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ABSTRACT Mycobacterium tuberculosis primarily infects lung macrophages. How-
ever, a recent study showed that M. tuberculosis also infects and persists in a dor-
mant form inside bone marrow mesenchymal stem cells (BM-MSCs) even after suc-
cessful antibiotic therapy. However, the mechanism(s) by which M. tuberculosis
survives in BM-MSCs is still not known. Like macrophages, BM-MSCs do not contain
a well-defined endocytic pathway, which is known to play a central role in the clear-
ance of internalized mycobacteria. Here, we studied the fate of virulent and avirulent
mycobacteria in Sca-1� CD44� BM-MSCs. We found that BM-MSCs were able to kill
avirulent Mycobacterium smegmatis and Mycobacterium bovis BCG but not the patho-
genic species M. tuberculosis. Further mechanistic studies revealed that pathogenic
M. tuberculosis dampens the antibacterial response of BM-MSCs by downregulating
the expression of the cationic antimicrobial peptide cathelicidin. In contrast, aviru-
lent mycobacteria were effectively killed by inducing the Toll-like receptor 2/4
(TLR2/4) pathway-dependent expression of cathelicidin, while small interfering RNA
(siRNA)-mediated cathelicidin silencing increased the survival of M. bovis BCG in BM-
MSCs. We also showed that M. bovis BCG infection caused increased expression
levels of MyD88, phospho-interleukin-1 receptor-associated kinase 4 (pIRAK-4),
and the p38 mitogen-activated protein kinase (MAPK) signaling pathway. Further
downstream investigations demonstrated that IRAK-4 –p38 activation increased the
nuclear translocation of NF-�B, which subsequently induced the expression of cathe-
licidin and the cytokine interleukin-1� (IL-1�), resulting in the decreased survival of
M. bovis BCG. On the other hand, inhibition of TLR2/4, pIRAK-4, p38, and NF-�B nu-
clear translocation decreased cathelicidin and IL-1� expression levels and therefore
increased the survival of avirulent mycobacteria. This is the first report that demon-
strates that virulent mycobacteria manipulate the TLR2/4 –MyD88 –IRAK-4 –p38 –NF-
�B–Camp–IL-1� pathway to survive inside bone marrow stem cells.
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Tuberculosis (TB), caused by Mycobacterium tuberculosis, is one of the world’s major
health problems. Through thousands of years of reciprocal coevolution, M. tuber-

culosis has acquired the abilities to establish active and latent infections and persist
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even in the presence of a fully functional immune system. Several studies have shown
that innate immune responses play a critical role in the progression of M. tuberculosis
infection. Macrophages, a vital part of the first host defense, are involved in eliciting
innate immunity by performing various important antimycobacterial effector functions
(1). However, over a period of time M. tuberculosis has acquired various immune evasion
strategies that interfere with both innate and adaptive immunity. These strategies
include blocking of phagolysosome fusion (2), autophagy inhibition (3), modulation
of host cytokine production (4), inhibition of reactive oxygen and nitrogen species
(5), and manipulation of antigen presentation to prevent or alter the quality of
T-cell responses (6).

In addition to macrophages, dendritic cells and other cell types such as epithelial
cells, fibrocytes, adipocytes, and endothelial cells, distributed in pulmonary and ex-
trapulmonary niches, have also been described as possible hosts for M. tuberculosis.
Recently, M. tuberculosis has also been shown to persist in a mesenchymal subpopu-
lation of bone marrow (BM) stem cells (BMSCs) even after antibiotic treatment (7). The
authors have shown that mesenchymal BMSCs may provide a favorable intracellular
niche for the persistence of nonreplicating M. tuberculosis and therefore may be
important for the maintenance of the dormant phase of the M. tuberculosis life
cycle. Another study showed that mesenchymal stem cells (MSCs) are recruited at
the site of infection and suppress T-cell responses by producing nitric oxide (8). MSCs
are susceptible to infection by several other intracellular pathogens as well (9). Recent
studies have shown that MSCs possess antimicrobial properties against Gram-positive
and Gram-negative bacterial infections and also improve the survival of mice with
bacterial infections (10).

Among the key effector molecules responsible for bacterial killing are antimicrobial
proteins and polypeptides such as defensins, lactoferrin, and lysozyme (11). It is well
established that MSCs express various soluble molecules (12) and Toll-like receptors
(TLRs) (13) that are involved in inflammatory responses (14). The cathelicidin family is
one of the main antimicrobial peptide (AMP) families in mammals (15). In humans,
cathelicidin, encoded by CAMP, is synthesized as a propeptide known as human
cationic antimicrobial peptide 18 (hCAP-18), which is then cleaved extracellularly into
cathelin and C-terminal LL-37, with the latter exhibiting broad antimicrobial activity
(16). hCAP-18/LL-37 is produced mainly by phagocytic leukocytes and epithelial cells,
but it is also expressed in bone marrow (17, 18). Likewise, there is only one mouse gene
encoding cathelicidin, Camp, which is highly homologous to the human gene. The
mouse cathelicidin proform is processed to the mature biologically active peptide
CRAMP (cathelicidin-related antimicrobial peptide) (19). LL-37 and CRAMP are amphi-
pathic �-helical peptides that bind to negatively charged groups on the bacterial outer
membrane, causing a disruption of the bacterial cell wall (20). Previously, it was
reported that BM-MSCs exert antibacterial activity via the production of cathelicidin
(18).

Although M. tuberculosis has been shown to persist in BM-MSCs (7), the mechanism
by which it survives inside BM-MSCs is still not known. Here, we show that virulent M.
tuberculosis strain H37Rv is able to survive inside BM-MSCs by downregulating the
expression of cathelicidin, while avirulent mycobacteria such as Mycobacterium bovis
BCG and Mycobacterium smegmatis were readily killed by BM-MSCs through the
induction of cathelicidin. We furthermore show that the induction of cathelicidin was
regulated via the TLR2/4-mediated induction of MyD88, phospho-interleukin-1 (IL-1)
receptor-associated kinase 4 (pIRAK-4), and the p38 mitogen-activated protein kinase
(MAPK) pathway. Further downstream signaling studies revealed that pIRAK-4 activa-
tion increased the expression levels of phospho-nuclear factor �B (NF-�B) and IL-1�. In
summary, this is the first report that demonstrates the strategies employed by M.
tuberculosis to survive in BM-MSCs and also how BM-MSCs are able to kill invading
avirulent mycobacteria.
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RESULTS
Characterization of cell surface markers of isolated mouse bone marrow mes-

enchymal stem cells. Bone marrow cells were harvested from BALB/c mice (n � 10)
and plated onto a 100-mm culture dish. Nonadherent cells were carefully removed after
6 h and replaced with fresh medium. Thereafter, this step was repeated every 24 h for
up to 72 h of initial culture. The adherent cells were then washed with phosphate-
buffered saline (PBS), and fresh medium was added every 2 to 3 days. On the fourth
day, the initial adherent spindle-shaped cells appeared as individual cells. After 2 weeks,
the culture became more than 80% confluent. Isolated BM-MSCs were characterized by
using several positive (Sca-1 and CD44) and negative (CD31, c-Kit, CD45, and CD11b)
markers (21). Bone marrow cells contain endothelial, myeloid, and hematopoietic cell
lineages that express c-Kit, CD31, CD45, and CD11b, but BM-MSCs are negative for
these markers. To exclude contaminating cell populations, we sorted the isolated
BM-MSCs using positive (Sca-1 and CD44) and negative (CD31, c-Kit, and CD11b)
markers. Flow cytometry analysis showed that BM-MSCs were negative for the CD31,
CD45, c-Kit, and CD11b markers and were positively stained with antibodies against
Sca-1 and CD44 (Fig. 1A). As shown in Fig. 1B, cell sorting using different positive and
negative markers resulted in a cell population that was about 95% pure.

Pathogenic and nonpathogenic mycobacteria are able to infect BM-MSCs. To
determine whether mycobacteria can infect BM-MSCs, the isolated BM-MSCs were
sorted using Sca-1� CD44� and CD31� c-Kit� CD11b� antibodies and then infected
with green fluorescent protein (GFP)-expressing M. bovis BCG and M. tuberculosis strains

FIG 1 Isolation of mouse BM-MSCs and mycobacterial infection in BM-MSCs. (A) Characterization of BM-MSCs using Sca-1, CD44, CD31, CD45, CD11b, and c-Kit
markers by flow cytometry. Cells were stained with antibodies against the respective markers, and shifting of cells was analyzed by a histogram plot. (B) After
positive and negative population analyses, BM-MSCs were sorted according to the CD44� Sca1� CD31� c-Kit� population. (C) BM-MSCs (red) were infected with
GFP-expressing M. bovis BCG (green), and infected cells were observed under a fluorescence microscope. (D) M. bovis BCG bacterial counts per BM-MSC cell.
Bacterial counts were determined by counting 100 cells. (E) BM-MSCs were infected with M. tuberculosis H37Rv (Mtb) for 3 h. Cells were washed, extracellular
bacteria were killed by gentamicin treatment (20 �g/ml), cells were lysed, and the infection rate was determined by a CFU assay. The data shown are from three
independent experiments.
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at a multiplicity of infection (MOI) of 1:5 for 2 to 3 h. The mycobacterium-exposed cells
were washed and then treated with gentamicin to kill extracellular bacteria. Due to
biosafety challenges associated with the biosafety level 3 (BSL3) category of M. tuber-
culosis for fluorescence microscopy, we measured the infection rate of M. tuberculosis
by a CFU assay only. Fluorescence microscopic analysis and CFU enumeration assays
showed that M. bovis BCG (Fig. 1C) and M. tuberculosis (Fig. 1E) were able to infect
BM-MSCs. We counted 100 infected cells to determine the intracellular bacterial
burden. Approximately 8 to 15 M. bovis BCG bacilli were present per cell (Fig. 1D), while
M. tuberculosis infected BM-MSCs at an infection rate of 25 to 30% (Fig. 1E). Similar
results were obtained for M. smegmatis infection (data not shown). In conclusion, the
above-described results indicate that both virulent as well as avirulent mycobacteria
were able to infect BM-MSCs.

BM-MSCs restrict intracellular growth of M. bovis BCG and M. smegmatis but
not M. tuberculosis. Previously, it was shown that M. tuberculosis can stay inside MSCs
for longer periods of time after antibiotic treatment and can cause active TB at a later
time point (7). In the next step, we studied the intracellular survival kinetics of M.
tuberculosis, M. bovis BCG, and M. smegmatis in BM-MSCs. Interestingly, we observed a
time-dependent decrease in the intracellular survival of avirulent M. bovis BCG and M.
smegmatis strains such that approximately 2- and 6-fold decreases in the intracellular
survival of M. bovis BCG (P � 0.001) (Fig. 2A) and M. smegmatis (P � 0.0001) (Fig. 2B),
respectively, were observed after 24 h of infection. On the other hand, no such killing
of the virulent M. tuberculosis strain was observed even after 48 h of infection (P � 0.05)
(Fig. 2C). These results suggest that BM-MSCs are able to restrict the growth of avirulent
strains, while virulent M. tuberculosis can survive inside the cells.

M. tuberculosis survives inside the BM-MSCs by downregulating the expression
of the cationic antimicrobial peptide CRAMP. Next, we studied the mechanism of
survival of M. tuberculosis in BM-MSCs. Previously, we showed that mouse macrophages
are able to kill M. smegmatis by inducing the expression of Camp (22). We found that
Camp�/� mouse macrophages were significantly impaired in their ability to kill myco-
bacteria. BM-MSCs are also known to express Camp (18). Therefore, we investigated
whether BM-MSC Camp has any role in the determination of the intracellular survival of
virulent and avirulent mycobacteria. First, we investigated the expression of Camp in
both M. tuberculosis- and M. bovis BCG-infected BM-MSCs at both the transcriptional
and translational levels. Interestingly, we observed a significant decrease in the expres-
sion level of cathelicidin at both the translational (Fig. 3A) and transcriptional (Fig. 3B)
levels (P � 0.0001) in response to M. tuberculosis infection, while the expression of
Camp was found to be upregulated in M. bovis BCG-infected cells after 24 h (P � 0.0001)
(Fig. 3C). This corresponds well with the intracellular survival kinetics of M. bovis BCG
(Fig. 2A) and M. tuberculosis (Fig. 2C). To prove the fact that M. tuberculosis indeed

FIG 2 Intracellular survival of pathogenic and nonpathogenic mycobacteria in BM-MSCs. (A) Intracellular survival of M. bovis BCG in
BM-MSCs was determined by infecting cells for 3 h. Cells were lysed at different time points, and bacterial survival was determined by
a CFU assay. (B) Intracellular survival of M. smegmatis in BM-MSCs was determined by infecting cells for 2 h. Cells were lysed at different
time points, and bacterial survival was determined by a CFU assay. (C) Intracellular survival of M. tuberculosis H37Rv in BM-MSCs was
determined by infecting cells for 3 h. Cells were lysed at different time points, and bacterial survival was determined by a CFU assay. The
results shown are from three independent experiments (means � SD). *, P � 0.05; ***, P � 0.0001.
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survives inside BM-MSCs by downregulating the expression of Camp, we exogenously
added purified CRAMP (50 �M) and then determined the intracellular survival of M.
tuberculosis in BM-MSCs. Previously, we showed that macrophages actively internalize
human cathelicidin LL-37 and also determined that 50 �M LL-37 is the 50% inhibitory
concentration (IC50) for M. tuberculosis (22). We observed significant killing of M.
tuberculosis in CRAMP-treated BM-MSCs (P � 0.0001) (Fig. 3D). On the other hand,
silencing of Camp by small interfering RNA (siRNA) (Fig. 3E) significantly increased the
bacillary burden of M. bovis BCG compared to that in untreated and scrambled
siRNA-treated cells (P � 0.0001) (Fig. 3F). Altogether, the above-described data clearly
indicate that M. tuberculosis survives by downregulating the expression of cathelicidin
and that avirulent mycobacteria are killed by the induction of cathelicidin expression in
BM-MSCs.

M. tuberculosis and M. bovis BCG infections modulate TLR and cytokine ex-
pression in BM-MSCs. Previous studies have shown that bacterial challenge increases
the expression levels of TLRs, which subsequently increase the production of AMPs to
reduce the risk of microbial infections (23). It has been shown that cathelicidin
expression is regulated mainly via TLR2 and TLR4 signaling cascades (24, 25). Therefore,
we first determined the expression levels of TLR2 and TLR4 in M. tuberculosis- and M.
bovis BCG-infected BM-MSCs. M. tuberculosis challenge significantly increased TLR2

FIG 3 Role of cathelicidin in intracellular survival of mycobacteria in BM-MSCs. (A) BM-MSCs were infected with M. tuberculosis H37Rv at an MOI
of 1:5 for 24 h. After 24 h, cell lysates were prepared, and the expression of CRAMP was determined by Western blotting using a cathelicidin-
specific antibody. (B) BM-MSCs were infected with M. tuberculosis H37Rv. Total RNA was isolated, cDNA was prepared, and the level of the Camp
transcript was determined by qRT-PCR at 6 and 24 h postinfection. Uninfected cells were used as a control. (C) BM-MSCs were infected with M.
bovis BCG. Total RNA was isolated, cDNA was prepared, and Camp expression was studied by qRT-PCR at 6 and 24 h postinfection. Uninfected
cells were used as a control. (D) BM-MSCs were treated with 50 �M purified cathelicidin-related antimicrobial peptide (CRAMP), and cells were
infected with M. tuberculosis H37Rv. Cells were lysed at the indicated time points, and intracellular bacterial survival was determined by a CFU
assay. Untreated cells were used as a control. (E) Silencing of Camp by siRNA treatment. Cells were transfected with scrambled siRNA and siRNA
against Camp (SiCamp). (F) Intracellular survival of M. bovis BCG in scrambled siRNA- and SiCamp-treated BM-MSCs. The results shown are from
three independent experiments (means � SD). ***, P � 0.0001.
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expression levels at both 6 and 24 h postinfection (P � 0.0001) (Fig. 4A); however, in
the case of M. bovis BCG infection, a significant increase in the transcript level of TLR2
was observed after 24 h of infection compared to that in uninfected cells (P � 0.001)
(Fig. 4B). In the case of TLR4, a significant increase in the TLR4 transcript level was
observed only after 6 h, followed by a moderate downregulation at later time points in
M. tuberculosis-infected cells (P � 0.0001) (Fig. 4C). On the other hand, M. bovis BCG
infection showed higher expression levels of TLR4 at both 6 and 24 h of infection (P �

0.0001) (Fig. 4D), indicating that virulent and avirulent mycobacteria modulate TLR
expression in BM-MSCs.

Next, we compared the expression levels of several proinflammatory (tumor necrosis
factor alpha [TNF-�] and IL-1�) and anti-inflammatory (IL-10 and transforming growth
factor � [TGF-�]) cytokines in M. tuberculosis- and M. bovis BCG-infected BM-MSCs using
quantitative real-time reverse transcription-PCR (qRT-PCR) and a Bioplex cytokine anal-
ysis kit. We observed significant downregulation of IL-1� at both the protein (P �

0.0001) (Fig. 5A) and RNA (P � 0.05) (Fig. 5B) levels at 6 h, whereas no significant
difference was seen at 24 h for M. tuberculosis-infected and uninfected cells. TNF-�
expression was found to be significantly downregulated at 6 h (P � 0.0001) (Fig. 5C),
while at the transcriptional level, such downregulation was observed only after 24 h of
M. tuberculosis infection (P � 0.05) (Fig. 5D). In the case of anti-inflammatory cytokines,
we observed a moderate decrease in the level of TGF-� only at 6 h (P � 0.05) (Fig. 5E),
whereas IL-10 was highly expressed at the protein level after 6 h (P � 0.0001) (Fig. 5F)
and at the transcriptional level after 24 h (P � 0.0001) (Fig. 5G) in M. tuberculosis-
exposed cells. The overall cytokine analysis indicated the downregulation of proinflam-
matory cytokines and the upregulation of anti-inflammatory cytokines after M. tuber-
culosis infection.

FIG 4 Determination of TLR expression in M. tuberculosis- and M. bovis BCG-infected BM-MSCs. BM-MSCs
(2 � 105) were seeded onto a 24-well tissue culture plate and infected with M. tuberculosis and M. bovis
BCG. After 6 and 24 h of infection, cells were harvested, and cDNA was prepared to check the expression
of TLRs by qRT-PCR analysis. Shown are data from qRT-PCR analyses of the expression of TLR2 in M.
tuberculosis-infected (A) and M. bovis BCG-infected (B) BM-MSCs and of TLR4 in M. tuberculosis-infected
(C) and M. bovis BCG-infected (D) BM-MSCs. The results shown are from three independent experiments
(means � SD). **, P � 0.001; ***, P � 0.0001; ns, not significant.
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In the case of M. bovis BCG infection, we observed a substantial increase in the
transcript levels of IL-1� after 24 h of infection, whereas no difference in the expression
level was observed at 6 h postinfection (P � 0.0001) (Fig. 5H). No significant differences
in TNF-� expression levels were observed in infected and uninfected cells at the 6- and

FIG 5 Determination of cytokine expression levels in M. tuberculosis- and M. bovis BCG-infected BM-MSCs. BM-MSCs (2 � 105) were seeded onto a 24-well tissue
culture plate and infected with M. tuberculosis and M. bovis BCG. After 6 and 24 h of infection, the supernatant was harvested for cytokine analysis by using
a Bioplex kit assay, and cells were harvested for the preparation of cDNA to check cytokine transcript levels by qRT-PCR analysis. (A and B) IL-1� cytokine levels
in M. tuberculosis-infected BM-MSCs. (C and D) TNF-� cytokine levels in M. tuberculosis-infected BM-MSCs. (E) TGF-� cytokine levels in M. tuberculosis-infected
BM-MSCs. (F and G) IL-10 cytokine levels in M. tuberculosis-infected BM-MSCs. (H to K) mRNA transcript levels of IL-1� (H), TNF-� (I), TGF-� (J), and IL-10 (K) in
M. bovis BCG-infected BM-MSCs. The results shown are from three independent experiments (means � SD). *, P � 0.05; **, P � 0.001; ***, P � 0.0001.
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24-h time points (Fig. 5I). Similarly, the expression levels of both TGF-� (P � 0.0001) (Fig.
5J) and IL-10 (P � 0.0001) (Fig. 5K) were found to be upregulated after 6 h of infection,
whereas no differences were observed after 24 h of infection compared with the levels
in uninfected cells. The above-described results indicated that M. tuberculosis and M.
bovis BCG infections modulate the expression of pro- and anti-inflammatory cytokines
at different stages of infection.

Inhibition of TLR2 and TLR4 downregulates Camp expression. Based on the
above-described results, our subsequent studies were focused on the investigation of
the molecular mechanism(s) that is responsible for the induction of Camp expression
that leads to the killing of intracellular bacilli. For this reason, all subsequent experi-
ments were performed with M. bovis BCG as a model organism. As described above, we
found the upregulation of both TLR2 and TLR4 in both M. tuberculosis- and M. bovis
BCG-challenged BM-MSCs. Previously, several studies demonstrated the role of TLR2
and TLR4 in the regulation of Camp expression (26–28). In the next step, we attempted
to identify the role of TLRs in the control of Camp expression in BM-MSCs. For this,
BM-MSCs were first treated with TLR2 (anti-mouse CD282 at a 1:1,000 dilution) (catalog
number 14-9024-80; eBioscience) (29) and TLR4 (TAK242 at 1 �M; Sigma) (30) inhibitors
for 4 h, followed by M. bovis BCG infection. Following treatment with TLR2 and TLR4
blockers, the expression level of Camp decreased significantly compared with that in
untreated and infected cells (P � 0.001) (Fig. 6A). However, treatment with a combi-
nation of TLR2 and TLR4 blockers did not further decrease Camp expression levels
compared with treatment with TLR2 and TLR4 inhibitors alone. These results indicate
that both TLR2 and TLR4 are involved in the modulation of Camp expression in
response to M. bovis BCG infection in BM-MSCs.

Upregulation of Camp by TLRs is mediated via MyD88 and IL-1 receptor-
associated kinase 4. MyD88 is a universal adaptor protein that plays a critical role in
TLR-mediated signal transduction (31). MyD88 knockout mice showed no cellular
responses to the TLR2 (32, 33) and TLR4 (34) ligands, indicating that MyD88 is essential
for the inflammatory responses mediated by TLR2 and TLR4. To corroborate that the
modulation of Camp expression is mediated through TLR induction, we examined the
expression of MyD88 in M. bovis BCG-infected BM-MSCs. Western blot analysis showed
increased levels of MyD88 at both the 6- and 24-h time points in infected cells
compared to uninfected cells (Fig. 6B).

The MyD88 adaptor protein links TLRs to IRAK-4. Binding of pathogen-associated
molecular patterns (PAMPs) to TLRs triggers the recruitment of MyD88 to the cytoplas-
mic TIR domain of the TLR, which initiates the association and phosphorylation of
IRAK-4 (35). Hence, we determined the expression levels of total IRAK-4 and phosphor-
ylated IRAK-4 (pIRAK-4) in BM-MSCs following M. bovis BCG infection. Although the
levels of total IRAK-4 remained unchanged in infected and uninfected BM-MSCs (Fig.
6B), the expression level of pIRAK-4 was found to be significantly increased in M. bovis
BCG-infected cells at both 6 and 24 h compared to the levels in uninfected cells (Fig.
6B). To further confirm the involvement of IRAK-4, we determined the Camp expression
levels in BM-MSCs treated with an IRAK-4 inhibitor (300 �M I5409; Sigma) (36). We
observed a significant downregulation of Camp expression levels in IRAK-4 inhibitor-
treated cells compared to those in untreated cells (P � 0.001) (Fig. 6C), indicating that
Camp expression is regulated via IRAK-4.

Camp expression is regulated by the p38 MAPK pathway. The MyD88-TLR
interaction is known to recruit members of the IRAK family and initiates signaling
through MAPK pathways (37). Moreover, previous studies showed that MAPK pathways
are involved in the modulation of CRAMP expression (38). In order to identify the MAPK
pathway that could be involved in the regulation of Camp expression, we checked the
expression of MAPK proteins in M. bovis BCG-infected BM-MSCs. The MAPK family of
protein kinases includes extracellular signal-regulated kinase (ERK) and the stress-
activated p38 MAPK. We evaluated the levels of pERK (p42/p44) and p38 MAPK in
response to M. bovis BCG infection. We observed the upregulation of p38 in infected
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cells compared to uninfected ones (Fig. 6D) and that the level of pERK was downregu-
lated in response to M. bovis BCG infection compared to that in uninfected BM-MSCs
(Fig. 6D). To prove that p38 upregulation is necessary for the induction of Camp
expression, we examined Camp expression in the presence and absence of a p38
inhibitor (SB203580) in M. bovis BCG-challenged BM-MSCs. Following infection, the
level of Camp expression was increased compared to that in uninfected cells, but this
effect was aborted in the presence of the p38 inhibitor (P � 0.0001) (Fig. 6E). We also
studied intracellular bacterial survival in TLR2, TLR4, p38, and NF-�B inhibitor-treated
cells. Intriguingly, we found that only treatment with the p38 inhibitor increased the
intracellular survival of the bacteria (P � 0.0001), whereas we did not observe any
difference in bacterial burdens between other inhibitor-treated and untreated cells

FIG 6 Camp expression in M. bovis BCG-infected BM-MSCs is regulated by the MyD88 –IRAK-4 –p38 MAPK pathway. (A) Determination of Camp expression in
BM-MSCs infected with M. bovis BCG in the presence of TLR2 (anti-mouse CD282) and TLR4 (TAK242; 1 �M) blockers. Cells were pretreated with TLR2 and TLR4
inhibitors, and the Camp expression level was determined by qRT-PCR. Uninfected and untreated cells were used as a control. (B) Western blot analysis of
MyD88, pIRAK-4, and IRAK-4 in uninfected and M. bovis BCG-infected BM-MSCs after 6 and 24 h of infection. (C) Determination of Camp expression levels in
M. bovis BCG-infected and IRAK-4 inhibitor-treated BM-MSCs after 24 h. Untreated cells were used as a control. (D) Western blot analysis of p38 and pERK
(p42/44) in uninfected and M. bovis BCG-infected BM-MSCs after 24 h of infection. (E) Expression of Camp in BM-MSCs infected with M. bovis BCG in the presence
of the p38 inhibitor SB203580 (10 �M). (F) Intracellular survival of M. bovis BCG in the presence of a p38 inhibitor (SB203580; 10 �M), a TLR4 blocker (TAK242;
1 �M), a TLR2 blocker (anti-mouse CD282; 1:1,000), and an NF-�B nuclear translocation inhibitor (catalog number sc-3060; 20 �g/ml). (G) Expression of IL-1�
in BM-MSCs infected with M. bovis BCG in the presence of the p38 inhibitor SB203580. (H) Expression of IL-1� in Camp-silenced BM-MSCs infected with M. bovis
BCG. The results shown are from three independent experiments (means � SD). **, P � 0.001; ***, P � 0.0001; ns, not significant.
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(Fig. 6F). We also found a significant downregulation of the transcript levels of IL-1�,
which was previously shown to be highly expressed in M. bovis BCG-infected cells (Fig.
5H), in the presence of the p38 inhibitor compared to those in untreated cells (P �

0.0001) (Fig. 6G). A previous study showed that cathelicidin regulates the expression of
IL-1� (39). Hence, we checked whether Camp silencing has any effect on the expression
of IL-1� in infected BM-MSCs. We found that Camp silencing abrogated the expression
of IL-1� in M. bovis BCG-infected cells compared to that in nonsilenced cells (P �

0.0001) (Fig. 6H). Altogether, these data suggest that the M. bovis BCG-induced up-
regulation of p38 MAPK is responsible for the observed increased expression levels of
Camp and the IL-1� cytokine.

M. bovis BCG infection induces NF-�B activity in BM-MSCs. In resting cells, NF-�B
is sequestered in the cytoplasm by its inhibitor, I�B�, whereas stimulation with proin-
flammatory cytokines or certain bacterial infections causes the phosphorylation of I�B�,
which is thereby targeted for proteasomal degradation (40). With the degradation of
I�B, phosphorylated NF-�B–p65 is then freed to enter the nucleus, where it can activate
the expression of target genes. Next, we examined the localization of activated NF-�B
in M. bovis BCG-infected BM-MSCs using fluorescence microscopy. As shown in Fig. 7A,
NF-�B was found to be readily translocated to the nucleus of M. bovis BCG-infected
cells, whereas uninfected cells showed no nuclear localization of NF-�B. Western blot
analysis also showed a significant increase in the level of nuclear NF-�B–p65 after 24 h
of infection compared to that in uninfected BM-MSCs (Fig. 7B). To further prove that
NF-�B translocation is important for Camp expression, we inhibited the nuclear trans-

FIG 7 Determination of NF-�B expression in M. bovis BCG-infected BM-MSCs. (A) Nuclear localization of NF-�B–p65 in uninfected and M.
bovis BCG-infected BM-MSCs determined by fluorescence microscopy. Blue, nucleus; green, M. bovis GFP; red, NF-�B. (B) Western blot
analysis of NF-�B–p65 in uninfected and M. bovis BCG-infected BM-MSCs after 6 and 24 h of infection. (C) mRNA expression of Camp in
the presence of an NF-�B nuclear translocation inhibitor (catalog number sc-3060). The results shown are from three independent
experiments (means � SD). ***, P � 0.0001.
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location of NF-�B by treating BM-MSCs with an inhibitor (catalog number sc-3060;
Santa Cruz Biotechnology Inc.). Interestingly, we found that treatment with an inhibitor
downregulated the expression level of the Camp transcript (P � 0.0001) (Fig. 7C). These
results suggest that M. bovis BCG infection induces the translocation of NF-�B to the
cellular nucleus, where it controls Camp expression.

DISCUSSION

In recent years, accumulating evidence has shown that bone marrow acts as a
reservoir for various immune cells, including MSCs, neutrophils, dendritic cells, B cells,
T cells, and natural killer cells. In BM, MSCs play a central role in the regulation of various
immunomodulatory activities that can either suppress or stimulate the functions of
immune cells (41). For decades, it was presumed that macrophages are the primary
host cells for M. tuberculosis, where it survives for extended period of time by manip-
ulating the immune effector functions of macrophages (42). Recently, it was shown that
M. tuberculosis also infects and persists in human BM-MSCs (7); however, the mecha-
nisms responsible for the persistence of M. tuberculosis in BM are still not known.
Depending upon the surrounding microenvironment, MSCs can either support or
inhibit the growth of microorganisms (43, 44). For example, hepatitis B virus (45) and
Staphylococcus aureus can infect and replicate in BM-MSCs (46), whereas the growth of
Escherichia coli was found to be inhibited in MSCs (18). These results indicate that some
pathogens are able to develop a strategy to survive inside MSCs. The current data show
that both virulent as well as avirulent mycobacteria are able to infect mouse BM-MSCs.
Interestingly, we found that nonpathogenic M. bovis BCG and M. smegmatis, but not M.
tuberculosis, are killed by BM-MSCs and that the cationic antimicrobial peptide cathe-
licidin is necessary for TLR2/4 –IRAK-4-dependent antimicrobial responses against my-
cobacteria.

We found that M. bovis BCG infection can induce the expression of Camp, which
resulted in the killing of intracellular bacilli, while silencing of Camp increased bacterial
survival. On the other hand, the virulent M. tuberculosis H37Rv strain was able to survive
inside cells by downregulating the expression of Camp. Human MSCs produce an
antimicrobial peptide, cathelicidin (hCAP-18/LL-37), which is known to inhibit bacterial
growth (18). Previously, we showed that Camp�/� mouse macrophages were signifi-
cantly impaired in their ability to kill nonpathogenic M. smegmatis (22). Previous reports
also demonstrated that certain bacterial infections cause the downregulation of cathe-
licidin to aid in bacterial survival (47, 48). Altogether, these reports demonstrate the
relationship between cathelicidin expression and the antibacterial activity of immune
cells. Here, we establish that cathelicidin is one of the important mediators of intra-
cellular mycobacterial killing in BM-MSCs.

The interactions between various mycobacterial ligands and cognate TLRs are the
major determinants of the outcome of innate immune responses of macrophages.
Previously, TLR2 and -4, the most prominent TLRs implicated in TB pathogenesis, were
shown to interact with mycobacterial lipoproteins (49, 50) and proline-glutamic acid
(PE) proteins (51). These interactions led to TLR activation, which subsequently induced
the expression of cathelicidin in macrophages (52). The present study expands on these
findings and demonstrates that M. tuberculosis and M. bovis BCG induce the expression
of TLR2 and TLR4 during the infection process in BM-MSCs. Preincubation of BM-MSCs
with TLR2 and TLR4 blockers markedly reduced Camp expression. These findings
provide a direct link between M. tuberculosis- and M. bovis BCG-mediated TLR induction
and cathelicidin expression. However, the specific mycobacterial components respon-
sible for the induction of these two TLRs in BM-MSCs remain to be investigated.
Previously, it was shown that the M. tuberculosis lipoprotein LpqH is involved in
TLR2/1-mediated cathelicidin induction (26). These data suggest that several distinct
mechanisms could contribute to TLR-induced cathelicidin expression.

Interactions between microbial ligands and TLRs lead to the induction of various
inflammatory cytokines, such as TNF-�, IL-1�, IL-10, and TGF-� (53), which play a central
role in the regulation of immune responses against bacteria. We found significantly
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higher expression levels of the proinflammatory cytokine IL-1� in M. bovis BCG-
challenged BM-MSCs; however, the expression of IL-1� was found to be downregulated
in M. tuberculosis-infected BM-MSCs. Moreover, M. tuberculosis infection significantly
induced the expression of the anti-inflammatory cytokine IL-10, which is known to
dampen the antibacterial effector function of immune cells (54). Previous reports
showed that the induction of monocyte-derived macrophages with 1,25-dihydroxyvitamin,
a cathelicidin inducer, increased the expression levels of IL-1� (55) and that M. tuberculosis
lipoprotein induced the expression of cathelicidin, which subsequently led to the control of
mycobacterial growth (28). Similarly, skin keratinocytes induced the expression of IL-1� via
cathelicidin during infection by Gram-negative bacteria (56). These results indicate that the
downregulation of IL-1� and the upregulation of IL-10 by M. tuberculosis may play a key role
in the persistence of virulent mycobacteria in BM-MSCs. With M. bovis BCG infection, we did
not observe any difference in the levels of TNF-�, IL-10, and TGF-� at later infection stages,
indicating that the modulation of cathelicidin expression is independent of these cytokines,
at least in BM-MSCs.

In general, stimulation of cells with TLR ligands activates MyD88-dependent and
-independent signaling pathways. The recruitment of MyD88 to TLRs triggers various
signaling cascades via IRAKs, which subsequently initiate signaling through MAPK
pathways. Within the IRAK family, IRAK-4 is the only family member indispensable for
the induction of both inflammatory and antimicrobial responses. IRAK-4 undergoes
autophosphorylation and activates downstream protein kinase cascades. We found
upregulation of both MyD88 and phospho-IRAK-4 in M. bovis BCG-infected cells, while
the inhibition of IRAK-4 abrogated M. bovis BCG-induced cathelicidin expression,
indicating that the expression of cathelicidin is mediated through the MyD88 –IRAK-4
signaling pathway, which subsequently controls bacterial growth. Previously reported
findings also showed that mice deficient in MyD88 and IRAK-4 are highly susceptible to
Staphylococcus aureus infection and succumb to infection, demonstrating the in vivo
significance of MyD88 and IRAK-4 in pathogen-induced immune responses (32, 57).
MAPK pathways are involved in the modulation of CRAMP expression (38). The level of
p38 MAPK was increased in M. bovis BCG-infected BM-MSCs. Pretreatment with a p38
inhibitor subdued the expression of Camp and IL-1�, suggesting that the M. bovis
BCG-induced upregulation of p38 MAPK is responsible for the increased expression
levels of Camp and IL-1�. Moreover, treatment with a p38 inhibitor also increased the
intracellular survival of M. bovis BCG, suggesting a critical role for p38 in the regulation
of cathelicidin expression and the control of bacterial growth in BM-MSCs. It has been
shown that the phosphorylation of p38 activates NF-�B and its subsequent transloca-
tion to the nuclear compartment of cells (58, 59). We found increased levels and nuclear
localization of phospho-NF-�B in M. bovis BCG-infected BM-MSCs compared to those in
uninfected cells. Pathak et al. showed that M. tuberculosis early secretory antigen target
6 (ESAT-6) inhibited TLR-mediated signaling and activation of NF-�B (60). That same
study showed that the binding of ESAT-6 to TLR2 prevented the interaction between
MyD88 and IRAK-4, thus abrogating NF-�B. Region of deletion 1 (RD1) is present in
virulent M. tuberculosis strains but is deleted in M. bovis BCG. This region encompasses
at least nine genes, including ESAT-6 and culture filtrate protein (CFP-10), that are
involved in M. tuberculosis pathogenesis (61). Therefore, the observed activation of the
MyD88 –IRAK-4 signaling pathway and NF-�B could be attributed to the absence of
ESAT-6 in M. bovis BCG. Moreover, activated NF-�B was also shown to activate Camp
expression (62). In agreement with those results, we also observed decreased Camp
expression levels after the inhibition of nuclear translocation of NF-�B in M. bovis
BCG-infected cells. In summary, the present data are unique in that we demonstrate a
distinct strategy that could be employed by pathogenic mycobacteria to persist inside
bone marrow. Our proposed model for the mechanism by which the TLR2/4 –MyD88 –
IRAK-4 –p38 –NF-�B–IL-1� pathway mediates a stimulatory effect on cathelicidin induc-
tion and mycobacterial killing is summarized in Fig. 8. However, further investigation
is required to specifically determine the roles for TLR2 and TLR4 in cathelicidin
regulation in bone marrow cells. These results also warrant further investigation of
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the induction of cathelicidin in BM as a promising alternative strategy for antimy-
cobacterial therapy in BM.

MATERIALS AND METHODS
Ethics statement. All the animal experiments described in the present study were performed in strict

accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the
Committee for the Purpose of Control and Supervision on Experiments on Animals (CPCSEA) in India (63).
All animal studies were conducted with adherence to experimental guidelines and procedures approved
by the Institutional Animal Care and Use Committee (KSBT/IAEC/2014-15/MEET-1/A4) of the School of
Biotechnology, KIIT University. All efforts were made to minimize suffering and ensure the highest ethical
and human standards.

Bacterial strains. Mycobacterium tuberculosis H37Rv and GFP-labeled M. bovis BCG were grown in
Middlebrook 7H9 broth medium (Difco) supplemented with 10% OADC (oleic acid-albumin-dextrose-
catalase) and 0.05% Tween 80 (Merck) at 37°C at 120 rpm. In order to stabilize GFP expression, the
medium was supplemented with hygromycin (50 mg ml�1). Prior to infection, bacteria were washed with
PBS to remove traces of hygromycin. M. smegmatis mc2155 cells were grown in Middlebrook 7H9 broth
medium containing 0.05% Tween 80, 0.5% glucose, and 0.5% albumin at 37°C at 120 rpm.

Isolation of bone marrow mesenchymal stem cells from mice. Six- to eight-week-old BALB/c mice
were purchased from the National Centre for Laboratory Animal Sciences (NCLAS), Hyderabad, India. All
mice were maintained in HEPA filter-bearing cages under 12-h light cycles in our animal facility and were
given sterile chow and autoclaved water ad libitum. Mouse BM-MSCs were isolated according to a
previously reported protocol (21). Briefly, animals were sacrificed, and an incision was made around the
perimeter of the hind limb. Bones were kept in a sterile petri dish containing 1� PBS supplemented with
4% fetal bovine serum (FBS). BM-MSCs were collected from femoral and tibial bone marrow by inserting
a 26-gauge syringe at the bone cavity and flushing it with Dulbecco’s modified Eagle’s medium (DMEM;
Himedia, India) containing 10% heat-inactivated FBS, 2 mM L-glutamine, and 1� penicillin-streptomycin.
The resulting cell suspension was filtered through a 70-mm filter mesh to remove any bone spicules or
muscles, and the cells were gently resuspended in DMEM as mentioned above. Cells were cultured at
37°C in a 5% CO2 atmosphere on cell culture dishes. After 6 h of incubation, nonadherent cells were
removed, medium was replaced with DMEM, and the cells were incubated for another 72 h. After 2
weeks, cells were trypsinized, collected in DMEM without penicillin-streptomycin, and seeded into
24-well plates at a density of 2 � 105 cells per well. The isolated BM-MSCs were characterized by flow
cytometry using several positive (Sca-1 and CD44) and negative (CD31, c-Kit, CD45, and CD11b)
markers (21).

Sorting of BM-MSCs by flow cytometry. Isolated cells were stained with 4=,6-diamidino-2-
phenylindole (DAPI) (Invitrogen) and a mixture of fluorochrome-labeled antibodies. Data were acquired
on FACSAria II instrument using FACSDiva software (BD Biosciences), and compensation and data

FIG 8 Schematic representation of the modulation of cathelicidin expression during mycobacterial
infection in BM-MSCs. Mycobacterial infection activates TLR2/4 expression, which causes the activation
of the downstream molecule MyD88 and the phosphorylation of IRAK-4. pIRAK-4 causes the phosphor-
ylation of p38, which activates NF-�B. The translocation of NF-�B into the nucleus stimulates the
expression of the cathelicidin antimicrobial peptide and the proinflammatory cytokine IL-1�, which
subsequently leads to decreased bacterial survival inside BM-MSCs.
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analyses were performed offline by using FlowJo software. The cell sorter was set up according to the
manufacturer’s guidelines with a 70-�m nozzle, and the cells were sorted at a very low flow rate of 1 to
acquire a pure population. An unstained sample was run to set the voltages so that the cell population
was properly positioned and exhibited low background fluorescence in all the channels. Forward scatter
(FSC) and side scatter (SSC) were used to gate viable and single-cell events. Debris and dead cells were
excluded from analysis by categorizing low-FSC events as debris and events with low FSC and high SSC
as dead cells. A compact population was gated and further analyzed for the uptake of the impermeable
DAPI stain to determine live versus dead cells. The DAPI-negative population was further analyzed for
surface markers, i.e., CD44, CD45, Sca-1, CD31, CD11b, and c-Kit. Gates were created to collect the CD44�

Sca1� CD31� CD11b� c-Kit� population. The sorted cells were transferred to 15-ml tubes and counted,
viability was determined by trypan blue exclusion, and equal numbers of cells were seeded onto 6-well
plates for infection assays.

BM-MSC infection assay. M. tuberculosis H37Rv, GFP-labeled M. bovis BCG, and M. smegmatis
cultures in the mid-exponential growth phase were pelleted, washed in PBS (pH 7.4), and resuspended
in antibiotic-free DMEM to a final optical density at 600 nm (OD600) of 0.1. Bacterial clumps were removed
by ultrasonic treatment of bacterial suspensions for 15 min, followed by low-speed centrifugation for 2
min. BM-MSCs were seeded onto 24-well tissue culture plates at a density of 2 � 105 cells per well and
incubated for 24 h. The cells were then infected with bacteria at an MOI of 1:10. In each experiment, after
3 h of infection, cells were washed, and DMEM plus gentamicin (20 �g ml�1) were added to kill
extracellular bacteria. For M. smegmatis, a similar protocol was followed, except that cells were allowed
to take up bacteria for 2 h.

For CFU assays, infected cells from 24-well plates were harvested at different time points, washed
with PBS, and lysed with ice-cold 0.1% Triton X-100. Serial dilutions of lysed cells were prepared in PBS
and plated onto 7H10 medium supplemented with OADC. Five microliters was plated in triplicate, M.
smegmatis colonies were counted after 3 days, and M. bovis BCG and M. tuberculosis colonies were
counted after 3 to 4 weeks.

Fluorescence microscopy. To study the infection rate, BM-MSCs (5 � 104) were infected with
GFP-labeled M. bovis BCG (MOI of 1:10) on glass coverslips in 24-well tissue culture plates for 2 to 3 h.
The cells were then intensively washed with PBS to remove extracellular bacteria, fixed with a 4%
paraformaldehyde solution in PBS for 20 min, and quenched by incubating the cells with glycine.
BM-MSCs were stained with rhodamine-phalloidin (1:300) for 20 min. Phagocytosis of mycobacteria was
assessed by counting cells containing green mycobacteria by fluorescence microscopy (Olympus BX61).
Under each condition, triplicate experiments were performed, and at least 100 cells were counted per
slide. In parallel, the cells were lysed, and the intracellular bacterial load was determined by a CFU assay.

Nuclear localization of NF-�B by fluorescence microscopy. For fluorescence microscopy, 5 � 104

BM-MSCs were seeded onto 24-well tissue culture plates. The cells were then infected with GFP-labeled
M. bovis BCG at an MOI of 1:10 as described above. After 24 h of infection, cells were fixed with
methanol-acetone (1:1) at �20°C for 20 min and quenched by the addition of 1 mg/ml sodium
borohydrate for 5 min. Subsequently, cells were permeabilized with 0.5% saponin in PBS for 15 min,
washed, blocked with 5% bovine serum albumin (BSA) for 60 min, and then incubated overnight with
primary antibody (NF-�B) (catalog number 8242; Cell Signaling) at 4°C. The cells were then washed and
incubated with secondary antibody (goat anti-rabbit IgG) conjugated to Alexa Fluor 594. Cells were
mounted with DAPI-containing ProLong Gold Antifade mounting solution (catalog number P-36931;
Invitrogen) and analyzed by fluorescence microscopy (Olympus BX61).

Western blot analysis. All antibodies except the antibody to CRAMP were purchased from Cell
Signaling Technology. The expression levels of CRAMP (catalog number sc-66843; Santa Cruz), MyD88
(catalog number 4283), IRAK-4 (catalog number 4363), phospho-IRAK-4 (pIRAK-4) (catalog number
11927), p38 (catalog number 9212), phospho-p38 (catalog number 4511), and NF-�B (catalog number
8242) were checked by infecting BM-MSCs with M. bovis BCG for different times. After infection, cells
were harvested, centrifuged at 5,000 rpm for 5 min, and washed three times with PBS. Protein samples
were prepared by cell lysis using 1� SDS sample buffer (62.5 mM Tris-HCl [pH 6.8], 2% [wt/vol] SDS, 10%
glycerol, 50 mM dithiothreitol [DTT], 0.15 [wt/vol] bromphenol blue) supplemented with a protease
inhibitor cocktail and phenylmethylsulfonyl fluoride (PMSF). To study NF-�B expression, a nuclear protein
extraction kit (catalog number ab113474; Abcam) was used for nuclear protein extraction. Proteins were
electrophoresed in 12% SDS-PAGE gels and transferred to a polyvinylidene difluoride (PVDF) membrane
(GE Healthcare, USA) overnight at 28 V. The blots were blocked by using 5% BSA or 5% skim milk in a
solution containing 1� Tris-buffered saline and 1% Tween 20 (TBST) for 10 h at 4°C. The membranes were
then incubated with primary antibodies (dilution, 1:1,000) overnight at 4°C. The next day, the membranes
were washed three times by using 1� TBST for 5 min. The membranes were then incubated with
secondary antibodies (dilution, 1:1,000) for 2 h. Membranes were washed by using 1� TBST, and X-ray
film was developed by using a standard chemiluminescent solvent. Densitometry analysis was performed
to quantify the expression of proteins by using ImageJ software. The protein expression values are
assigned with respect to the loading control.

Silencing of Camp by siRNA. Camp siRNA (catalog number sc-45283) and scrambled siRNAs (catalog
number sc-37007) were purchased from Santa Cruz Biotechnology Inc. BM-MSCs were transfected with
siRNAs according to the manufacturer’s instructions (Santa Cruz Biotechnology Inc.).

Real-time PCR. Total RNA from infected and/or treated BM-MSCs was isolated by using TRIzol
reagent according to the manufacturer’s protocol (Invitrogen). cDNA synthesis was performed by using
a Verso cDNA synthesis kit (catalog number AB1453A) according to the manufacturer’s instructions. The
synthesized cDNA was used as a template for qRT-PCR amplification using gene-specific primers
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(Table 1). Primer efficiency was determined by performing PCR using different dilutions of cDNA of test
samples and the control. All reactions were performed with a total reaction mixture volume of 10 �l by
using SYBR green PCR master mix (KapaBiosystems, USA) and carried out in an ABI Realplex thermocycler
(ABI, Eppendorf, Germany) with an initial denaturation step at 95°C for 10 min, a final denaturation step
at 95°C for 30 s, an annealing step at 55.5°C for 30 s, and an extension step at 72°C for 20 s to generate
200-bp amplicons. All qRT-PCRs were performed on three biological replicates, and the data for each
sample were expressed relative to the expression level of the glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) gene.

Cytokine profiling. BM-MSCs (2 � 105) were seeded onto 24-well tissue culture plate and infected
with M. tuberculosis. After 3 h of infection, 20 mg/ml gentamicin-containing DMEM was added to kill the
extracellular bacteria. After 6 and 24 h, the supernatant was harvested, and cytokine levels were
estimated by using a Bioplex kit assay (Bio-Rad).

Statistical analysis. Data are presented as means � standard deviations (SD). Two-way analysis of
variance was used to determine statistical significance between groups.
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