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Abstract

Mycobacterium tuberculosis (Mtb) can persist in hostile intracellular microenvironments evading
immune cells and drug treatment. However, the protective cellular niches where Mrb persists
remain unclear. We report that M¢b may maintain long-term intracellular viability in a human
bone marrow (BM)—derived CD271%/CD45~ mesenchymal stem cell (BM-MSC) population in
vitro. We also report that Meb resides in an equivalent population of BM-MSCs in a mouse model
of dormant tuberculosis infection. Viable Mtb was detected in CD271%/CD45~ BM-MSCs isolated
from individuals who had successfully completed months of anti- Mtb drug treatment. These
results suggest that CD271* BM-MSCs may provide a long-term protective intracellular niche in
the host in which dormant Mtb can reside.

INTRODUCTION

Tuberculosis (TB) infects nearly 2.2 billion people worldwide (1, 2). Effective drugs that
can target replicating Mycobacterium tuberculosis (Mtb) have been available for 50 years.
Yet, the eradication of this disease remains elusive. This has been largely attributed to the
ability of Mtb to maintain a latent or dormant infection in a host despite the evidence for a
vigorous host immune response (1, 2).
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Dormant Mtb may remain in a nonreplicating state during asymptomatic infection (1). In
addition, dormant Mtb can tolerate the extreme hypoxic environment present in the
tuberculous granulomas in lung tissue (3, 4). Dormant Mtb remains sensitive to
antitubercular drugs like rifampicin (4, 5), as illustrated by their reduced viability in
dormant, fibrotic granulomas after drug treatment (6). However, it is not yet clear how Mtb
retains viability during the asymptomatic infection phase as well as during post-
chemotherapy dormancy, such that it can be reactivated causing clinical disease (7).

Nonreplicating Mtb may reside in a protective intracellular niche to maintain viability (1).
Therefore, identification of the protective intracellular niches that enable Mtb to remain in a
viable nonreplicating dormant state is urgently needed to understand the pathogenesis of this
disease and to enhance our ability to develop better drugs and vaccines.

Macrophages and dendritic cells have been known for decades to serve as host cells for Mtb
growth (8). However, the viability of Mtb in these intracellular niches is poor (9), and no
evidence exists indicating that these cells can maintain live nonreplicating Mtb. Other cell
types such as epithelial cells, fibrocytes, adipocytes, and endothelial cells distributed in
pulmonary and extrapulmonary niches have been described as possible host cells for
nonreplicating Mtb (1, 10, 11). These possibilities have been suggested on the basis of
human autopsy studies that demonstrated the presence of Mtb DNA in these cell types (10,
11). However, viable nonreplicating Mtb in these cell types during infection in vivo have not
been demonstrated. Hence, to date, although Mtb is known to infect many cell types, the
evidence that any of these host cells may serve as a reservoir of live nonreplicating Mtb in
vivo has as yet not been shown.

We postulated that bone marrow stem cells (BMSCs), comprising both hematopoietic and
mesenchymal stem cells (MSCs), might provide an ideal protective niche for nonreplicating
Mtb because these cells have several properties that are ideal for the pathogen’s long-term
persistence and survival. First, these cells are present in the TB granulomas of infected
mouse and human lung tissue (12). Second, they have the capacity for self-renewal (13-15).
Third, they express drug efflux pumps such as ABCG2 that could contribute to drug evasion
by Mtb (16). Fourth, stem cells produce only low levels of endogenous reactive oxygen
species, which might benefit the viability of nonreplicating Mb. Fifth, they are relatively
quiescent (17) and reside in the immune-privileged niche in the BM (18, 19). Therefore, we
set out to examine whether BMSCs could be a host cell for the long-term persistence of
viable nonreplicating Mib.

Here, we report that Mtbh may persist in a mesenchymal subpopulation of human BMSCs
from patients previously treated for pulmonary TB and of mouse BMSCs from a mouse
model of nonreplicating Mtb infection. Our results suggest that a BMSC subpopulation,
CD271%/CD45~ mesenchymal BMSCs (19-25), may provide an intracellular niche for Mtb
persistence. CD271%/CD45~ cells purified from the BM of mice infected with nonreplicating
Mtb maintained the ability to reseed infection when injected into healthy mice. Viable Mtb
could be recovered from theCD271%/CD45~ cells obtained from individuals who had
completed antitubercular treatment. Our observations suggest that a BM cellular niche may
be important for the maintenance of the nonreplicating phase of the Mtb life cycle.

Mtb infects and survives in human CD271*/CD133* BMSCs

The general stem cell marker CD133 of BMSCs provided the starting point for further
subfractionation of human BM-derived stem cells. To determine whether Mtb can infect
specific CD133* BMSC populations, we isolated the CD271*/CD133*, CD2717/CD133*,
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and CD34%/CD133* populations from healthy human donors by magnetic sorting (20). The
cells were then cultured in vitro in serum-free medium containing growth factors that can
maintain CD133* BMSCs in their undifferentiated state (table S1) (14, 26). Next, these
purified subpopulations were exposed to either the virulent strain of Mtb H37Rv or the
avirulent strain of Mtb H37Ra. The Mtb-exposed cells were then briefly treated with
amikacin to kill residual extracellular bacteria. Subsequently, viable intracellular Mtb were
measured by colony-forming unit (CFU) assay using Middlebrook 7H11 agar plates (27).
The CD271%/CD133* BMSC fraction exhibited higher Mtb CFUs than did the other BMSC
fractions exposed to either Mtb H37Rv or H37Ra (P < 0.05; Fig. 1A). These results
indicated that BMSCs can be infected in vitro with Mtb and that the CD271+/CD133*
BMSC fraction was the most permissive for Mtb infection.

In the next step, the long-term viability of both the host cells and Mtb from Mtb-infected
CD271%/CD133* BMSCs was measured after 2 weeks of in vitro culture (Fig. 1B). The
infection of CD271*/CD133* human BMSCs with either MtbH37Ra or Mtb H37Rv did not
change the viability of the host cells as measured by Alamar blue assay (28). The number of
Mtb CFUs increased only two- to threefold between 0 and 4 days of infection (P < 0.05; Fig.
1C) and then remained unchanged. These results suggest that the internalized and viable
avirulent and virulent Mtb strains can replicate, albeit slowly, without impeding the growth
of CD271%/CD133* BMSCs.

To further examine and quantify Mtb infection of CD271*/CD133* human BMSCs, we used
PKH26-labeled Mtb (27) to visualize internalized mycobacteria by fluorescence microscopy
(Fig. 2A) and to isolate them by fluorescence-activated cell sorting (FACS). Internalized
H37Ra Mtb were clearly visible (Fig. 2A), and viable Mtb could be isolated from the FACS-
sorted CD271*/PKH26™ cells (Fig. 2, B and C). As a control, labeled heat-killed Mtb or
rifampicin-killed Mtb were confirmed to show markedly reduced intracellular internalization
with fewer Mtb DNA copies associated with CD2717/CD133* BMSCs (fig. S1). Thus,
viable Mtb H37Ra can be internalized and retained in CD271*/CD133* BMSCs.

CD271%/CD133* BMSCs contain both hematopoietic stem cells (HSCs; CD34%/CD45%) and
MSCs (CD271%/CD457) (20-22). To define which subpopulation was preferentially infected
by Mtb, we examined FACS-sorted CD271"/PKH26™ cells for HSC and MSC markers by
real-time quantitative polymerase chain reaction (QPCR) gene expression and FACS
analysis. Gene expression analysis revealed that the Mrb-infected cells expressed MSC
markers CD105, CD73, and CD90, whereas the hematopoietic markers CD45 and CD11b
were not expressed (fig. S2A).Moreover, expression of the HSC marker CD34 and
endothelial progenitor marker VEGFR2 (vascular endothelial growth factor receptor 2) was
negligible in the CD271*/PKH26" cells (fig. S2A). Also, the CD271*/PKH26% cells
expressed ABCG? (fig. S2A), a drug efflux pump expressed in the undifferentiated CD271%/
CD133* cells (table S1) (20). The FACS analysis of the CD271*%/PKH26" cells confirmed
the expression of the MSC markers CD105, CD73, and CD90, and the absence of the
hematopoietic marker CD45 (fig. S2B). We conclude that M) preferentially infects
CD271%/CD45~ BM MSCs (henceforth called CD271"7 BM-MSCs).

Finally, we examined if MtbH37Rv also preferentially infects the CD271* BM-MSCs.
Magnetic sorting was performed to isolate the CD271%/CD45 fraction from the infected
CD271%/CD133* BMSCs grown in serum-free culture for 2 weeks (see Supplementary
Materials and Methods). Purity of the CD271%/CD45~ cells was confirmed (89.2 + 4.4%; n
=4), as shown in Fig. 2D. Most of the Mtb H37Rv CFUs were obtained from the CD271%/
CD45™ versus CD2717/CD45™ fraction (P < 0.0001; Fig. 2E). We conclude that Mtb
preferentially infects CD271" BM-MSCs.
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Undifferentiated CD271+ BM-MSCs are needed to maintain Mtb viability

Next, we investigated whether the undifferentiated state of CD271* BM-MSCs (20) is
required to maintain the viability of intracellular Mtb. FACS-sorted CD2717/PKH26% cells
were cultured in a serum-rich medium that induces their differentiation as illustrated by the
loss of the CD271/CD133 markers (table S1) (20). Mtb-infected CD2717 BMMSCs were
treated with adipogenic differentiation medium to induce their differentiation from BM-
MSC:s to adipocytes (28). The results (Fig. 3A) illustrate that Mtb viability in the
differentiated CD271* BM-MSCs was reduced by fourfold (P < 0.05). Similar findings were
obtained with Mrb H37Rv infection of undifferentiated versus serum-rich and adipogenic
differentiation medium—treated CD271" BM-MSCs (P < 0.001; Fig. 3B). Hence, Mtb
viability appears to require the undifferentiated state of CD271* BM-MSCs.

Dissemination of Mtb H37Rv from lungs to BM in mice infected with aerosolized bacteria

To translate our in vitro results to an in vivo infectious process, we used a well-established
mouse model of TB. In this model, mice are infected via the respiratory route with a low
number of aerosolized virulent Mtb (~100 CFUs per mouse) (29). Mycobacterium grows in
the murine lungs and subsequently is disseminated to organs such as spleen and liver. To
evaluate whether the infectious process would also enable dissemination of Mtb from the
lung to BM, we infected mice with aerosolized virulent M¢b (strain H37Rv), and 4 weeks
later, the animals were sacrificed and the presence of M) in the animals’ lungs and BM
(femur) was enumerated using Middlebrook 7H11 agar plates to grow the mycobacteria.
Mtb was found in mouse BM and lung (Fig. 4). Our results support the possibility that BM
cells can be a target of Mrb infection in vivo as well as in vitro.

Viable nonreplicating Mtb resides in lung and BM MSCs of mice

We then evaluated whether mouse MSCs present in lung and BM could maintain the
viability of nonreplicating Mzb. To perform these experiments, we used a unique mouse
model of nonreplicating Mtb infection. In this model, an auxotrophic mutant of Mtb (strain
18b) replicates only in the presence of streptomycin (30-32). After streptomycin
withdrawal, the mutant Mtb persists in a nonreplicating viable state, and a small number of
viable Mtb CFUs can be obtained from the mouse lung and spleen even after 6 months after
infection (31). Hence, this model provided the opportunity to test whether nonreplicating
Mtb retained viability in MSCs in vivo.

Using this model, we measured the recovery of viable M¢b from the MSC fractions in the
lung and BM. In the mouse lung, the MSCs are enriched in a population of cells, the side
population (SP) (33), which is defined by their ability to exclude Hoechst 33342 dye as
detected by FACS gating and by their expression of the drug efflux pump ABCG2 (16). As
depicted in Fig. 5A, using Hoechst dye exclusion (34) and FACS (Fig. 5A), we could purify
a population that did not retain the Hoechst dye (SP) as well as a population that retained the
dye (non-SP fraction). The SP fraction was positive for ABCG2 and showed an increase in
expression of MSC markers Sca-1, CD105, CD44, and CD271 (more than fourfold) in the
SP versus the non-SP fraction (Fig. 5B). In contrast, neither CD45 nor the macrophage-
associated CD11b cell markers were detected in the SP fraction (Fig. 5B). Hence, lung SP
cells express CD271 and are enriched in MSCs, as has been suggested previously (33). In
the mouse BM, MSCs are enriched in CD271%/CD45~ cells (fig. S3). Therefore, we used
lung SP cells and BM CD271%/CD45~ cells of infected mice (6 months after streptomycin
withdrawal) to measure the recovery of viable nonreplicating Mb strain 18b.

First, we examined the lung SP and non-SP cells for viable Mtb by culturing lysates of these
cells in Middlebrook agar plates containing streptomycin. Viable Mtb strain 18b could be
retrieved from the lung SP fraction even after spending a prolonged period of time in a non-
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replicating state (Fig. 5C).When the infected SP cells (5 x 10% SP cells, containing on
average 70 Mtb CFUs, n=4) were injected by tail vein injection into recipient mice (female
C57BL/6 mice, 6 to 8 weeks old), the mice developed lung granulomas. Viable CFUs (1000
+ 430 per lung, n = 4) were obtained after 4 weeks of infection, suggesting that Mb in the
SP cells maintained their ability to reinfect host lung tissue. In contrast, few viable Mtb were
recovered from the non-SP population of cells. Thus, nonreplicating Mtb sequestered in
mouse MSCs in the lung SP population retain in vivo viability and reinfection capabilities.

Second, in examining the BM fraction, we observed that viable Mtb could be recovered
from CD271* BM-MSCs (Fig. 5, D and E). Figure 5E shows that on average 32,182 viable
CFUs were recovered per 107 CD271%/CD45~ cells. This implies that ~0.32% of CD271%/
CD45" cells contained viable and nonreplicating Mtb. These intracellular non-replicating
Mtb maintain reinfection capabilities similar to those of lung SP cells. Similar to lung SP
cells, the tail vein injection of Mib-infected 5 x 10* CD271* BM-MSCs (Fig. 5D) led to
lung granuloma development in the recipient mice 4 weeks after injection (Fig. 5, E and F).
Notably, CD271* BM-MSCs recovered from the recipient mice contained Mtb CFUs (Fig.
5E). Thus, viable nonreplicating Mtb could be obtained from both BM and lung MSCs of
mice infected with Mtb strain 18b.

To directly examine if CD271" mouse BM-MSCs can serve as a host of infectious Mtb, the
auxotrophic mutant M¢b strain 18b was labeled with the green fluorescent protein (GFP)—
expressing plasmid GFPpUV15%(35). The GFPpUV 15" -transfected Mtb strain 18b (GFP-
Mtb 18b) maintained its infective ability as assessed in vitro using the mouse macrophage
RAW cell line (fig. S4). Mice were then infected with the GFP-Mib 18b followed by daily
administration of streptomycin sulfate for 3 weeks. Mice were sacrificed, and BM cells were
obtained and analyzed by both confocal microscopy and multicolor flow cytometry. By
confocal microscopy examination, we observed the presence of intracellular GFP-labeled
Mtb strain 18b in CD271% cells among the heterogeneous BM mononuclear cell population
(Fig. 6A). By FACS analysis, 0.6 £ 0.2% (P< 0.02; n=5) of the CD271% cells stained
double positive for both the CD271 MSC marker and GFP (Fig. 6B). Our results further
suggest that CD271* BM-MSCs can be infected with Mib strain 18b in vivo.

Viable Mtb persist in CD271+/CD45~ BM-MSCs of treated TB patients

To examine whether Mtb could infect human CD271* BM-MSCs and maintain Mtb long-
term viability, we obtained BM cells from individuals previously treated for pulmonary TB.
Nine subjects who had under-gone complete Directly Observed Treatment Short-Course
(DOTS) were studied. After completion of treatment, these individuals had negative sputum
for Mtb culture and Mtb DNA, which is consistent with a therapeutically successful
treatment. However, such individuals are known to potentially still harbor residual Mtb
infection (1, 7, 36, 37). CD271" BM-MSCs were obtained from BM biopsies from these
individuals by an immunomagnetic cell sorting procedure (20-22). The purity and
phenotype were evaluated by performing FACS analysis, as well as gene expression analysis
as described (20-22). Using an immunomagnetic technique, we could obtain an 89.2 + 5.8%
(n=2) pure population of CD271* BM-MSCs (3.2 + 2 x 10* CD271*/CD45~ cells from 5 x
107 total BM mononuclear cells) as confirmed by FACS analysis (Fig. 7A). From these
sorted CD271" BM-MSCs, the presence of Mtb DNA was investigated by qPCR using Mtb-
specific primers (38). As a negative control, DNA was obtained from CD271* BM-MSCs
and CD2717/CD45™ cells of healthy volunteers (2= 6) from nonendemic areas (ABCO26F,
Stem Cell Technologies; details in the Supplementary Materials and Methods). We detected
on average 110 Mtb DNA copies per 10* cells in eight of nine subjects (P < 0.0001; Fig.
7B). In two individuals, Mtb DNA was found in the CD271~CD45~ cell population (25 and
10 copies, respectively, per 10 cells). In one individual, Mth DNA was found in the
CD11b*/CD45* cell population (15 copies per 107 cells). No measurable Mtb DNA was
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associated with CD34%/CD45* cells. The DNA obtained from CD271%/CD45™ cells of
healthy volunteers from nonendemic areas did not exhibit measurable Mtb DNA. Although
these results do not exclude other cell types as potential hosts for dormant Mzb, they do
suggest that Mtb can infect and persist in human CD271" BM-MSCs.

To examine the presence of viable Mtb in the sorted CD271%/CD45™ cells from these human
subjects, we used a liquid culture method that facilitates the replication of “difficult to
culture” Mtb (9, 39). We identified two positive Mtb cultures (black circles, Fig. 7B) of
eight Mtb DNA—positive subjects. Notably, positive cultures were obtained from individuals
with a higher copy number of Mtb DNA (245 and 206 Mtb DNA copies per 10* cells; Fig.
7B). In contrast, the microbial cultures from the CD2717/CD45~ and CD11b*/CD45*
subpopulations were all negative. Thus, our observations suggest that viable Mtb could
persist in CD271*/CD45~ BM-MSCs obtained from TB patients who have completed anti-
Mtb therapy.

DISCUSSION

The protective cellular niche where Mtb persists to maintain long-term viability is not yet
clearly defined, complicating the development of effective vaccines and therapeutic
strategies to eliminate TB (1). Here, we demonstrate in vitro and in vivo in human subjects
previously treated for TB and in a mouse model of Mtb infection that Mtb can infect and
persist in CD2717 BM-MSCs.

Specifically, we identified that in vitro human CD271*% BM-MSCs can be infected and
maintain viable Mtb. Then, using an in vivo mouse model designed to study nonreplicating
Mtb, we found that CD271* BM-MSCs purified from the BM of Mrb-infected mice
maintain viable nonreplicating Mtb with reinfection capabilities. In humans, we identified
Mtb DNA as well as viable Mtb in the CD271" BM-MSCs from patients who had
successfully completed antitubercular therapy. Our results suggest that CD271* BM-MSCs
are a possible reservoir for nonreplicating live Mtb that potentially is a source for reinfection
of the host.

Although BM-MSCs have been studied for several decades in an in vitro setup by culture
expansion and selection methods (40), only recently has it been possible to study this cell
type in their micro-environment in vivo (15, 17, 24, 40). This success is mainly attributable
to the identification of markers that define BM-MSCs including CD271, CD146, Stro-1, and
SSEA-4 (19-25, 40). This has enabled direct isolation and in vivo study of primary CD271*
BM-MSCs including their self-renewal and differentiation into multiple lineages (19-25). In
addition, CD271* BM-MSCs express the drug efflux pump ABCG2 (20) and exhibit
immunosuppressive activity (21). In mouse BM, we found a CD271*/CD45~ BM cell
population that expresses Sca-1* and exhibits an MSC phenotype. Others have reported that
BM Sca-17 cells are enriched in MSCs (41, 42). However, it is not yet clear whether the
mouse and human CD271% BM-MSCs are necessarily equivalent. Nevertheless, we were
able to isolate viable Mrb from both human and mouse CD271" BM-MSCs. Thus, recent
advances in the characterization of primary BM-MSCs enabled us to identify the CD271%
BM-MSC:s as a host cell type that can maintain viable Mtb. Our work suggests that BM-
MSCs, identified many decades ago (43), could be involved in the pathogenesis of an
infectious disease.

Our results introduce a new possible route for TB pathogenesis (fig. S5), whereby a
subpopulation of BM cells, the CD271* BM-MSCs, could be responsible for
themaintenance of viable nonreplicating Mtb. The CD2717 BM-MSCs are localized in the
BM niche (19). The BM niche (including both calvarial and trabecular BM sites) is a niche
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that provides immune privilege to stem cells and protects stem cells from immune attack
(17, 18). Therefore, this niche is an attractive site where Mtb could persist in CD271* BM-
MSC host cells while evading the host immune response.

For several reasons, host cells have been thought to be important in the dormant infection
phase of TB pathogenesis (1). First, primary granulomas of asymptomatic subjects are
mostly sterile, whereas viable Mtb has been recovered from the normal part of lung (44—46),
indicating the potential existence of an extragranuloma niche for Mtb. Second, human
autopsy findings report Mtb DNA within macrophages, epithelial cells, and fibroblasts
distributed throughout normal lung tissues without any sign of visible granuloma lesions
(10). Mtb DNA has also been detected in adipocyte-like cells of extrapulmonary tissues
(11). Thus, it appears that Mrb may reside within a variety of host cells during the dormant
infection phase. However, the data supporting epithelial cells and fibroblasts as host cells of
Mtb infection are based solely on the detection of Mrtb DNA in these cells (10). Therefore, it
is not clear whether these various cells could maintain viable nonreplicating Mtb for a
prolonged period of time such as would occur during the dormant infection phase.

Our in vitro experiments suggest that M¢b can infect, multiply, and maintain viability
intracellularly in undifferentiated human CD271* BM-MSCs. To further evaluate whether
Mtb could infect MSCs in vivo, we used a mouse model of nonreplicating dormant Mzb.
First, we showed that viable Mtb could be obtained in the BM of mice infected with a low
dose of aerosolized virulent Mtb H37Rv (~100 CFUs). However, technical restrictions
imposed by working with virulent organisms inside BSL-3 facilities precluded us from
performing flow cytometry characterization of the target BM cells infected by the virulent
Mtb. Magnetic sorting, which can be done in a BSL-3 facility, did not work to isolate
murine CD271* BM-MSCs. Briefly, the anti-CD271 magnetic sorting antibody was not able
to enrich the population of mouse CD271* BM-MSCs. There is no other available mouse
anti-CD271 magnetic sorting antibody. Therefore, to investigate the BM target cells infected
by Mtb in vivo, we opted to use a less virulent streptomycin auxotrophic mutant of Mb that
has been used to study the persistence of nonreplicating Mtb in mice and guinea pigs. In this
model, which we (30, 31) and others (32) have previously characterized, inoculation of mice
with this unique streptomycin auxotrophic mutant of Mzb recapitulates several features of a
dormant or latent infectious process. Although in this model the bacilli stop replicating
because of a lack of streptomycin rather than in response to host defenses, this model has the
advantage that it can be manipulated to stringently ensure that the microorganisms remain in
a dormant nonreplicating state for long periods during the infectious process (31). This is an
important condition enabling demonstration that infection of the CD271% BM-MSCs with
Mtbis due to long-term persistence and not due to recent infection caused by replicating
organisms. Hence, data from the mouse model demonstrate that the nonreplicating infection
with viable Mtb strain 18b is due to dormant Mtb (32).

Using this mouse model, we showed that dormant Mtb could be isolated from the MSC
populations present in both lungs and BM of infected mice that had not been treated with
streptomycin for ~6 months. In BM, viable Mtb were obtained directly from the CD271*
BM-MSCs. Also, we confirmed the infection of this cell type by using GFP-labeled Mtb. In
lung, viable Mtb was obtained from the SP cell population that is enriched in MSCs. We
found that when these infected MSCs were reinjected into healthy mice, the animals
developed lung granulomas, suggesting that the nonreplicating Mtb maintained
intracellularly in the MSCs had reinfection capabilities. At this time, it is not clear to what
extent mouse lung CD271% SP cells and BM-derived CD271" BM-MSCs are phenotypically
equivalent. Nevertheless, our data are consistent with our in vitro findings that Mtb
specifically infected and remained viable in an undifferentiated CD271* BM-MSC
population.
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Our observations suggest the possibility that CD271* BM-MSCs may be an alternative host
cell population for supporting the long-lasting nonreplicating phase of the Mtb life cycle. It
is intriguing that CD271% BM-MSCs, members of the heterogeneous MSC population, do
have features that could maintain the nonreplicating M¢b for a prolonged period of time. In
particular, adult undifferentiated stem cells including MSCs are characterized by their self-
renewal and quiescent properties (15—19). In contrast, quiescent, but differentiated, cells
including macrophages, endothelial cells, and fibroblast are characterized by a shorter life
span. Our results from differentiating MSCs suggest that such differentiated cells do not
support the persistence of viable Mtb. Nonreplicating Mtb seems to persist for long periods
of time in CD271* BM-MSCs without being compromised or needing to change their host
cells.

Validation of these findings in mice was obtained using BM cells from subjects previously
treated for pulmonary TB, who did not exhibit evidence of active pulmonary TB
(Supplementary Materials and Methods). We found that specific Mtb DNA was present or
associated with the CD271% BM-MSCs from most of these individuals. We confirmed the
presence of viable Mtb in the CD271"7 BM-MSCs of two of eight subjects having Mrb DNA
copies. The negative culture results in the other Mtb DNA—positive subjects are likely in
part due to the limitation of the current culture methods for growth of dormant or
nonreplicating Mtb.

Epidemiological studies indicate that disease recurrence after drug treatment for TB remains
a major challenge (36, 37). TB recurrence could occur due to either endogenous reactivation
of persistent Mrb infection or exogenous reinfection with a new Mzb strain (47). Several
studies indicate that reactivation could be a significant source of recurrent TB (48-50).
Therefore, prevention and management of the reactivation process could reduce the
incidence of recurrent TB (36, 49). However, the sources and mechanisms of reactivation
are not clearly known (1, 7), which compromises our ability to eradicate TB (7, 51).
Although our results do not yet address whether Mrb-infected BM-MSCs are a major source
of TB reactivation, our findings suggest a new potential route for TB reactivation that should
be studied further.

Our results from in vitro studies of human BMSCs, an in vivo mouse model of
nonreplicating Mtb infection, and the analysis of human CD271* BM-MSCs from patients
with pulmonary TB suggest that CD271" BM-MSCs are a cellular niche that may be
important for the maintenance of the nonreplicating phase of Mtb in humans. CD271" BM-
MSCs have many features that could be potentially advantageous for Mtb persistence
including their ability to self-renew, expression of the ABCG2 drug efflux pump, and the
immune-privileged nature of the BM stem cell niche (19-25). We suggest that human BM-
derived MSCs may participate in TB pathogenesis with potentially important clinical
implications.

MATERIALS AND METHODS

Stem cell sorting and culture

All studies conducted in the various institutions were approved by Stanford Stem Cell
Research Oversight Panel (protocol number 289; principal investigator: B.D.). Human BM—
derived CD133% (ABC026F) and CD34*" (ABMO16F) were cultured in serum-free medium
with appropriate growth factors, and CD2717/CD133* cells were obtained from the CD133*
BM cells with the EasySep Human CD271 Positive Selection kit (18659). The sorted cells
were cultured in the serum-free medium with the growth factor cocktails (TPO, SCF, and
Flt3 ligand) to maintain the CD271%/CD133" phenotype (Supplementary Materials and
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Methods), and used for Mtb infection and growth. The purity and the phenotype of the
sorted cells are described in table S1.

Mycobacterium strains, growth conditions, and stem cell infections

The Mtb strains H37Ra [American Type Culture Collection (ATCC) 25177] and H37Rv
(ATCC 27294) and a streptomycin-auxotrophic mutant M¢b strain 18b (provided by S. Cole,
Global Health Institute, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland)
were grown and maintained in BBL Middlebrook 7H9 broth with glycerol (BD Biosciences,
221832) at 37°C and 5% CO,. Single-cell suspension was obtained to infect stem cells with
standard protocol used to infect macrophages with an MOI of five bacteria per cell for 8
hours. For the immunofluorescence visualization and flow cytometry sorting of Mtb-
infected stem cells, Mtb was tagged with PKH26 red dye (PKH26 red fluorescent cell linker
mini kit, Sigma) (27) and subsequently used for stem cell infection. GFP-tagged Mib strain
18b was obtained as described (35). The viable intracellular Mtb from the Mtb-infected stem
cells was measured by Mrb CFU assay (27).

Mesenchymal characterization of human and mouse CD271+/CD45~ BM cells

The phenotypic characterization of the human and mouse CD271*/CD45" BM cells was
performed as described (28).

mRNA and DNA extraction, and qPCR assay

To isolate mammalian mRNA and bacterial DNA from the infected cells, we used the
UMACS technology (Miltenyi Biotec). Methods and various primers used in the article are
described in the Supplementary Materials and Methods.

Mice infection with Mtb

Six- to 8-week-old female C57BL/6 mice were obtained from Charles River Laboratories.
The streptomycin-auxotrophic mutant 18b strain was delivered intravenously at 2 x 10°
CFUs per mouse (31), and after 24 weeks of streptomycin starvation, the CD271%/CD45~
cells were obtained by FACS. The lung SP and non-SP cells were isolated by dissociating
the lung tissue (33), followed by FACS as described (34). The FACS-sorted cells from lung
and BM were subjected to Mtb CFU assay. A portion of the sorted cells was subjected to
gPCR study by the uMACS technique described above. For the aerosolized TB infection,
phosphate-buffered saline/Tween—suspended Mtb H37Rv was delivered to mice (~100
CFUs per mouse; n=5) with an aerosol generation device (Inhalation Exposure System;
Glas-Col).

Clinical study

The clinical study was approved by Stanford Stem Cell Research Oversight Panel, Stanford
University (protocol number 289; principal investigator: B.D.), and the government of
Arunachal Pradesh, India (MSTB/STDC/IRL/20/2010). Subjects were recruited from the
Idu-Mishmi tribe living in a remote mountain range of Roing, Arunachal Pradesh, India. The
population represents an extremely homogeneous background (Supplementary Materials and
Methods). Previously treated subjects (DOTS II) were prospectively recruited on the basis of
the local TB control program data and chest x-ray findings. After proper consent, 6 to 7 ml
of BM were taken from the posterior superior iliac crest, and then, the immunomagnetically
sorted cells were lysed and subjected to mRNA and Mrb DNA isolation by qgMACS
technology as described above. The magnetically sorted cells obtained from healthy
volunteers (11 = 6) were subjected to both FACS and qPCR analysis to confirm the purity
and phenotype of the CD271* BM-MSCs, and also served as a negative control for Mtb
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DNA. Part of the lysate was subjected to liquid culture to obtain viable Mtb, as described (9,
39), with modifications.

Statistics

Mean values + SEM are shown. Student’s ¢test was used for comparisons (GraphPad Prism
version 4.0a for Macintosh). Data are expressed as means + SEM; *P< 0.05, **P< 0.001,
*#%P<0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Days after infection

Mih infects human CD271%/CD133* BMSCs. (A) In vitro infection of human CD271%/
CD133*" BMSCs with Mtb H37Ra or Mtb H37Rv mycobacterial strains resulted in highest
CFU production in the CD271* fraction of CD133* BMSCs. Infection of U937 cells was the
control. The cells were infected with Mrb [multiplicity of infection (MOI), 5:1], and CFUs
were counted after 4 days of in vitro culture. (B) Mb infection did not reduce CD271%/
CD133* BMSC viability as revealed by the Alamar blue assay (28). (C) Mtb CFUs derived
from infected CD271%/CD133* BMSCs cultured in serum-free medium for 2 weeks (table
S1). *P<0.05, Student’s ztest; n =4 independent experiments.
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Mitb resides inside human CD271*/CD133* BMSCs. (A) Epifluorescence image showing
amikacin-treated CD271%/CD133* BMSCs (green) containing intracellular PKH26-labeled
Mtb H37Ra strain (red). (B and C) Flow cytometry analysis of infected CD271*/CD133*
BMSCs, and CFUs of PKH26-labeled Mtb H37Ra bacteria derived from infected CD271%/
CD133* BMSCs. (D) Purity of the magnetically sorted CD271*/CD45~ and CD2717/CD45~
cells obtained from H37Rv-infected CD271%/CD133* BMSCs. (E) Mtb H37Rv CFUs
obtained from both of the cell populations depicted in (D). The CD271*t/CD133* BMSCs
were infected with Mtb (MOI, 5:1) and grown for 2 weeks in serum-free medium (table S1)
before FACS analysis (B) or immunomagnetic sorting (D). The red-stained population in
flow cytometry panels (B and D) represents isotype controls. Before harvesting for the Mtb
CFU study, infected cells were treated with amikacin (200 pg/ml) for 3 hours to kill
extracellular Mtb. * P< 0.05, Student’s ftest; n = 4 independent experiments.
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Viable Mrb reside in undifferentiated CD271%/CD133%/CD45~ BM-MSCs. The PKH26%/
CD271* (Fig. 2B) or CD271%/CD45~ BM-MSCs, which were obtained from CD271%/
CD133* BMSCs (Fig. 2D), were cultured in vitro in high-serum medium [fetal calf serum
(FCS); table S1] or adipogenic differentiation medium (ADM) and cultured for 2 weeks
before harvesting. Shown are the numbers of Mtb CFUs grown from each cell population.
*P<0.05, **P<0.001, Student’s ttest; n=5 independent experiments.
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Fig. 4.

Dissemination of Mtb H37Rv to BM in a murine aerosolized model of infection. BM cells
(107 mononuclear cells) obtained from mice (female BALB/c) infected with Mtb H37Rv
(~100 CFUys) for 4 weeks contained viable Mtb. Shown are numbers of Mtb CFUs grown
from mouse femur BM and from lung as a positive control. P< 0.0001, Student’s ftest; n=
5 independent experiments.
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Fig. 5.

Recovery of viable nonreplicating Mtb from MSCs of infected mice. (A) Flow cytometry
profile of infected lung SP and non-SP cells after staining with Hoechst 33342 dye. SP
gatingwas performed with verapamil treatment. (B and C) Expression ofMSC markers (B)
and detection of viable Mtb CFUs (C) in the FACS-sorted SP and non-SP cellpopulations
from infected lungs. (D) Flow cytometry profiles of BM CD271%/CD45 cells from
infectedmice. The far right flow cytometry panel represents the purity of the FACS-sorted
CD271%/CD45~ mouse BM-MSCs. (E) Viable Mtb CFUs were detected in mouse BM-MSC
CD271%/CD45™ cells (see fig. S3 for characteristics of the CD271*/CD45~ BM-MSCs). (F)
Granuloma development in the lungs of mice injected with CD271* BM-MSCs [see (D)]
harboring viable dormant Mtb (infected lung, left panel, yellow arrow; the right panel
depicts normal lung tissue). Hematoxylin and eosin section was prepared as described (30,
31). Magnification, x20. *P< 0.05, **P< 0.001, Student’s ¢test; n= 3 independent
experiments.
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Mh strain 18b resides in the CD271%/CD45~ BM-MSCs of infected mice. (A) Confocal
image of flow cytometry—sorted mouse CD271" BM-MSCs depicting (A1) GFP-tagged Mtb
strain 18b (green; indicated by the yellow arrow), (A2) BM cells stained with anti-CD271
monoclonal antibody (red), and (A3) BM nuclei stained with Draq5, a nuclear staining dye.
A4, merged image. Images are representative of a typical experiment (2= 3). (B) FACS
analysis of the CD271" BM-MSC population in (A). Representative data are shown for cells
staining double positive for CD271 and GFP. Five independent experiments were performed
to obtain the percentage of CD2711/GFP? cells.
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Fig. 7.

Viable Mib persist in the CD2717/CD45~ BM-MSCs of treated TB patients. (A)
Representative flow cytometry panel showing the purity of the magnetically sorted CD2717%/
CD45™ cells obtained from fresh human BM from subjects previously treated for pulmonary
TB. The gray dots (bottom left square) represent the isotype control. (B) CD2711/CD45~
BM-MSCs were obtained from previously treated TB patients (DOTS II) who did not show
evidence of pulmonary TB. This cell population is enriched for Mtb DNA in eight of nine
subjects. The black circles denote two subjects for which viable Mtb could be cultured from
their BM-MSC:s. A total of 11 post-therapy TB patients were studied. BM from two subjects
was verified for enrichment by magnetic sorting (A). The nine other subjects were examined
for Mtb DNA and for viable Mtb mycobacteria. Mtb DNA results were analyzed by
Student’s rtest; *** P < 0.0001.
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