, the lack of investigation around vaccine
failure due to mental well-being and mood-related disor-
ders persists (Moliva et al. 2017). The WHO designated
depression as the most prevalent psychiatric disorder and
disabling medical condition, and by 2030, it had been pro-
posed that depression would be the biggest contributor
to disease burden (Bains and Abdijadid, 2023). Chronic
stress reduces immune responses, including declining
leukocyte transfer, weakening neutrophil phagocyto-
sis, and decreasing the frequency of lymphocytes (Seiler
et al. 2020). Social defeat mimics the childhood adversi-
ties, traumas and bullying that generate mood-related
disorders such as anxiety, depression and schizophrenia
events and substantially influence brain development in
adults (Waters and Gould, 2022). Interestingly, behav-
joral alterations in mice due to social defeat stress, such
as decreased social interaction or lack of gratification,
illustrate human depression (Hales et al. 2014). Mice are
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considered in our study because they mimic the immune
response generated against M. tuberculosis infection in
other larger animals (Singh and Gupta, 2018).

In the present study, we analyzed the difference
in the BCG vaccine response in depressed mice
using the chronic social defeat stress (CSDS) model.
In both depressed and depressed BCG mice, the
mRNA expression of the cytokines IFN-y, IL-12p40,
IL-1p, IL-17, and TNF-a decreased significantly,
while that of IL-5 and IL-10 increased. Furthermore,
CD4*IFN-y+, CD8'IFN-y* and CD4" memory T cells
decrease. While, the CD4* Treg and MDSC cells increase
in both depressed and depressed BCG mice. This study
provides a better understanding of how depression in the
host affects the immune-modulatory response to BCG
vaccination.

Results

Chronic Social Defeat Stress (CSDS) induces mood-related
depressive behavior in mice

To investigate the effects of depression on BCG vaccina-
tion, we generated a chronic social defeat stress mouse
model. As shown in Fig. 1A, four groups of C57BL/6 male
mice (control, BCG, depressed, and depressed BCG)
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Fig. 1 Chronic social defeat stress (CSDS) induces depressive behavior in mice. A Schematic diagram of the experimental design representing

all four groups of mice. While, in C-H two separate group namely (susceptible and resilient mice) generated according to their performance

in the behavior tests with respect to the naive control group. C56BL/6 mice were subjected to CSDS-induced depression and assessed by the social
interaction test (SIT), swimming test (FST) and sucrose preference test (SPT). B The figure represents the percent change in the weight of each
mouse group recorded every 5 days. (C-H) Behavior tests contain three groups (control, depressed and resilient). C Representative movement map
of SIT information for control, susceptible and resilient mice generated with PANLAB software. D-E Statistical analysis of movement parameters

in the SIT by calculating the time spent by each mouse in the interaction or corner zones after undergoing the CSDS procedure. F Social interaction
(SI) ratio % was calculated by using the formula described in the methods section to differentiate each mouse into depressed or resilient

by analyzing the total time spent in each zone. G The FST results were analyzed by observing the immobility time of each mouse from the total
recorded swimming duration of 4 min. H The sucrose percent ratio was calculated according to the formula added in the material and method

by performing the SPT. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p <0.0001 (two-way ANOVA). Data are representative of three independent

experiments with three biological replicates (mean £ SEM)
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were subjected to BCG immunization and chronic social
defeat stress. Body weight was significantly reduced in
depressed and depressed BCG mice in comparison to
the control and BCG mice (Fig. 1B). The social interac-
tion test (SIT) was conducted to assess depressive behav-
ior. Our results showed that when depressed mice stayed
with CD-1 mice, they spent significantly more time in the
corner zones and less time in the interaction zone than
control mice. Resilient mice interact more with CD-1
mice, leading to increased duration within the interaction
zone and lower duration in the corner time in contrast
with the control mice (Fig. 1C-E). SI % (social interaction)
ratio score depicting the susceptible and resilient pheno-
types. A score less than 100% was considered susceptible,
while a score of more than 100% was considered resil-
ient (Fig. 1F). The forced swimming results showed that
the depressed mice lacked the desire to swim and spent
a longer time immobile than the control mice (Fig. 1G).
The sucrose preference test (SPT) results showed that
total liquid intake was significantly reduced in depressed
mice compared to control mice (Fig. 1H). Our data dem-
onstrate the existence and evaluation of the depressive
mood-related behavior generated in socially defeated
mice.

Reduced organ index, higher bacterial load, and lower

in vitro BCG efficacy in depressed mice

Next, we analyzed the organ index and bacterial load in
all the subjects. We found a decreased organ index of
both the spleens and the lungs in depressed BCG mice
(Fig. 2A, B). H&E staining of the mouse lungs showed
more inflammatory cell infiltration in BCG-infected mice
than in depressed BCG subjects. This suggests a lower-
ing BCG response in the lungs of depressed BCG mice
(Fig. 2C). The bacterial load was higher in depressed
BCG mice than in BCG mice (Fig. 2D, E). The MGIA
assay was used to evaluate the immune efficacy of BCG
vaccination within different mouse groups (Pepponi et al.
2017) (Fig. 2F). A clear difference in the action of effec-
tor T cell can be seen in their respective groups, showing
their distinct efficiency in clearing intracellular mycobac-
teria (Fig. 2G). We found that the clearance of intracel-
lular mycobacteria within target BMDM cells by effector
T cells after BCG vaccination declined significantly in
depressed mice, while lower protection by effector T cells
was detected in the depressed BCG group. (Fig. 2H). A
clear indication that the efficiency of effector T cells
was decreased due to depression (Fig. 2H). Together,
these data demonstrate that the physiological changes in
depressed mice lead to dwindling BCG vaccination effi-
cacy and an immune response toward mycobacterium
infection.
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Depression in mice leads to a reduced proinflammatory
response after BCG immunization

To investigate the causes of decreased immunity in
depressed subjects, we analyzed the expression of the
cytokines IFN-y, IL-12p40, IL-18 and TNF-a in the
spleen. As shown in Fig. 3A-D, the BCG-immunized
mice had a higher fold change in IFN-y, IL-12p40, IL-1
and TNF-a than the control mice. Interestingly, the BCG-
immunized depressed mice expressed significantly lower
IEN-y, IL-12p40, IL-1p and TNF-« in comparison to the
BCG-immunized mice.

Both CD4* and CD8* T cells are capable of responding
to M. tuberculosis antigens by activating both humoral
and cellular immunity (Simmons et al. 2018). Thus, we
quantified both CD4* and CD8" T cells by using flow
cytometry and found that both CD4*and CD8" T cells
were significantly increased in BCG mice. However, it
was lower down in the depressed BCG mice compared
with the BCG mice (Fig. 3E-G). Furthermore, we ana-
lyzed IFN-y-producing T cells in response to the M.
tuberculosis antigen and found a reduction in IFN-y
production by CD4% and CD8' T cells in depressed
mice (Fig. 3H-K). As memory CD4* T cells are impor-
tant for providing long-term immunity after immuniza-
tion (Henao-Tamayo et al. 2010), we assessed the ratio of
these cells. CD4" and CD8" T cells with the phenotype
of naive (naive, CD25-CD44~CD62L™"), effector memory
(effector memory, CD25CD441tCD62L"), and central
memory (central memory, CD25-CD44*CD62L") cells
were gated (Fig. 3L and Supplementary Fig. 2A). A lower
ratio of central and effector memory CD4* T cells in the
spleen of naive and BCG-immunized mice was observed
in comparison to naive/immunized mice (Fig. 3M-N).
The percentages of both effector and central memory
CD8" T cells were lower without a significant differ-
ence in the depressed BCG group of mice (Supplemen-
tary Fig. 2B, C). Thus, CD4* memory T cells have greater
stature (Yang et al. 2018). Together, these data demon-
strate dwindling protective immunity via lower localized
proinflammatory and cellular response generation in
depressed BCG mice.

Immune-suppressive cytokines and Tregs amplified

in the spleens of depressed BCG mice

We measured the mRNA expression of IL-10, IL-17,
and IL-5 in the total splenocytes of the mice and found
that the BCG depressed mice had higher expression of
IL-10 and IL-5 than the BCG group. IL-17 production
in depressed subjects showed a downward response
(Fig. 4A-C). Such alterations in IL-10 and IL-17 could
further contribute to poorer bacterial clearance in
depressed mice.
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Fig. 2 Evaluating BCG efficacy by organ pathology and Mycobacterium growth inhibition assay (MGIA) assay (A, B) Spleen and lung organ index
calculated by taking the ratio of the organ weight to total weight of each mouse. lllustrated pictures from each group showing lung and spleen
taken for weight and organ physiological studies. C H&E staining of lung sections, 200x magnification (scale bar: 200 um). D, E CFU in the lung
and spleen of the BCG infected groups. F Pictorial diagram to represent the MGIA procedure as discussed in the methods section. G The
visualization of effector T cells in action against intracellular RFP-H37Ra in BMDM cells using fluorescence microscopy in all four groups of mice,
100x magnification (Scale bar:100 um). H Viable intracellular RFP-H37Ra inside BMDMs with and without coculture of effector T cells was evaluated
by counting CFUs in all four groups of mice. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p <0.0001. Statistical analysis in A and B was calculated

by one-way ANOVA and H by two-way ANOVA, while D and E were calculated by unpaired t test. Data are representative of three independent

experiments with three biological replicates (mean + SEM)

To further understand the role of different immune
cell subsets with known suppressive functions in the
observed reduction in BCG responses in depressed
mice, we assessed the percentage of Tregs and MDSCs
among the total splenocytes of the four groups of mice.
Our results showed that the total number of Tregs
was increased in the spleens of depressed mice and

BCG-depressed mice in comparison to the control
group (Fig. 4D, E). Moreover, the percentage of both
Ly6G* and Ly6CT MDSCs was increased in the spleens
of depressed BCG mice (Fig. 4F-H). These data indicate
the increased immune suppressive Treg and monocytic
MDSCs cells in depressed BCG mice that lends to lower
vaccine efficacy.
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Fig. 3 Evaluation of polyfunctional CD4*/CD8" T cells and depression effects on BCG immunomodulation. A-D The mRNA expression of IFN-y,
IL12p40, IL1(3 and TNF-a cytokines was calculated in the spleen after euthanization in all four4 groups of mice. The significance is calculated
compared with the control group. E Demonstrative gating of CD4*and CD8* cells of the indicated groups generated with CytExpert flow

cytometry software. F-G Quantification of CD4* and CD8* frequencies in the spleens of all four groups of mice. H-l Gating images for phenotypic
characterization of CD4*IFNy* and CD8* IFNy* T cells. J-K The percentage of IFNy* cells in both CD4* and CD8* T cells was analyzed and depicted
for all four groups of mice. Their significance was evaluated by comparison with the control group. L Descriptive images for gating both CD4*
central and effector memory immune cells. M—N Similarly, the relative percentage of CD4" cells, including the phenotype of effector memory
(CD25°CD44*CD62L7) and central memory (CD25-CD447CD62LY) T cells, in the spleens of all four groups of mice was determined *, p <0.05; **,
p<0.01;** p<0.001; **** p<0.0001 (one-way ANOVA). Data are representative of three independent experiments with three biological replicates
(mean +SEM)
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Fig. 4 Understanding the BCG efficacy downfall mechanism in depressed mice. A-C mRNA expression of IL-10, IL-17 and IL-5 was quantified

by gRT-PCR. D Gating of Treg cells. E The percentage of regulatory T cells was calculated for all four groups in comparison with the control

group. F The CD11b* cells were segregated and gated according to the Ly6G* and Ly6C" antibodies depicted in the images. G, H The percentage
of granulocytic-MDSCs (Ly6C Ly6G*) and monocytic MDSCs (Ly6C*Ly6G.”) found in splenocytes in different sets of mice. *, p<0.05; **, p<0.01;
*** p<0.001; *** p<0.0001 (one-way ANOVA). Data are representative of three independent experiments with three biological replicates

(mean = SEM)

Discussion

The BCG antigenic response can control disseminated
tuberculosis and tuberculosis meningitis, but it fails to
prevent primary infection, reactivation, and pulmonary
tuberculosis (Moliva et al. 2017). Hence, there is a need
to understand the involvement of host cells and other
factors that affect the induction of protective immunity
countering M. tuberculosis and to utilize them to improve
vaccine efficacy. Behavioral science and the immune sys-
tem have many interlinked roles and affect each other’s
functions (Bains and Sharkey, 2022). In the current study,

we attempted to understand this crosstalk and its effect
on vaccine responses in mice.

To induce depression in C57BL/6] mice, an assured
depression model, chronic social defeat stress (CSDS),
was established (Mancha- Gutierrez et al. 2021). By
evaluating social interaction, forced swimming, the
sucrose preference test and physiological changes
in body weight, we quantified and qualified the sus-
ceptible mice (Serchov et al. 2016). To estimate any
changes in immune homeostasis, a group of naive con-
trol and depressed mice were studied simultaneously
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without any vaccination (Bali et al 2015). After attaining
depressed mice, we assessed the effector role of splenic
T cells from naive/immunized control and depressed
mice using an MGIA assay (Parra et al. 2009; Pepponi.
2017). Strikingly, the clearance of phagocytosed bacte-
ria by splenic effector T cells was significantly increased
in depressed subjects. In this context, immunization
with BCG also remains less effective. This indicated
that depressive behavior in mice disrupts the efficiency
of BCG vaccine immunity. Furthermore, the CFU load
in the lungs and spleens of immunized depressed mice
was high in comparison to the control mice (Kurtz et al.
2020). The organ index of both the lungs and spleen
in depressed mice and depressed BCG mice improved
below par, as it correlated with the decreasing total
weight due to depression with a reduced inflammatory
response.

We then observed that the fold-change of pro-inflam-
matory cytokines IFN-y, IL-12p40, IL-1p and TNF-a
significantly declined in both the depressed and BCG-
immunized depressed mice in comparison to their
respective controls. These cytokines are reported to be
important in generating trained immunity via the BCG
immunomodulatory response (Cooper et al. 2011; Mar-
tinez-Penez et al. 2020).

Concurrently, the presence of antigen-specific
IFN-y releasing T cells was significantly decreased in
the depressed mice. This may be responsible for the
failure of BCG and many other tuberculosis vaccina-
tions or even affect their efficacy (Zhang et al. 2016). To
understand the effects on adaptive immunity, which is
much needed for effective vaccine response, we quan-
tified the central and effector memory CD4* T cells,
which were also lower in depressed subjects with/with-
out BCG vaccination (Gunasena et al. 2022).

We also observed escalation in the immune-suppres-
sive cytokines IL-10 and IL-5 in depressed mice. IL-10
is increased multiple times in the spleen and antago-
nizes CD4" T-cell priming and effector cell activation,
thus limiting T cell migration to the lungs and leading
to limited infection control (Ferreira et al. 2021; Porro
et al. 2020). Meanwhile, the decline in IL-17 in depressed
mice lowers the induction of CXCR3 chemokine ligand
9, 10 and 11 (CXCL9-11), which recruits CD4+IFN-y+ T
cells (Chen et al. 2019) and CXCL13 to induce neutrophil
migration to the infection site for the pathogen regula-
tion (Tecchio and Cassatella, 2016).

We performed flow cytometry analysis to quan-
tify immune-suppressive cells population, namely,
MDSCs and Tregs, in the spleen of all four sets of
mice (Gabrilovich and Nagaraj, 2009; Dikiy and Ruden-
sky, 2023). We observed that both Tregs and MDSCs
were present at a higher percentage in the spleens
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of BCG-vaccinated depressed mice than in BCG
mice (Hong et al. 2013). The roles of Tregs together with
MDSC:s are well understood in cancer biology and bacte-
rial infection, but there is a lack of understanding about
their role in vaccination (Lindau et al. 2013). It is known
that an increase in both Ly6c* and Ly6g™ MDSCs in the
spleen of depressed mice can repress Natural killer cyto-
toxic cells in depressed subjects to affect vaccine efficacy
in mice (Magcwebeba et al. 2019).

Thus, we can infer that Treg cells’ elevated response
due to depression affects the inflammatory response in
mice, leading to a decrease in IFN-y producing T lym-
phocytes and memory T cells. Interestingly, it also mutu-
ally affects CD4" central and effector T memory cells in
depressed subjects, retarding trained immunity by BCG
vaccination. In the future, it would be important to check
the role of epigenetic changes in depressed subjects con-
tributing to the lowering of the immune response and
quantify the effects on humoral immunity cells and anti-
body production. These data may facilitate the design
of novel vaccines and immunotherapeutic interventions
against pulmonary tuberculosis.

Conclusion

Our study demonstrates that depression induces Tregs
and MDSCs that perform an immunosuppressive func-
tion against the immune response generated by BCG.

Methods

Bacterial strains

M. tuberculosis H37Ra and M. bovis BCG were cultured
at 37°C under static conditions in Middlebrook 7H9
broth (Becton Dickinson, New Jersey, USA, 271,310)
supplemented with 10% oleic albumin dextrose catalase
(OADC, Becton Dickinson, New Jersey, USA), 0.05%
Tween 80, and 0.5% glycerol or on solid Middlebrook
7H11 agar plates (Becton Dickinson, New Jersey, USA)
supplemented with 10% OADC and 0.5% glycerol. M.
tuberculosis REP-H37Ra was maintained by the addition
of 50 pg/mL hygromycin B.

For mouse immunization, BCG cultures were centri-
fuged at 3,000xg for 10 min to pellet the bacteria. The
pellet was resuspended in PBS to achieve 3 x 10° bacteria/
ml and passed several times through an insulin syringe to
disperse the bacteria.

For the mycobacterium growth inhibition assay
(MGIA), the RFP-H37Ra culture optical density at
ODgonm Was adjusted to achieve the needed multiplicity
of infection (MOI) and centrifuged at 3,000x g for 10 min
to pellet the bacteria. The pellet was resuspended in the
infection medium and passed through an insulin syringe
several times to disperse the bacteria.
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To activate splenocytes into effector T cells, the H37Ra
pellet was washed and suspended in PBS and then auto-
claved at 121°C for 15 min, followed by filtration to
remove precipitates to prepare whole-cell lysates.

Animals

C57BL/6] mice (male, 6 weeks old) and retired breeder
CD-1 mice (male, 4—6 months old) were obtained from
the Laboratory Animal Center, Huazhong Agricultural
University. After arrival, C57BL/6] mice were kept five
per cage and habituated for 1 week, and CD-1 mice were
kept in individual cages and acclimated for one week
before being used in further experiments. The C57BL/6]
mice were divided into four groups (control, BCG,
depressed and depressed BCG groups), with 10 mice in
each group. The control group was immunized with PBS
on day 0 and not subjected to chronic social defeat stress
(CSDS). The BCG group was immunized with BCG on
day 0 and not subjected to CSDS. The depressed group
was immunized with PBS on day 0 and subjected to
CSDS. The depressed BCG group was immunized with
BCG on day 0 and subjected to CSDS (Fig. 1A). The BCG
response was evaluated 8 weeks after immunization.

Immunization

Ten C57BL/6] male mice were immunized with BCG
using an aerosol infection chamber (Bhaskar and Upad-
hyay, 2003). The mice were placed in a chamber that had
been sterilized with alcohol and UV, the chamber was
sealed, and the airflow was turned on. The chamber was
saturated with PBS aerosol for 5 min and then BCG aero-
sol for 15 min to achieve 400-500 bacilli in the lungs of
each mouse. For control mice, no BCG was added to the
PBS (Schroeder et al. 2009).

Chronic Social Defeat Stress (CSDS)
Non-experimental C57BL/6] mice were used as screen-
ers to screen the CD-1 aggressor mice. The screening
process was performed once daily for 3 successive days.
A screener was put into the CD-1 resident cage for 3 min
per session. On each subsequent day, we used different
screening tools for each CD-1 mouse. An aggressor CD-1
mouse was selected for further CSDS experiments by the
following criteria: (1) the initial aggression time had to be
within 1 min of the beginning of the session, (2) pulling
down and biting the screener for at least 5 s, and (3) the
CD-1 mouse attacked a screener in at least two consecu-
tive sessions.

CSDS was carried out as previously reported (Golden
et al. 2011). Briefly, an aggressor CD-1 mouse was put
on one part of the separated home cage during the night
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before initiating the CSDS. On day 1, a C57BL/6] mouse
was put into the compartment of the resident aggressor’s
home cage for 10 min. The intruder was transferred to
the opposite compartment divided by an acrylic divider
with holes at the end of time. One intruder was exposed
to social defeat for 10 days and was moved daily to a new
resident’s home cage. Control mice were housed in similar
compartmentalized cages and rotated to a new cage daily
without physical contact with their cage members. The
experiment was conducted between 3-5 p.m. Behavioral
experiments were performed between 3-6 p.m. starting
on day 11. We performed and analyzed behavior tests to
find two groups of mice, namely, depressed and resilient
mice, which were evaluated with comparison to the con-
trol group.

SIT (Social Interaction Test)

SIT was performed as described (Golden et al. 2011;
Kim et al. 2017) with some modifications. SIT con-
sisted of two 3 min sessions, with a 30 s break. Dur-
ing the “no CD-1 target” session, there was an empty
transparent plastic cage. In the “CD-1 target” session,
a CD-1 aggressor mouse was put into the transpar-
ent plastic cage. The CD-1 aggressor is novel to the
defeated C57BL/6] mouse. The movement of the test
C57BL/6] mouse was recorded using a tracking sys-
tem (Smart Video Tracking Software—PANLAB) in
an open field, uniform size Plexiglas box (40 L x40
W x40 H cm). The cumulative time of the movement
in the “interaction zone” and the “corner zone” were
calculated. The SI ratio was calculated as follows:
SI ratio (%) =interaction zone time of "target" trial/
interaction zone time of "no target" trial X 100 (Robie
et al. 2017). Mice showing less than a 100% SI ratio
were regarded as depressed mice. Mice showing an SI
ratio above 100% belong to the resilient group, which
did not proceed with further immunological stud-
ies (Krishnan et al. 2007).

Forced Swimming Test (FST)

We used an FST protocol previously used (Porsolt et al.
2001). Briefly, each mouse was placed into a clear plas-
tic cylinder (16 cm diameter x 28 cm height) filled with
fresh 15-18 cm of water at 23-26°C for 6 min. Immo-
bility time (IT) was measured using a system (Smart
Video Tracking Software—PANLAB) during the last
4 min of the test. The condition for immobility or pas-
sive swimming was floating vertically in the water while
making only those fundamental movements to maintain
the head above the water. Mice were dried and normally
housed after the test.
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Sucrose Preference Test (SPT)

After the FST, all C57BL/6] mice underwent the SPT to
estimate a reduced preference for the sweet solution. The
mice were separated single per cage and presented to
two drinking bottles: one containing 1% sucrose and the
other water for 4 days in their home cage with positions
of fluids switched daily. The percentage of the volume of
sucrose intake over the total volume of fluid intake and
averaged over the four days of testing was calculated as
follows: sucrose preference=V (sucrose solution)/[V
(sucrose solution) + V] x 100% (Serchov et al. 2016).

Colony-Forming Unit (CFU) assay

Homogenates of both the spleen and lung were taken
after serial dilution of 1/10 times in PBS from the BCG-
infected groups. Then, 100 pl was spread onto Middle-
brook 7H11 agar containing OADC enrichment Petri
plates containing PENTA antibiotics (BBL MGIT. Bec-
ton, Dickinson) incubated at 37°C for approximately
three weeks for bacterial CFU counting. All experiments
were performed in triplicate, and colonies were counted
manually.

Hematoxylin and Eosin (H&E) staining

Part of the lungs was obtained from the control, BCG,
depressed and depressed BCG mice and was fixed with
4% paraformaldehyde for 24 h. Then, the tissue was
embedded in parafilm for H&E staining. Paraffin sections
of 5 um thickness were cut, and sections were stained
with hematoxylin and eosin. All alveolar tissue health
was determined by investigating the tissue under a com-
pound microscope.

In vitro Mycobacterial Growth Inhibition Assay (MGIA)
The MGIA for evaluating the BCG vaccine was based
on procedures described earlier (Parra et al. 2009).
Bone marrow-derived macrophages (BMDMs) were
prepared by flushing the femurs of mice with complete
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 20 ng/
mL macrophage colony stimulating factor (MCSE).
BMDM (7% 10°) were plated in a 24-well plate for
7 days to obtain a confluent monolayer at 37°C in 5%
CO,. M. tuberculosis REP-H37Ra (MOI =10) was added
to each well for 12 h and then washed three times with
PBS to remove extracellular bacteria. The cells were
incubated with DMEM at 37°C in 5% CO, for 48 h to
obtain target BMDMs.

H37Ra lysate-activated splenocytes were used as effec-
tor T cells to determine the efficacy of the BCG vaccine
against mycobacteria localized inside the target BMDMs.
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Table 1 gRT-PCR Primers
Name Seq. (5’-3')
IFN-y For TTCTTCAGCAACAGCAAGGC
IFN-y Rev TCAGCAGCGACTCCTTTTCC
IL-17 For TCTCCACCGCAATGAAGACC
IL-17 Rev CACACCCACCAGCATCTTCT
IL-10 For ATAACTGCACCCACTTCCCA
IL-10 Rev GGGCATCACTTCTACCAGGT
TNF-a For ATGAGCACAGAAAGCATGAT
TNF-a Rev AGTAGACAGAAGAGCGTGGT
IL-1( For CCTCTGATGGGCAACCACTT
IL-1-B Rev TTCATCCCCCACACGTTGAC
IL-12p40 For GATGACATGGTGAAGACGGC
IL-12p40 Rev AGGCACAGGGTCATCATCAA
IL-5 For ACCGAGCTCTGTTGACAAG
IL-5 Rev TCCTCGCCACACTTCTCTTT
B-actin For CGCCACCAGTTCGCCATGGA
[-actin Rev TACAGCCCGGGGAGCATCGT
Table 2 Antibodies for flow cytometry
Cell type Gating strategy
IFNy producing CD4 T cells CD4*IFNy*
IFNy producing CD8T cells CD8*IFNy*
Naive memory T cells CD4*CD25 CD62LMCD44~
Tregs CD4*CD25"Foxp3*
MDSC Ly6C* F4/80"CD11b*Ly6G Ly6C*
MDSC Ly6G* F4/80CD11b*Ly6G Ly6C™

CD4*CD25CDe2Lt CD44*
CD4*CD25CD62L CD44*

Central memory T cells
Effector memory T cells

According to the previously discussed method (Kolibab
et al. 2009), spleens from control, BCG, depressed, and
depressed BCG mice were ruptured by a pair of frosted
glass slides to obtain a clear single cell suspension. After
RBC lysis with red cell lysis buffer (Biosharp, BL503) for
5 min at RT, the cells were pelleted at 1500 g and resus-
pended in PBS (ice cold). The adherent splenic mac-
rophages were removed by allowing them to adhere to
flasks for 30 min incubation at 37°C and gently pipetting
the suspension to recover the nonadherent cells. After
a PBS wash, the viability was assessed by segregation of
trypan blue. T cells were expanded with mycobacterium
antigen for seven days to obtain effector T cells. A total
of 3x10° effector T cells were applied to 7x10° target
BMDM cells and incubated for 48 h. Then, the mac-
rophages were lysed with 0.2% saponin for 2-3 min at
RT. The lysate dilutions were plated onto 7H11 plates for
colony counting.
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Quantitative real-time PCR (qRT-PCR)

The mouse spleen cell suspension was activated in the
presence of 20 pug/mL of M. tuberculosis whole cell lysate
for 6 h. Total RNA was extracted by using RNA®® Plus
reagent (TAKARA) according to the manufacturer’s
instructions. cDNA was prepared from 1 ug RNA using
the ReverTra Ace qPCR RT Master Mix kit (Toyobo
LifeScience, Shanghai, China). Relative gene expression
was obtained by quantitative real-time PCR (VIIA7Sys-
tem, Thermo Fisher) with SYBR Green Mix (Thermo
Fisher) using specific cytokine primers, as shown in
Table 1. Expression of the specific genes was normal-
ized using B-actin (mouse) mRNA levels as an internal
control.

Flow cytometry

Red blood cells (RBCs) were lysed using red cell lysis
solution (Biosharp, BL503). Cells were resuspended in
staining buffer (PBS containing 1% fetal bovine serum
(FBS) and 0.05% sodium azide). A total of 3x10° cells
were incubated with antibody mix at 4 °C for 30 min,
after which the cells were washed three times with PBS.
The cells were resuspended in PBS containing 1% FBS.
Antibodies used for staining included FITC rat anti-
mouse CD4 (1:250, 553046, BD Biosciences), APC rat
anti-mouse CD8a (1:250, 553035, BD Biosciences),
PerCP-Cy5.5 rat anti-mouse CD44 (1:150, 560570, BD
Biosciences), PE-Cy7 rat anti-mouse CD62L (1:200,
560516, BD Biosciences), PE rat anti-mouse IFN-y (1:250,
554412, BD Biosciences), APC-H7 rat anti-mouse Ly-6G
(1:150, 565369, BD Biosciences Biosciences), V450 rat
anti-mouse Foxp3 (1:100, 561293, BD Biosciences),
APC-Cy7 rat anti-mouse CD25 (1:250, 561038, BD Bio-
sciences), FITC rat anti-mouse Ly-6C (1:150, 561085, BD
Biosciences), PE rat anti-mouse CD11b (1:250, 101207,
BioLegend), and V-450 rat anti-mouse F4/80 (1:200,
101207, BioLegend). We used a flow cytometer (Beck-
man CytoFLEX LX, USA) to conduct our experiments,
and the data were analyzed using CytExpert software.
For intracellular staining, a BD Cytofix/Cytoperm"" Fix/
Perm Kit (Cat. No. 554714) was used, and staining was
performed according to the manufacturer’s instructions.
A panel of gating specific cell types is depicted in Table 2.

Statistical analysis

All experimental data were plotted using GraphPad
Prism 9.0 (La Jolla, CA, USA) as analytical software
and are presented as the mean+SEM. Assessment of
the significant difference among different sets was exe-
cuted by using two-way/one-way ANOVA or Student’s
t test. Significant differences in the data are shown as
*,o#%, #* and **** when p values <0.05,<0.01, <0.001,
and <0.0001, respectively.
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Abbreviations

M. tuberculosis ~ Mycobacterium tuberculosis

BCG Bacillus Calmette-Guérin

CFU Colony-forming units

MGIA Mycobacterial Growth Inhibition Assay
BMDMs Bone marrow-derived macrophages
CSDbS Chronic Social Defeat Stress

MDSC Myeloid-derived suppressor cells

LyeC Lymphocyte antigen 6 complex, locus C1
Ly6G Lymphocyte antigen 6 complex locus G6D
IFN-y Interferon-y

Th cells T helper cells

IL-1B Interleukin-1

IL-12p40 Interleukin-12p40

IL-10 Interleukin-10

IL-17 Interleukin-17

IL-5 Interleukin-5

TNF-a Tumor necrosis factor-a

CD8 Cluster of differentiation 8

CDh4 Cluster of differentiation 4

Tregs Regulatory T cells
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Additional file 1: Supplementary Fig. 1. Gating strategy of different
parameters using flow cytometry. (A) Gating of IFNy-positive CD4* and
CD8* T cells. (B) Gating of CD4* and CD8* memory T cells. (C) Gating of
CD4* regulatory T cells. (D) Gating of Distinct Myeloid-derived suppressor
cells (MDSCs)-Monocytic-MDSCs (Ly6CtLy6G™) and Granulocytic-MDSCs
(Ly6C~Ly6GH).

Additional file 2: Supplementary Fig. 2. CD8* memory T cells show less
significance in depressed mice. (A) Gating of CD8* memory T cells in all
indicated groups of mice. (B-C) CD8™ effector and central cell percentages
evaluated from total splenocytes in all four groups of mice. *, p <0.05;

** p<0.01;** p<0.001; *** p<0.0001 (one-way ANOVA). Data are
representative of three independent experiments with three biological
replicates (mean+SEM).
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