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Abstract

Understanding the biology of the tuberculosis pathogen during dormant asymptomatic infection, 

called latent tuberculosis is crucial to decipher a resilient therapeutic strategy for the disease. 

Recent discoveries exhibiting presence of pathogen’s DNA and bacilli in mesenchymal stem cells 

(MSCs) of human and mouse despite completion of antitubercular therapy, indicates that these 

specific cells could be one of the niches for dormant M. tuberculosis in humans. To determine if in 
vitro infection of human MSCs could recapitulate the in vivo characteristics of dormant M. 
tuberculosis, we examined survival, phenotype, and drug susceptibility of the pathogen in MSCs. 

When a very low multiplicity of infection (1:1) was used, M. tuberculosis could survive in human 

bone marrow derived MSCs for more than 22 days without any growth. At this low level of 

infection, the pathogen did not cause any noticeable host cell death. During the later phase of 

infection, MSC-residing M. tuberculosis exhibited increased expression of HspX (a 16-kDa alpha-

crystallin homolog) with a concurrent increase in tolerance to the frontline antitubercular drugs 

Rifampin and isoniazid. These results present a human MSC-based intracelllular model of M. 
tuberculosis infection to dissect the mechanisms through which the pathogen acquires and 

maintains dormancy in the host.
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1. Introduction

Tuberculosis (TB) claims nearly 1.4 million lives annually and is the leading cause of death 

due to infection [1]. Although frontline drugs are available that can effectively control the 

disease, non-adherence to lengthy chemotherapy is one of the major causes of treatment 

failure. Because the etiological agent of TB, Mycobacterium tuberculosis, is able to survive 

in a dormant state for a long period of time in the presence of multiple antibiotics, it is 

imperative to adhere to a protracted treatment regimen [2,3]. Based on evidence from in 
vitro and animal models of TB, phenotypically different subpopulations of M. tuberculosis 
exist and contribute to the pathogen acquiring increased tolerance to antimicrobial drugs [4]. 

TB patients typically become sputum negative for M. tuberculosis culture within 14-21 days 

of drug administration, but the drug regimen needs to be adhered to for 6 months to rule out 

any relapses of disease. Based on this, it has been postulated that a drug-tolerant 

subpopulation of the bacilli could persist in tissues and cells that may not attain required 

optimum dose for killing the pathogen. Host-induced stresses within the tissue or cellular 

microenvironment could also induce the transition of the pathogen into the dormant, drug-

resistant phenotype. Several of these host-induced stresses have been explored as potential 

factors for in vitro models of dormant TB to characterize the metabolic changes that confer 

drug tolerance [5–8]. However, it is difficult to accurately assess the physiology of the 

dormant M. tuberculosis bacilli from these in vitro culture-based models because they do not 

fully recapitulate the drug-tolerant phenotype observed in the human host [9,10]. Several 

animal-based experimental models of TB have also been explored to characterize the 

physiology of dormant M. tuberculosis, but do not truly represent a dormant infection and 

latent stage of disease as seen in humans, their natural host [11,12]. Even in the human host, 

localization of the pathogen within the host becomes arduous because of the difficulty in 

obtaining the specimens from the site of infection and ambiguity about different host cell 

populations harboring dormant M. tuberculosis bacilli.

Recently, the involvement of mesenchymal stem cells (MSCs) with dormant M. tuberculosis 
bacilli has been documented [13,14]. Live M. tuberculosis bacilli from bone marrow (BM)-

derived MSCs were recovered from individuals even after completion of antitubercular drug 

therapy [15]. An earlier report also demonstrated the recruitment of MSCs to the site of M. 
tuberculosis infection in mice and their presence in human TB granulomas [16]. Isolation of 

viable M. tuberculosis bacilli from murine BM-MSCs after prolonged treatment with 

antitubercular drugs further demonstrated that MSCs potentially provide an antibiotic-

protective niche for dormant M. tuberculosis bacilli [17]. Furthermore, M. tuberculosis DNA 

has been detected in BM-MSCs of latently-infected human donors, and there is clinical 

evidence of that M. tuberculosis containing CD271+ MSCs are hypoxic, a critical 

microenvironmental factor that is known to be associated with dormancy in the pathogen 

[18,19]. Taken together, these data prompted us to investigate the survival, bacterial 
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characteristics, and drug susceptibility of MSC residing M. tuberculosis after infection in 
vitro. Our results indicate that in vitro infection of MSCs leads to M. tuberculosis bacilli that 

resembles the drug-tolerant dormant state of the pathogen. This human MSC-based 

intracellular infection model could, therefore, be used as a platform to understand and 

delineate the host microenvironment and bacterial components involved in the transition and 

establishment of M. tuberculosis dormancy.

2. Materials and Methods

2.1 Ethics Statement

All methods using human and animal cells were carried out in accordance with relevant 

guidelines and regulations from the Institutional Review Board of the University of Texas 

Health Science Center-Houston. All experimental protocols were approved by the University 

of Texas Institutional Biosafety Committee (UTHSC-IBC) that sanctioned the study (HSC-

MS-15-0548). Healthy donor-derived bone marrow was from commercial sources and 

deidentified subjects, and thus no informed consent was necessary for their use in the in 
vitro cell culture studies, per the institutional human subjects review committee.

2.2 Bacterial Culture

M. tuberculosis H37Rv (ATCC 27294), green fluorescent protein-expressing M. tuberculosis 
H37Rv (GFP M. tuberculosis) strain (Kind Gift From Dr. David N. McMurray College 

Station, TX) and M. bovis BCG (ATCC 35734) were grown in shaking (150rpm) culture 

condition in Middlebrook 7H9 broth (Difco, Becton Dickinson) supplemented with 0.05% 

(v/v) Tween 80 and Middlebrook AODC Enrichment (Becton Dickinson) to mid-log phase 

(OD 600 nm 0.6± 0.8) and reseeded into fresh medium 7 days before infection, as described 

previously [20]. Before use for MSC infection, bacterial cultures were washed three times in 

PBS and sonicated at 4 watts for 60 seconds using a sonicator (60 Sonic Dismembrator, 

Fisher Scientific) to prepare a uniform single cell suspension of bacteria.

2.3 Human Bone Marrow-Derived Mesenchymal Stem Cells

All methods and procedures using mesenchymal stem cells from human subjects were 

carried out in accordance with the procedures approved under protocols HSC-MS-15-0548 

from the Institutional Review Board of the University of Texas Health Sciences Center-

Houston. Human bone marrow (BM)-derived MSCs were isolated, cultivated, and 

characterized using density centrifugation and plastic adherence, according to protocols 

previously described [21]. To confirm the purity of cells, MSCs were screened for typical 

MSC spindle-like morphology, growth kinetics and then phenotyped with flow cytometry 

using the common markers that are expressed by MSCs (CD11b−, CD19−, CD34−, CD45−, 

HLA-DR−, CD73+, CD90+, CD105+) [22]. After purification and characterization MSCs 

were expanded by plating 1000 cells/cm2 in 75 cm2 flasks with 15 ml of culture medium 

that was consisted of α-minimal essential medium (α-MEM; Sigma Aldrich M4526) and 

16% fetal bovine serum (Atlanta Biologicals). MSCs were then incubated until they became 

70% confluent with medium replaced every alternate day. After expansion, adherent MSCs 

were washed and harvested with 0.25% trypsin/1 mM EDTA treatment (Life Technologies) 

for 5 min at 37°C and resuspended with fresh culture medium (α-MEM + 16% fetal bovine 
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serum, + 10 μg/mL penicillin + 5 μg/mL gentamicin). A drug-free medium was used for 

subsequent experiments in 6/24/96 well plates or 8-chamber slides.

2.4 Infection

For infection, bacteria were sonicated (4 watts, 60 seconds) to break bacterial aggregates and 

prepare a uniform suspension. The bacterial suspension was then diluted in serum-free 

medium for addition to MSCs at various MOI in 6/24/96 well plates. After 4 hrs of 

incubation, the medium was replaced with fresh alpha-MEM medium containing 16% FBS. 

For long-term infections, the medium was replaced on alternating days. Alamar Blue cell 

viability reagent (Life Technologies, DAL1025) was used to assess cell viability by adding 

the ready-to-use 1X solution to uninfected or M. tuberculosis-infected MSCs at various time 

points, followed by fluorescence measurement through fluorimeter per the manufacturer’s 

protocol. Intracellular bacterial counts at various times post-infection were determined by 

CFU assay on 7H11 agar plates. Uninfected controls were included for all time points.

2.5 Intracellular Monitoring of M. tuberculosis Morphology, Cell Wall Thickness, 
Mycobacterium tuberculosis proteins Rv1734, HspX and ESAT-6 and host lipids.

MSCs were plated in 8-well slide chambers at a density of 5,000 cells/chamber and rested 

for one day in antibiotic-free medium (Alpha-MEM with 16% FBS). Sonicated single cell 

suspensions of GFP M. tuberculosis were added to MSCs at an MOI of 1:1. After 4 hrs 

incubation, the medium was replaced with fresh alpha-MEM (containing 16% FBS), and the 

medium was replaced alternate days. At the indicated time points, infection slides were 

washed 3X with PBS, followed by incubation with 4% formalin for 15 min to fix the cells. 

Anti-Rv1734 antibody (Abcam # 64785), anti-HspX (OriGene Technologies # 

AM60034PU-N, MD, USA) and anti-ESAT-6 (Abcam # 26246) were used to detect specific 

proteins of M. tuberculosis present within MSCs, followed by secondary staining with 

Texas-red conjugated anti-IgG. Before examining the cells under a fluorescent microscope, 

slides were rinsed with ice-cold methanol. Analysis and deconvolution of images were done 

using a Nikon-Eclipse-80i microscope fitted with NIS-Elements AR analysis. Intracellular 

lipids were stained using Nile Red staining kit (Abcam #228553) following the 

manufacturer’s protocol and then examined by fluorescent microscopy.

2.6 Detection of HspX Protein in M. tuberculosis-infected MSCs by Western Blot

For detection of HspX in MSC-residing M. tuberculosis, whole cell lysates were resolved by 

4-15% gradient SDS-PAGE gel and transferred to a nitrocellulose membrane at 100V for 2 

hours [MiniTransBlot Cell (Bio-Rad)]. After blocking with 3% BSA, the membrane was 

incubated with a 1:100 dilution of anti-HspX monoclonal antibody (OriGene Technologies # 

AM60034PU-N, MD, USA) as primary antibody at 4 °C with shaking (100 rpm) overnight. 

After 5X washes (15 min each) with 1X PBS-T, 1:500 dilution of the polyclonal secondary 

antibody goat anti-mouse IgG conjugated with HRP (Abcam, Cambridge, UK) was added 

and incubated for 2 hrs at 4 °C followed by 5X washes with 1X PBS-T. The protein was 

detected by chemiluminescence using the Super-Signal 1 West Pico Chemiluminescent 

Substrate (Pierce Biotechnology, Rockford, IL) following the manufacturer’s 

recommendations. GAPDH was used as loading control to determine if samples have been 
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loaded equally across all wells and confirms effective protein transfer during the western 

blot protocol.

2.7 Intra-MSC M. tuberculosis Antibiotic Susceptibility Testing

INH, RIF, EMB, and PZA were purchased from Sigma Aldrich, USA. The solutions of these 

standard drugs were prepared in sterile water/DMSO per the manufacturers’ instructions. 

MSCs were plated at a concentration of 1 × 104 cells per well in 24-well tissue culture white 

plates and allowed to adhere overnight in alpha-MEM medium. For the infection, mid-log 

phase M. tuberculosis culture was washed 3X with PBS and sonicated for 60 seconds at 4 

watts using a sonicator (60 Sonic Dismembrator, Fisher Scientific). The bacteria were then 

diluted in alpha-MEM and added to the MSCs at a concentration of 1 × 104 CFU/well. After 

4 hrs of infection at 37°C in 5% CO2, macrophages were washed 3X with alpha-MEM and 1 

mL of the medium, with or without antimycobacterial drugs, was added to each well. The 

concentrations tested for each drug were 0.25x, 1x, 2.5x, 5x, 10x, and 20x MIC. Each drug 

concentration was tested in triplicate. Medium with and without antimycobacterial drugs 

was changed alternating days. The viability of M. tuberculosis within MSCs at different 

incubation time points, with and without antibiotic, was assessed by CFU enumeration as 

described previously [23]. Briefly, MSCs were lysed with 0.05% SDS, and various cell 

lysate dilutions in PBS were then spread onto Middlebrook 7H11 plates for CFU 

determination after 21 days of incubation at 37° C.

2.8 Statistics

For all statistical analyses, PRISM (Version 5, GraphPad, San Diego) software was used. 

Statistical analysis was performed with Paired two-tailed Student’s t-test/one-way ANOVA 

with post-hoc analysis. P values <0.05 were considered significant. While calculating p 

values, Shapiro–Wilk normality test as well as Kolmogorov-Smirnov test was used to 

confirm that same sample followed a normal distribution of p<0.05.

3. Results

3.1 M. tuberculosis Survives in Human MSCs for an Extended Period without Affecting 
Host Cell Viability

Previous studies have demonstrated that both human and murine MSCs harbor persistent M. 
tuberculosis bacilli even after prolonged antimicrobial therapy [15,17]. Subsequent studies 

also indicated that the microenvironment of MSCs in vivo is permissive for M. tuberculosis 
bacilli to enter a state of dormancy [18,19]. To determine whether M. tuberculosis acquires a 

similar phenotype in an isolated population of human MSCs infected in vitro, we first 

examined the intracellular bacterial CFUs and host cell viability over time. BM-derived 

human MSCs were infected with virulent M. tuberculosis H37Rv at different multiplicity of 

infection (MOI), and bacterial and host cell survival were monitored over time. We found 

that infection of BM-MSCs at an MOI of 1:1 did not permit growth of the bacilli or result in 

any significant host cell death for at least 22 days (Figure 1A and 1B). Compared to human 

MSCs, infection of the human macrophage THP-1 showed a time-dependent increase in M. 
tuberculosis burden while also causing host cell death, even at a low MOI of 1:1 

(Supplementary Figure 1A). Although no significant increase in bacterial load was evident 
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in MSCs until day 22 at higher MOIs of 1:5 and 1:10, increased host cell death was observed 

during the later stages of infection compared to uninfected cells. A significantly increased 

number of extracellular CFUs were recovered at MOI 1:5 and 1:10, compared to MOI 1:1, 

which did not show any discernible levels of extracellular bacteria in MSCs (Figure 1C). 

THP-1 cells, however, exhibited a much higher host cell death even at low MOI of 1:1 

(Supplementary Figure 1B).

To determine if only virulent M. tuberculosis were able to survive in MSCs, BM-MSC were 

infected with M. bovis BCG, a non-pathogenic mycobacterial strain, at various MOIs. M. 
bovis BCG was unable to survive in BM-MSCs beyond day 7 (Figure 1D) and did not 

induce any significant BM-MSC cell death at any MOI examined (MOI 1:1 to 1:10, 

Supplementary Figure 2). These results indicate that at low levels of infection, virulent M. 
tuberculosis could survive in MSCs for a longer period in a non-proliferating state without 

affecting host cell viability.

3.2 Human MSC-residing M. tuberculosis Bacilli Gradually Alter Morphology, Decrease 
Metabolic Activity, and Express Antigens Associated with Dormant Stage Pathogen 
Survival

Because MSC-residing M. tuberculosis bacilli did not proliferate despite prolonged 

incubation, we next examined the phenotype of these bacteria, using a GFP-labeled strain of 

the pathogen [H37rv] for infection. GFP expression in this strain was directed by the 

acetamidase promoter which remained continually detectable during in vitro cultivation 

without addition of acetamide (a known inducer of the acetamidase promoter). We found 

that the bacilli that were unable to multiply in MSCs altered their morphology to become 

thicker in shape over time (Figure 2A). In comparison, actively replicating bacilli residing in 

human macrophages did not show such changes in morphology (Supplementary Figure 3). 

Interestingly, the intrinsic fluorescence of the MSC-residing GFP M. tuberculosis bacilli 

began to decrease after 14 days of incubation (Figure 2A). At day 22 post-infection, GFP M. 
tuberculosis bacilli were completely invisible in MSCs, indicating the possible transition of 

the pathogen into a state that has very low metabolic activity.

To further investigate if MSC-residing M. tuberculosis expresses dormancy-related genes, 

we examined the expression of bacterial protein Rv1734, which is located within the dosR 
regulon and induced during dormancy (20). Persistent expression of Rv1734 was seen in M. 
tuberculosis-infected MSCs during later phases of infection (Day 14-22), although a lower 

level of expression of this protein could also be observed during the early phase of infection 

(Day 1-7) (Figure 2B). Increased expression of Rv1734 also coincided with the shift of M. 
tuberculosis bacilli into a morphologically and metabolically altered phenotype. Conversely, 

expression of Rv1734 in M. tuberculosis-infected THP-1 macrophages was detected at 

neither stage of infection (Supplementary Figure 4). These results provide initial evidence 

that, because of the existence of a specific intracellular environment, M. tuberculosis bacilli 

residing in MSCs start transitioning into a dormant phenotype during the very early stages of 

infection. It is possible that the loss of GFP signal in the MSC residing M. tuberculosis 
bacilli at later stage of infection could be due to reduced activity of the specific gene that is 

driving the expression of the acetamidase reporter, rather than the low metabolic activity of 
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the pathogen at later stage of infection. We therefore examined the expression of M. 
tuberculosis virulent protein ESAT-6 in MSCs during early as well as later stage of infection. 

Expression of ESAT-6 was also lost during later stage of infection, which indicated that loss 

of GFP signal could be due to reduction in metabolic activity of M. tuberculosis bacilli 

during their transition to dormancy in MSCs (Fig 2D). THP-1 macrophages on the other 

hand had consistent expression of ESAT-6 during the infection (Supplementary Figure 5).

Because M. tuberculosis bacilli residing within MSCs developed thicker cell morphology 

over a period of time, we examined whether these changes were associated with alterations 

in the expression of bacterial cell wall-associated proteins. A 16-kDa alpha-crystallin 

homolog associated with the cell envelope of M. tuberculosis (HspX) has been reported to 

be involved in cell wall thickening during low oxygen tension-induced dormancy in vitro 
[24]. Bacteria were harvested from MSCs on the indicated days, and proteins were analyzed 

using Western blot with anti-HspX antibody. Expression of HspX was detected at day 7 and 

increased over time (Figure 2C). In contrast, expression of the HspX protein in human 

THP-1 macrophage cell line remained low over all time points analyzed (Supplementary 

Figure 6). These results indicate that the non-replicating pathogen residing in MSCs 

undergoes changes in arrangements of cell wall components that could have caused the 

alterations in overall cell morphology. These changes may help the pathogen to stabilize cell 

structures in preparation for long-term survival in human MSCs. Interestingly, we also found 

accumulation of Lipid Bodies (LBs) in M. tuberculosis infected MSCs though fusion 

between phagosomes and LB was not observed (Figure 2E). THP-1 macrophages on the 

other hand exhibited significantly lower levels of LB accumulation during M. tuberculosis 
infection (Supplementary Figure 7). Accumulation of LBs have also been shown to occur in 

foamy macrophages during the arrest of mycobacterial growth [25,26]. A similar 

phenomena in MSCs indicated that accumulation of LBs could be a common feature present 

in cells that harbor dormant M. tuberculosis bacilli.

3.3 M. tuberculosis Residing within MSCs Gradually Acquire Tolerance to First-Line 
Antimicrobials

Having observed that M. tuberculosis bacilli present in primary human MSCs were not 

proliferating and decreased their metabolic activity, we examined whether susceptibility of 

these bacteria to antimycobacterial drugs was also altered. To test this, first-line 

antitubercular drugs rifampin (RIF), isoniazid (INH), ethambutol (ETB), and pyrazinamide 

(PZA) were added immediately after infection at various concentrations spanning the 

spectrum of peak serum levels in humans, followed by time-dependent measurement of 

bacterial burden. MSCs were infected at low MOI (1:1), and time-kill kinetics of MSC-

residing bacteria were then monitored by CFU assay. No significant bacterial killing was 

exerted by the first-line drugs EMB and PZA when they were added at the beginning of 

infection (Figure 3A). Between RIF and INH, only RIF could achieve complete elimination 

of M. tuberculosis bacilli from MSC, although this was only achieved after seven days of 

treatment at high doses, nearing concentrations equivalent to peak serum levels of patients 

undergoing chemotherapy [27]. Although INH achieved significant bacterial killing of intra-

MSC M. tuberculosis, it could not achieve complete elimination of the bacilli even at 

concentrations 25-50 times higher than the known minimum bactericidal concentration 
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(MBC) of the drug against the virulent H37Rv strain in human macrophages (Figure 3A) 

[28].

Because M. tuberculosis bacilli gradually increased cell thickness and lost metabolic activity 

over time during residence in MSCs, we next examined the susceptibility of bacteria to first-

line antitubercular drugs when they were added at later stages of infection. In this 

experiment, RIF, INH, ETB, and PZA were added 7 and 14 days post-infection and 

intracellular bacterial load was measured at various days post-treatment. We found that only 

RIF could attain significant killing of M. tuberculosis bacilli within MSCs, whereas none of 

the other three drugs had any bactericidal effect when added at later stages of infection 

(Figure 3B and C). Nonetheless, tolerance of MSC-residing M. tuberculosis to the RIF was 

also increased during the later stage of infection, as it could not eliminate the infection even 

after 8 days of treatment and with a dose equivalent to peak human serum levels. Because 

antitubercular drugs are known to work optimally when used in tandem with each other, we 

further examined the killing effect of drugs when they were applied together to intra-MSC 

M. tuberculosis. While a moderate synergistic effect of anti-TB drugs was observed when 

they were added at the beginning of infection, the addition of the antimicrobials at day 7 and 

day 14 post-infection exhibited a similar drug tolerance profile seen when these drugs were 

added alone to intra-MSC M. tuberculosis (Figure 3D). Increased tolerance of MSC-residing 

M. tuberculosis to RIF and INH during later stages of infection thus clearly indicated that in 

these specialized stem cells, the pathogen gradually attains increased tolerance to antibiotics, 

a phenotype that has been associated with dormant bacilli.

4. Discussion

Characteristics features of M. tuberculosis dormancy as seen in humans is not recapitulated 

in any available animal models, and a more robust system is needed to study and understand 

the natural course of infection and disease progression [11]. Studying dormancy in human 

subjects in vivo is extremely challenging because of the difficulties in obtaining specimens 

from asymptomatic subjects and unknown niches that potentially harbor dormant bacteria. In 
vitro studies of dormancy in human cells, such as macrophages and dendritic cells, that have 

been suggested to be involved in harboring the M. tuberculosis bacilli fail to recreate the 

dormancy phenotype of the pathogen [9,29]. Although various stress-induced axenic culture-

based dormancy models of M. tuberculosis have been developed and characterized in some 

detail, it is difficult to establish if they truly represent the phenotype of the pathogen that 

exists in their host in vivo [30].

In this study, the natural ability of MSCs to control infection for a long period provides the 

first proof of non-proliferative dormant-like behavior of M. tuberculosis in a human host cell 

(Figure 1A and 1C). Although containment of infection, which also did not result in any 

discernible harm to host cells, was only seen at lower MOI, the natural course of infection in 

humans is also known to be caused by exposure to a very low number of bacilli. The 

likelihood of M. tuberculosis infection resulting in active disease is suggested to be directly 

proportional to the infection inoculum and virulence of the strain [31,32]. This is because 

infection of phagocytic cells with a larger inoculum of a more virulent strain results in host 

cell death and thus dissemination of the pathogen. Infection of macrophages at low MOI 
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does not cause any significant host cell death until day 6 when the intracellular bacterial load 

reached a threshold level after M. tuberculosis replication [33]. At low MOI, the inability of 

M. tuberculosis to cause cell death with a negligible presence of extracellular bacilli and no 

increase in intracellular CFUs over 22 days, clearly indicates that M. tuberculosis replication 

was restricted in MSCs (Figure 1, A–C). These results provide evidence that perhaps 

intracellular environment within MSCs may not be conducive for the replication of M. 
tuberculosis and hence these specialized cells could be used to characterize the unique 

microenvironment that drives the pathogen into dormancy.

An earlier study by Cunningham et al. found that when M. tuberculosis is subjected to 

microaerophilic or anaerobic conditions, the bacilli develop strikingly thickened cell walls 

[24]. Because reduced oxygen tension is also known to trigger dormancy in M. tuberculosis, 
it has been suggested that increased cell wall thickness could help the bacilli survive for 

extended periods in a quiescent state. Nonetheless, the molecular mechanisms inducing such 

changes in bacterial cell wall morphology during intracellular survival have not been 

thoroughly investigated. The discovery of a suitable in vitro intracellular M. tuberculosis 
infection model that induces the dormant phenotype (Figure 2) could greatly facilitate such 

characterizations. Indeed, it has been determined that the intracellular MSC environment 

harboring M. tuberculosis is hypoxic; it will be interesting to determine if there are other 

MSC-specific intracellular factors that contribute to transitioning the pathogen into 

dormancy [18]. Hypoxia within MSC could be one of the driving factors for the induction of 

dormancy in M. tuberculosis during this long-term intracellular survival. Apart from the cell 

wall, altered morphology of dormant mycobacterial bacilli has also been reported in other 

studies, though only in an axenic culture-based dormancy model of TB. Dormancy induced 

by nutrient depletion in an M. smegmatis infection caused the bacteria to undergo a gradual 

transformation of rod-shaped bacilli into ovoid bacilli [34].

Although this study demonstrated the distinct morphology of dormant bacilli in a non-

pathogenic mycobacteria strain, microscopic examination of M. tuberculosis-infected guinea 

pigs in organ homogenates also revealed the presence of denser and smaller bacterial forms 

with a rounded shape that persisted in animals even after completion of anti-TB therapy 

[39]. M. tuberculosis bacilli residing in MSCs also showed a similar trend of increasing 

bacterial cell density and reduction in cell size over time, although the shape of the bacilli 

was curved rather than ovoid (Figure 2A). Because earlier animal-based studies showed a 

more dramatic reduction in the size of the bacilli after incubation times of few months, a 

similar trend exhibited by M. tuberculosis within MSCs in a relatively short period could 

indicate the early phase of the dormancy in these specific cells (Figure 2A). In M. 
tuberculosis-infected guinea pigs that had undergone antimicrobial treatment, viable M. 
tuberculosis bacilli from organ homogenates could no longer be detected through standard 

plating procedures, but MSC-residing organisms were able to form colonies on agar plates 

[39], suggesting that the pathogen persisting in MSCs could yet be in the transition state. 

Previous studies suggest that re-modelling of cell wall occurs during the establishment of 

dormancy in M. tuberculosis [35,36]. While cell wall peptidoglycan of actively replicating 

M. tuberculosis has been shown to contain a network of classical 3 - 4 transpeptide bonds, 

peptidoglycan from non-replicating bacilli contained significantly more non-classical 3 - 3 

linkages. Since we observed increased production of HspX (Figure 2C) that is known to be 
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associated with cell envelope of M. tuberculosis, molecular rearrangement in the 

peptidoglycan layer through non-classical 3 - 3 transpeptide linkages could perhaps help the 

pathogen to accommodate more HspX in its cell wall during shift into dormancy. Shedding 

of mycolates and lipoglycans along with increased arabinosylation has also been shown to 

cause changes in Mycobacterial cell wall during non-replicating persistence in dormant state 

[35,37,38]. Al these rearrangements in cell wall hence could be the causative factors for 

changes that occur in the overall morphology of M. tuberculosis during dormancy and 

having critical implications for the survival of the pathogen in non- replicating state. A 

steady reduction in metabolic activity as demonstrated by loss of fluorescence from the 

GFP-tagged M. tuberculosis also suggests the gradual transition of the bacilli into a state of 

dormancy (Figure 2A,B,C and D). Low metabolic activity of dormant M. tuberculosis has 

been reported in other culture-based dormancy models, but remained unexamined in an 

intracellular infection model [40]. Overall, based on the morphological changes and 

reduction in metabolic activity of MSC-residing M. tuberculosis over time that were 

observed in other animal and culture dormancy models, we suggest that transition of the 

pathogen towards dormancy could also occur in the intracellular environment. Human MSCs 

have been indeed shown to exhibit direct as well as indirect antimicrobial activity in vitro 

against a variety of other bacterial pathogens including Pseudomonas aeruginosa, 
Staphylococcus aureus, and Streptococcus pneumonia, through the secretion of 

antimicrobial peptide LL-37 and induction of host innate responses [41,42]. However, it still 

remains to be determined if MSCs can restrict and control the bacterial growth of other 

intracellular pathogens in a fashion similar to M. tuberculosis.

Increased tolerance of dormant M. tuberculosis bacilli to antibiotics has been suggested 

based on the persistence of the pathogen despite long chemotherapy courses in humans and 

experimental animal models of TB [4,43]. However, the drug tolerance/resistance phenotype 

of M. tuberculosis in a true dormancy model remains to be characterized. Available axenic 

culture-based dormancy models of TB do not depict a uniform population of M. tuberculosis 
that can exhibit resistance or tolerance to antitubercular drugs for an extended period. 

Additionally, a large discrepancy has been observed in the susceptibility of axenic cultures 

versus the intracellular cultures of M. tuberculosis, in which intracellular bacilli appear to be 

more tolerant of antibiotics for longer periods [20,44]. In this study, we observed that after 

extended incubation within MSCs, M. tuberculosis could significantly increase its tolerance 

to the most effective first-line antitubercular drugs INH and RIF (Figure 3).

The bacterial components that results in a drug-tolerant phenotype in M. tuberculosis during 

the dormant stage remains unclear. Using MSC based intracellular dormancy model, a 

global transcriptome and proteome profile of macrophage- vs. MSC-residing M. tuberculosis 
could be compared to delineate the specific molecular mechanisms that are involved in 

achieving drug tolerance during dormancy. Because we observed a correlation between 

increased bacterial cell thickening and drug tolerance, it will also be interesting to examine 

whether the cell wall structure of MSC-residing M. tuberculosis differs compared to 

macrophage-residing organisms. One possibility is that altered cell wall organization could 

contribute to changes in cell wall permeability and thus drug tolerance. The efflux pumps 

present in bacteria and host cells may also contribute to drug tolerance, as has been 

suggested by some recent studies [45].
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In summary, we observed a non-proliferative dormant-like phenotype of M. tuberculosis in 

human MSCs, and propose that these specialized cells could be a useful in vitro model for 

dissecting the host and bacterial events that occur during the transition, and/or maintenance 

of dormancy. Elucidation of bacterial components involved in resistance against host 

defenses could greatly facilitate the discovery of host-directed interventions and strategies to 

eliminate dormant bacilli. Dissecting the bacterial pathways that are essential for the 

maintenance of intracellular dormancy, and are involved in conferring drug resistance to the 

pathogen, could help identify vital drug targets and the development of novel antimicrobials 

to kill dormant M. tuberculosis.
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Figure 1. 
Kinetics of bacterial burden and host cell viability of naïve human MSCs infected with M. 
tuberculosis and M. bovis BCG. (A) Growth and survival of M. tuberculosis bacilli within 

naïve human BM-MSCs over a period of 22 days when infected at various MOIs. (B) The 

viability of M. tuberculosis-infected MSCs over a period of 22 days when infected at various 

MOIs. (C) Extracellular bacilli present in M. tuberculosis-infected naïve human BM-MSCs 

over a period of 22 days at various MOIs (D) Growth and survival of M. bovis BCG within 

naïve human BM-MSCs over a period of 12 days when infected at various MOIs. Open 
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circles, MOI 1:1; open squares, MOI 1:5; open triangles, MOI 1:10; close circles, uninfected 

control. Bacterial burden was measured by CFU assay and cell viability was determined by 

Alamar Blue assay as described in Materials and Methods. Data are representative of 3 

independent experiments (using MSCs from 3 different donors) carried out in duplicate and 

values are expressed as mean ± SD.
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Figure 2. 
M. tuberculosis undergoes time-dependent changes in morphology and metabolic activity in 

response to incubation in MSCs. (A) Fluorescent images of GFP-labeled M. tuberculosis 
within human MSCs at the indicated time points post-infection. (B) Time-dependent 

expression of M. tuberculosis dormancy antigen Rv1734 during its residence within human 

MSCs. For (A) and (B): MSCs were infected at an MOI of 1:1 for 4 hrs. Time in days post-

infection is indicated for all panels. Scale bars in the left corner of each image = 10 μm. 

Representative microscopy images from at least three independent experiments for each time 

point are shown. Fluorescent images were deconvolved using Nikon microscope’s NIS-

Element AR software. For each time point at least 15 separate high-power fields per sample 

were evaluated, per 3 experimental replicates. (C) Expression of cell wall-associated M. 
tuberculosis antigen HspX by western blot and intracellular staining at the indicated time 

points post infection; GADPH was used as a loading control for western blot. (D) 
Expression of ESAT-6 protein of M. tuberculosis within MSCs at different time post 

infection as detected by intracellular staining through fluorescent microscopy. (E) 
Accumulation of lipid bodies (Red) within MSCs at different time post infection with M. 
tuberculosis H37rv (Green). At selected time points, LB formation was monitored with Nile 

red that stains neutral lipids within cells.
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Figure 3. 
Antibiotic susceptibility of intra-MSC M. tuberculosis. Dose-dependent killing kinetics of 

M. tuberculosis by first line antitubercular drugs Rifampin (RIF), isoniazid (INH), 

ethambutol (ETB) and pyrazinamide (PZA) when added alone at Day 0 (A), Day 7 (B), and 

Day 14 (C) post-infection. The effects of RIF, INH, ETB, and PZA at single doses of 2.5, 5, 

10, and 20 μg/mL, and when added together is also shown (D). MSCs were infected at MOI 

1:1. Various doses of drugs shown in legends are in microgram/well/104 BM-MSCs. Culture 

medium and/or drugs were replaced every alternate day. Significant differences between 

treated samples and untreated controls were determined using 2-way ANOVA followed by 

Bonferroni’s post-hoc test (indicated with asterisks). Data are representative of 3 

independent experiments (using MSCs from 3 different donors) carried out in duplicate. 

Bars and error bars represent means and SD, respectively.
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