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We postulate that similar to bacteria, adult stem cells may also exhibit an altruistic defense mechanism
to protect their niche against external threat. Herein, we report mesenchymal stem cell (MSC)ebased
altruistic defense against a mouse model of coronavirus, murine hepatitis virus-1 (MHV-1) infection of
lung. MHV-1 infection led to reprogramming of CD271þ MSCs in the lung to an enhanced stemness
phenotype that exhibits altruistic behavior, as per previous work in human embryonic stem cells. The
reprogrammed MSCs exhibited transient expansion for 2 weeks, followed by apoptosis and expression of
stemness genes. The conditioned media of the reprogrammed MSCs exhibited direct antiviral activity in
an in vitro model of MHV-1einduced toxicity to type II alveolar epithelial cells by increasing their
survival/proliferation and decreasing viral load. Thus, the reprogrammed MSCs can be identiﬁed as
altruistic stem cells (ASCs), which exert a unique altruistic defense against MHV-1. In a mouse model of
MSC-mediated Mycobacterium tuberculosis (MTB) dormancy, MHV-1 infection in the lung exhibited 20fold lower viral loads than the MTB-free control mice on the third week of viral infection, and exhibited
six-fold increase of ASCs, thereby enhancing the altruistic defense. Notably, these ASCs exhibited
intracellular replication of MTB, and their extracellular release. Animals showed tuberculosis reactivation, suggesting that dormant MTB may exploit ASCs for disease reactivation. (Am J Pathol 2021,
191: 1255e1268; https://doi.org/10.1016/j.ajpath.2021.03.011)

The severe acute respiratory syndrome coronavirus 2 (SARSCoV-2)emediated coronavirus disease 2019 (COVID-19)
pandemic demonstrates the ability of an emerging virus to
generate chaos in our modern health care system and a severe
strain on global economics. Postpandemic, the SARS-CoV-2
might activate dormant bacterial infections in the long term. As
per prior history, tuberculosis is one of the key bacterial infections affected by viral pandemics.1e5 Strikingly, onequarter of the world population is already infected with
dormant tuberculosis (TB) (https://www.who.int/news-room/
fact-sheets/detail/tuberculosis, last accessed October 14,

2020). If SARS-CoV-2 infects these dormant TB populations, it may cause severe impact on global health and
economics by causing both COVID-19 and dormant TB
reactivation. Thus, there is an urgent need to study the
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association of COVID-19 with dormant TB reactivation to
avoid a later global TB pandemic.
Viral infection, such as the inﬂuenza virus or SARS-CoV-1,
is known to cause transient immune suppression that leads
to reactivation of dormant bacterial infection.4,6,7 In 1918, the
Spanish ﬂu pandemic led to the rise of pulmonary TB
incidence.2,8 Inﬂuenza in patients with TB led to the highest
death rate.8,9 In the year 2009 during the inﬂuenza A (H1N1)
pandemic, a worse prognosis of inﬂuenza was observed in
patients with TB or multidrug-resistant TB.10,11 Interestingly,
SARS-CoV-1 and Middle East respiratory syndrome
coronavirus-infected patients were reported to develop pulmonary TB.4,5 In a mouse model, inﬂuenza A virus causes
rapid development of pulmonary TB lesions12 and an increase
in the mycobacterium load in the liver.13 Another mouse
model of inﬂuenza A virus and Mycobacterium tuberculosis
(MTB) co-infection leads to enhanced MTB growth by a type I
interferon signaling pathway.6 However, severe inﬂammation
in the lung is a common outcome of coronavirus infection,14 a
symptom that is also commonly observed in TB patients.15
Thus, it is possible that coronavirus infection-causing
inﬂammation may also reactivate dormant MTB (dMTB) in
the lung, which has not yet been studied.
Several studies have investigated TB dormancy in the adult
stem cell niches.16e18 These stem cells reside in the bone
marrow (BM) niche19 and in the area of inﬂammation.20
A rare fraction of cells in the BM, the CD271þ
BMemesenchymal stem cells (CD271þ BM-MSCs) has
been identiﬁed as the potential niche for dMTB in mice and in
successfully treated TB patients.17 In this stem cell niche,
MTB remains dormant, maintaining reactivation potential.
More importantly, we have developed a mouse model of stem
cellemediated MTB dormancy.17 Brieﬂy, streptomycindependent mutant 18b strain-infected mice exhibit lung
infection following 3 weeks of streptomycin treatment. These
mice develop granulomas, and acquire humoral immunity
against the bacteria. Following streptomycin starvation for 6
months, the bacteria acquire a nonreplicating status. These
bacteria can primarily be detected in the CD271þ MSCs of
BM, but a few are also present in the CD271þ MSCs of
lung.17 Furthermore, MTB harboring CD271þ MSCs reside
in the hypoxic niche of BM.18 Notably, in this model, the
signiﬁcant increase of MTBecolony-forming units (CFUs) in
the noneCD271þ MSC compartment of lung can be used as a
sign of MTB reactivation. Additionally, the potential
reprogramming of the CD271þ MSCs to enhanced stemness
phenotype having altruistic behavior21,22 can also be studied
in this model. Brieﬂy, the enhanced stemness is a transient
phenotype of stem cells characterized by their ability to not
only maintains stemness, but also secrete cytoprotective
agents during extreme oxidative stress or inﬂammation.21,22
The enhanced stemness phenotype was characterized by
exposing human embryonic stem (ES) cells to the microenvironment of oxidative stress. In such hostile microenvironment, some of the ES cells underwent enhanced stemness
reprogramming by activating a hypoxia-inducible factor
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(HIF)-2a stemness pathway that altered the p53/mouse double minute 2 homolog oscillation to a transient state of low
p53. The low p53 state permits these cells to maintain a state
of enhanced stemness (state of self-renewal and selfsufﬁciency) in the microenvironment oxidative stress.22
While in such hostile microenvironment, naive stem cells
usually undergo differentiation/apoptosis,21 and the reprogrammed ES cells not only maintain stemness, but also selfrenew. Thus, these reprogrammed ES cells gain ﬁtness.
However, instead of becoming the dominant subpopulation,
these cells sacriﬁce their self-ﬁtness to enhance the ﬁtness of
neighboring cells under stress by secreting glutathione, an
intracellular antioxidant that cells do not actively secrete.
Moreover, the cultured supernatant of these reprogramed ES
cells defend hematopoietic and mesenchymal stem cells from
oxidative stresseinduced differentiation/apoptosis. This is
considered an altruistic behavior, a form of stem cell
altruism,23 as these glutathione-secreting ES cells sacriﬁce
their newly acquired ﬁtness by returning to basal state of p53/
MDM2 oscillation, leading to p53-mediated apoptosis/differentiation.22 Hence, these transient stem cells acquiring
enhanced stemness phenotype can be termed as altruistic stem
cells (ASCs) as opposed to competitive stem cells, which
eliminate weak neighbors during stress.21,24,25 The underlying signiﬁcance of further studying stem cell altruism is that it
is equivalent to an innate defense mechanism of cytoprotection, because similar to microbial altruistic defense against
stress,26,27 ASC mechanisms may also have evolved as a
potent stem cell defense of cytoprotection from stressful
microenvironment-induced
differentiation/apoptosis.21
Developing an experimental model to study ASC-based defense will strengthen our growing understanding of stem cell
niche defense against pathogen invasion, and provide novel
insight about how pathogens, such as dMTB, may hijack this
defense for their own beneﬁt. Herein, we hypothesize that
following viral infection, lung MSCs present in the alveolar
stem cell niche28,29 may also exhibit altruistic defense by
reprogramming to ASCs. The dormant MTB hiding in the
intracellular compartment of these MSCs may then exploit the
ASC reprograming for TB reactivation.25
Therefore, this mouse model of stem cellemediated MTB
dormancy was used to ﬁnd out if coronavirus can reactivate
dMTB by inducing MSC to ASC reprogramming. A mouse
coronavirus strain, the murine hepatitis virus-1 (MHV-1), that
represents clinically relevant human coronavirus SARSCoV-1 infection, was used.30e32 MHV-1 infection causes
acute lung inﬂammation by inducing acute respiratory
infection within 2 to 4 days in C57BL/6 mice by increasing
viral load. Animals exhibit an elevated level of proinﬂammatory cytokines, such as tumor necrosis factor (TNF)-a,
during 2 to 14 days postinfection30,33 and then fully recover.30
Therefore, the MHV-1einfected C57BL/6 mice can be utilized for MTB reactivation study.
Herein, MHV-1 infection was shown to cause dMTB
reactivation in the mouse model of stem cellemediated
MTB dormancy. Furthermore, MHV-1 was found to
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reprogram the CD271þ MSCs to an enhanced stemness or
ASC phenotype, and culture supernatant of these reprogrammed MSCs was found to enhance the survival/proliferation of MHV-1einfected type II alveolar epithelial (ATII)
cells. After 2 weeks of expansion in the MHV-1einfected
lung, these reprogrammed MSCs activated p53 upstream
genes involved in apoptosis/differentiation, and underwent
apoptosis, thus sacriﬁcing self-ﬁtness while enhancing the
ﬁtness of the alveolar epithelial cells, a behavior akin to ES
cells exhibiting enhanced stemness or ASC phenotype.
Thus, these ﬁndings may facilitate the study of proposed
ASC-mediated altruistic defense of stem cell niche.21,25,34
The remarkable signiﬁcance of this study is that although
MHV-1 infection causes dMTB reactivation, it also
activates an ASC-based innate defense mechanism against
the virus and that could be further explored to develop
therapeutics to target coronavirus.

CD271þ/CD45e MSCs and non-CD271þ cells were isolated
by magnetic sorting, as previously explained.18 The
magnetically sorted CD271þ MSCs and non-CD271þ cells
were subjected to MTB-CFU assay. Consistent with previous
ﬁndings,17 a small number of MTB-CFUs (38  10 MTBCFU/lung) were obtained only in CD271þ MSCs. Thus,
mouse model of MTB dormancy was developed. Streptomycin was injected intraperitoneally (3 mg/mouse in 200 mL
of normal saline) daily for 3 weeks17 with or without MHV-1
infection30,32 to develop a mouse model of reactivation. In a
separate experiment, streptomycin-treated mice were also
treated with immunosuppressive agents dexamethasone (0.08
mg/day, 6 times a week) or amino guanidine (2.5% wt/vol in
drinking water) to cause dMTB reactivation.35 The treated
mice were observed for stipulated period of time, and then
sacriﬁced to collect lung tissues. The MTB-CFU of lung was
evaluated for MTB reactivation.

Materials and Methods

Isolation and Culture of CD271þ MSCs

Mycobacterium Strain and Growth Condition
All of the necessary experimental procedures were approved
and undertaken inside Biosafety Cabinet class II facility in
accordance with guidelines of Institutional Bio-safety
Committee of KaviKrishna Laboratory. Streptomycinauxotrophic mutant MTB strain18b (gifted by Prof. Stewart T. Cole, Ecole Polytechinque Federale de Lausanne,
Lausanne, Switzerland) was cultured in BBL Middlebrook
7H9 broth with glycerol (BD Biosciences, Gurugram, Haryana, India; number 221832) along with 50 mg/mL of
streptomycin sulfate. It was maintained at 37 C and 5%
CO2 with occasional shaking until the midlogarithmic phase
was reached, OD approximating to 1.

Development of Stem CelleMediated Mouse Model of
MTB Reactivation
All of the necessary experimental procedures were undertaken in accordance with approvals of Institutional Animal
Ethics Committee, Gauhati University, and Institutional
Ethics Committee, KaviKrishna Laboratory. The 6- to 8weekeold C57BL/6 female mice were obtained from
National Institution of Nutrition (Hyderabad, India) and were
maintained in the animal house of Gauhati University at
pathogen-free condition, as previously described.17 The
mouse model of MTB dormancy was developed in 6 months.
Brieﬂy, streptomycin-auxotrophic mutant MTB strain 18b
cell suspension was prepared in phosphate-buffered
salineeTween 80 (0.05%), sonicated for 15 seconds, and
intravenously injected with 2  106 CFUs per mouse. Initially
for 3 weeks, streptomycin was administered (3 mg/mouse in
200 mL of normal saline) daily for establishing infection.
Then, no streptomycin treatment was provided for 6 months
to establish bacterial dormancy. Following 6 months of
streptomycin starvation, lung tissue was dissociated;
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The mouse lung tissues were dissociated using collagenase/
lipase and then cells were subjected to magnetic sorting to
isolate CD271þ MSCs, as explained previously.17,18
Brieﬂy, CD45e cells were magnetically sorted using
Ter119/CD45e depletion kit (number 19771; Stem Cell
Technologies, Vancouver, BC, Canada). Next, the CD45e
cells were subjected to magnetic sorting for isolation of
CD271þ cells. First, mouse CD271 antibody (mouse clone
ME20.4; catalog number Ab8877; Abcam, Cambridge,
MA) was phycoerythrin conjugated by SiteClick antibody
labeling kit (catalog number S10467; Life Technologies,
Grand Island, NY). Next, the EasySep phycoerythrin sorting
kit (catalog number 18554; Stem Cell Technologies) was
used to isolate CD271þ cells from the CD45e cell population. For MTB-CFU assay, cells were cultured for 4 to 8
hours in serum-free media without any growth factor. For
cytoprotective assay, cells were isolated on day 8 following
infection and cultured (1  107 cells/mL) in Dulbecco’s
modiﬁed Eagle’s medium/F12 media without serum for 24
hours to obtain the conditioned media (CM).

MTB-CFU Assay
The MTB-CFU assay was performed as previously
described.17,18 For the whole lung MTB-CFU, the lung
tissue was aseptically removed from sacriﬁced mice and
homogenized in phosphate-buffered saline with 0.05%
Tween 80, then subjected to CFU assay.18 For the MTBCFU assay of immunomagnetically sorted cells, cells were
isolated by dissociating lung tissue using collagenase/
lipase.17 The pellet was lysed with 1 mL of 0.1% Triton X100 for 15 minutes and vortexed for 30 seconds, and serial
10-fold dilution was prepared in Middlebrook 7H9 broth.
The diluted whole lung or cell lysate was then separately
plated onto Middlebrook 7H10 agar plates (BD Biosciences;
number 295964) along with streptomycin (50 mg/mL) for
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the growth of m18b strain. The agar plates were incubated
for 3 to 4 weeks at 37 C and 5% CO2, and CFUs were
counted. CFUs were plotted as the means of log10 CFUs per
lung or per 107 cells.

done by viral load study and measurement of TNF-a on
days 0 and 6, as described.30,33

Real-Time Quantitative PCR Assay

The viral PFU assay was performed as previously
described.36 Animals were euthanized at speciﬁc times, and
the whole lungs were harvested. The lung tissue was homogenized as described,17 and the supernatant was stored at
80 C before further analysis. One day before the formation of the PFU assay, L2 cells were seeded so that the cell
density could reach conﬂuence on the day of PFU assay.
The serial dilution of lung homogenate derived supernatant
was loaded on the L2 monolayer cells and incubated for 1
hour at 37 C. The inoculum was removed, and it was
overlayered with methylcellulose media and incubated for
48 hours at 37 C. The plaques were then counted, and the
virus titer was calculated using the following formula: titer
(PFU/mL) Z [(number of plaques/well)/(volume of
inoculum/well)]  dilution factor.

To isolate the mRNA from bacterial infected CD271þ
MSCs, we used the mMACS technology (Miltenyi Biotec,
Bergisch-Gladbach, Germany), as described previously.17
Brieﬂy, the mRNA is isolated in a magnetic column using
super paramagnetic Oligo (dT) Microbeads, which target the
poly RNA tail of mammalian RNA. The mRNA gets
attached to the magnetic column, whereas the bacterial and
stem cell DNA remained in the passed-through lysate. Then,
the mRNA was converted to cDNA in a heated magnetic
bar, as per manufacturer’s instruction, and cDNA was
subjected to real-time quantitative PCR analysis using the
TaqMan Gene expression assay (Miltenyi Biotech). RNA
quantiﬁcation was done using the DDCt method by using
the SDS software version 2.2.1.17 The following TaqMan
primers were used: mouse: CD271 (Mm 00446296_m1),
CD45 (Mm 01293575_m1), CD44 (Mm01277163_m1),
HIF-2a (Mm01236112_m1), ATP binding cassette subfamily G member 2 (ABCG2) (Mm00496364_m1),
octamer-binding transcription factor 4 (Mm00658129_g1),
Nanog (Mm02019550_s1), sex-determining region Yrelated HMG box 2 (Mm03053810_s1), HIF-1a
(Mm00468869_m1),
p53
(Mm01731290_g1),
p21
(Mm01332263_m1), MDM2 (Mm01233136_m1), glutamate cysteine ligase (GCL; Mm00802655_m1), CD73
(Mm00501915_m1), and glyceraldehyde-3-phosphate dehydrogenase (Mm99999915_g1).

MHV-1 Infection into Mice
Parental virus strain MHV-1 was obtained from ATCC
(Manassas, VA) and cultured inside the BSC class II facility
at KaviKrishna Laboratory in accordance with approval of
Institutional Bio-safety Committee and Institutional Ethics
Committee of KaviKrishna Laboratory. The animal protocol
was approved by the Institutional Ethics Committee of
KaviKrishna Laboratory and Gauhati University. MHV-1
was propagated on L2 (ATCC HCCL-149) cells, puriﬁed by
sucrose gradient centrifugation, and titrated by end point
dilution assay on L2 cells to determine titer of the viral
stock, as previously described.36 Mice [C57BL/6 mice
previously infected with the mutant 18b MTB strain, followed by 6 months of streptomycin starvation, or control
group (25- to 26-weekeold healthy mice)] were intranasally
infected with 5000 plaque-forming units (PFUs) of MHV-1
per mouse.30,32 Brieﬂy, animals were anesthetized with
ketamine intraperitoneally and then 50 mL of MHV-1 in
phosphate-buffered saline was administered intranasally;
this dose is known to cause acute respiratory infection in
this strain of mice.31,33 Evaluation of lung infection was
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Viral PFU Assay

Enzyme-Linked Immunosorbent Assay for TNF-a
Evaluation
This was done by using an Elisa Kit (number MTA00B) of
R&D Systems (Minneapolis, MN), as described previously.22 Brieﬂy, whole lungs were harvested and homogenized in Dulbecco’s modiﬁed Eagle’s medium/F12 medium
supplemented with protease inhibitor mix (Sigma Aldrich,
St. Louis, MO). Lung homogenates were centrifuged, and
50 mL of supernatant was added to the wells of the enzymelinked immunosorbent assay plate, covered, and incubated
at room temperature for 2 hours. Each well was aspirated
and washed for ﬁve times, as mentioned in the kit. A total
of 100 mL of mouse TNF-a conjugate to horseradish
peroxidase was added to each well and covered with an
adhesive strip. It was then incubated for 2 hours at room
temperature and then aspirated and washed. The plates were
developed for 30 minutes using 100 mL of tetramethylbenzidine plus hydrogen peroxide. Plates were read at
450 nm using iMark Microplate Absorbance Reader (Biorad, Gurgaon, India).

Cellular Caspase-3/7 Assay
The caspase-3/7 activity assay was performed as previously
described.22,37 Brieﬂy, the day 8 and day 20 CD271þ MSCs
were isolated from the MHV-1 alone (with streptomycin),
dMTBMHV-1, dMTB alone (with streptomycin), and
streptomycin alone (control mice treated with streptomycin)
group (n Z 5 for each group). Then, isolated CD271þ
MSCs were cultured (2  104 cells/mL) in serum-free
Dulbecco’s modiﬁed Eagle’s medium for 8 hours and
subjected to a colorimetric assay of caspase-3/7
activity.22,37
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In Vitro Cytoprotection Assay Against MHV-1 Infection

Statistical Analysis

The ATII cells of healthy C57BL/6 mice were ﬁrst isolated
as previously described38 by isolating CD45e and epithelial
cell adhesion moleculeþ cells using immunomagnetic sorting.39 The isolated cells were cultured in the 70% rat tail
collagen (Sigma, St. Louis, MO) and 30% Matrigel (BD Biosciences) coated 6-well plates (2  105 cells/well) using Dulbecco’s modiﬁed Eagle’s medium/F12/10% fetal bovine
serum and 10 ng/mL mouse keratinocyte growth factor with
penicillin/streptomycin antibiotics. The cells were infected
with MHV-1 with a multiplicity of infection of 1:5, as
described,38 and then treated for 48 hours with the CM obtained from the lung CD271þ MSCs collected from the three
groups (dMTB alone, MHV-1 alone, and the dMTBMHV-1
group). The CM was collected from in vivo CD271þ MSCs
by a previously described method,22 where the isolated
CD271þ MSCs (1  107 cells/mL) were cultured in vitro for 24
hours, and then CM was ﬁltered through a 0.2-mm ﬁlter. The
ﬁltered CM was added to ATII cells. After 48 hours of growth,
cytoprotection was measured by the reduction in viral load
(viral plaque assay), cell survival (trypan blue assay), and cell
proliferation (alamar blue assay), as previously described.40,41
For the cell proliferation assay, the viral infected cells were
continuously grown for 6 days, and then alamar blue assay was
performed every alternate day to measure proliferation, as
described.37

Statistical analysis was performed using GraphPad Prism
version 4.0 (Hearne Scientiﬁc Software, Chicago, IL). t-test
was used for comparison with Newman-Keul post hoc test.
Gene expression was analyzed using one-way analysis of
variance with the Dunnett post hoc test. Data are expressed
as means  SEM (*P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001).

Results
MHV-1 Infection Leads to Reactivation of dMTB in
C57BL/6 Mice
To test whether MHV-1 infection may reactivate dMTB
intracellular to MSCs in the lung MHV-1 (5  103 PFU)
was intranasally administered to C57BL/6 mice
(n Z 25),30,32 with lung CD271þ MSCs, that contained
streptomycin-dependent mutant MTB strain of 18b in nonreplicating dormant state for 6 months (Figure 1A).17,42
Simultaneously, mice were also injected with streptomycin
as the mutant 18b strain requires the antibiotic to replicate.42
The study was ended after 3 weeks, because 3 weeks of
streptomycin is sufﬁcient to establish lung infection17; 2
weeks after MHV-1 infection, the C57BL/6 mice recover
from viral pneumonitis,30,32 which makes extending the

Figure 1 Murine hepatitis virus-1 (MHV-1) infection reactivates dormant Mycobacterium tuberculosis (MTB) in the lungs. A: Schematic of producing the
dormant MTB (dMTB) mouse model, and the experimental design for dMTB reactivation. B and C: Viral load [plaque-forming unit (PFU)] and MTBecolonyforming units (MTB-CFUs) in the lungs from MHV-1einfected C57BL/6 mice at various times after infection. Solid line in B represents limit of detection.
D: MTB-CFUs in the lungs of mice from day 30 after MHV-1 infection, or day 30 after treatment with dexamethasone or aminoguanidine. All of the mice were
treated with daily streptomycin 6 days per week for 3 weeks. Data represent means  SEM (B-D). n Z 4 independent experiments (B-D). **P < 0.01,
****P < 0.0001 (t-test). dMTB alone, mice harboring dMTB intracellular to lung and bone marrow (BM) CD271þ MSCs, treated with streptomycin; dMTBMHV1, dMTB harboring mice infected with MHV-1 and treated with streptomycin; MHV-1 alone, mice infected with MHV-1 and treated with streptomycin; MHV-1
minus streptomycin, mice infected with MHV-1, not treated with streptomycin.
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study to third week ethical. Thus, the study was ended on
20th day following MHV-1 infection. During the 20 days of
MHV-1 infection, animals (n Z 5) were sacriﬁced at stipulated time, lungs were obtained, and the viral titers as well
as MTB-CFUs in the lung tissues were evaluated (Figure 1,
B and C). TNF-a was measured in the animals’ blood on
day 2 of MHV-1 infection to conﬁrm MHV-1einduced
immune response.30 First, the viral infection was evaluated
in mice, as shown in Figure 1B. MHV-1einfected mice
were used as the control. In a subset of mice from the
control group, streptomycin was also added to determine
whether addition of streptomycin could affect viral load.
MHV-1 infection in both the control groups [MHV-1 minus
streptomycin (not treated with streptomycin) and MHV-1
alone (treated with streptomycin)] led to an increase in
viral titers in the mouse lung for the ﬁrst 4 days, and then
gradually decreased within next 2 weeks (Figure 1B), which
is consistent with the previous results from C57BL/6
mice.32 Notably, streptomycin had no effect on viral titers.
MHV-1einfected mice with dMTB and treated with streptomycin (henceforth, dMTBMHV-1 group) showed an increase in viral load for the ﬁrst 4 days similar to control, but
then rapidly subsided at the end of 2 weeks, where the viral
load was 20-fold less than control group (P < 0.004)
(Figure 1B). The TNF-a levels in both the groups were
increased by threefold to fourfold (P < 0.03; n Z 4) on day
2 (dMTB, 32.5  11.4 versus 7.3  4.5 pg/mL;
dMTBMHV-1, 36.5  14.7 versus 9.5  3.6 pg/mL). These
data suggest that MHV-1 infection activated viral replication, and associated immune response in both groups,
although viral load decreased in MTB-infected versus
noninfected mice.
Second, MTB-CFUs were evaluated in the lungs of
dMTB alone versus dMTBMHV-1 group. Both the groups
(n Z 10 mice in each group) received daily streptomycin
treatment for mutant strain to replicate. By 8 days of
infection, MTB-CFUs were sixfold to sevenfold greater
than the MTB-CFU before the start of the infection in
both the groups (P < 0.01) (Figure 1C). Between days 8
and 20 of postinfection, MTB-CFUs increased by 110-fold
(P < 0.0001) in the dMTBMHV-1 group but decreased by
2.1-fold (P < 0.004) in the dMTB alone group. These
results indicate that MHV-1 infection not only initiated but
also sustained the MTB reactivation process following
streptomycin treatment. In contrast, MTB reactivation did
not occur in the dMTB alone group as the streptomycin
treatment alone failed to increase MTB-CFUs, even after 3
weeks of treatment. More importantly, 630-fold increase
was observed in MTB-CFU between days 0 and 20 in the
dMTBMHV-1 group, which is equivalent to a 1000-fold
increase in MTB-CFU in a dexamethasone- and
aminoguanidine-induced MTB reactivation model.35
Therefore, next the MHV-1einduced reactivation of the
dMTB was compared with dexamethasone or aminoguanidine. These have been found to reactivate dMTB in a
drug-induced Cornell model by suppressing the immune
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system.35 To compare the reactivation of MHV-1 versus
these immunosuppressive agents, dMTB harboring mice
were treated with either of these two drugs and streptomycin
daily for a month, and the lung MTB-CFUs were quantiﬁed.
Next, the MTB-CFU levels of these two drug treated mice
were compared with the MTB-CFU obtained from 1 month
after MHV-1einfected mice. MTB-CFUs increased by
threefold to fourfold (P Z 0.06; n Z 4) following either
dexamethasone or aminoguanidine treatment, which was
400-fold lower than the MHV-1 infection group (P < 0.0001,
n Z 4) (Figure 1D). Thus, MHV-1 infection was superior to
dexamethasone or aminoguanidine to induce reactivation in
our model of dMTB. These results also indicate that
mechanisms other than immunosuppression may underlie
MHV-1 infection-mediated disease reactivation.

MHV-1 Infection Causes Expansion of Lung CD271þ
MSCs and Extracellular Pathogen Release
In this mouse model of MTB dormancy, dMTB remains
dormant in CD271þ MSCs of bone marrow and lung. We
hypothesized that during dMTB reactivation, the bacteria
transfer from MSCs to non-MSC compartments in the
lung.17 Therefore, the lung CD271þ MSCs were analyzed
for intracellular MTB replication and release into the
extracellular space. Lung CD271þ MSCs were obtained by
immunomagnetic sorting of CD271þ/CD45e mononuclear
cells after a stipulated period of MHV-1 infection. Flow
cytometry was used to conﬁrm 90% purity of these immunomagnetic sorted CD271þ MSCs, as previously
described.17,18 Viable cell count was obtained by trypan
blue to evaluate expansion of these cells in vivo in the
stipulated period. The dMTB group served as control.
Possible CD271þ MSC expansion was studied in mice
infected with MHV-1 to evaluate a potential effect of this
virus on MSCs of lung. Next, the sorted cells were cultured
in serum-free media for 8 hours to evaluate both the intracellular and the extracellular release of MTB by measuring
MTB-CFUs in the cell pellet and supernatant, respectively.
The dMTBMHV-1 group showed a transient 12-fold
(P < 0.001) (Figure 2A) expansion of CD271þ MSCs between days 0 and 8. Strikingly, the MHV-1 infection alone
group exhibited a 4.5-fold (P < 0.01) expansion of CD271þ
MSCs between the same period; however, the expansion
was sixfold lower than the dMTBMHV-1 group
(Figure 2A). However, the dMTB alone group showed no
expansion of the MSCs (Figure 2A). Notably, in the
dMTBMHV-1 group, along with MSC expansion, there was
a corresponding 27-fold (P < 0.001) (Figure 2B) increase in
the number of intracellular MTB-CFUs. During this period
(days 0 to 8), the supernatant of dMTBMHV-1 group did
not exhibit marked increase in extracellular MTB-CFUs
compared with dMTB control (Figure 2C). However, in
the next 4 days (ie, between days 8 and 12), the supernatant
showed a 40-fold increase of MTB-CFU in dMTBMHV-1
group (P < 0.001) (Figure 2C). Thus, MTB transfer from
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Figure 2 Mycobacterium tuberculosis (MTB) boosts murine hepatitis virus-1 (MHV-1)emediated expansion of lung CD271þ mesenchymal stem cells (MSCs).
A: Transient expansion of CD271þCD45e MSCs in the lungs of MHV-1einfected and noninfected dormant MTB (dMTB) mice. The y axis represents total number
of immunomagnetically sorted CD271þ/CD45e MSCs per lung; cells were subjected to immunomagnetic sorting to obtain CD45e and CD271þ MSCs, and the
total numbers of cells were counted by trypan blue. B and C: Intracellular (B) and extracellular (C) MTBecolony-forming units (CFUs) obtained from CD271þ
MSCs of dMTB mice cultured in vitro for 8 hours. D: Intracellular MTB-CFU/107 of non-CD271þ lung cells (the leftover lung mononuclear cells after obtaining
CD271þ/CD45e MSCs by immunomagnetic sorting). Data represent means  SEM (AeD). n Z 4 independent experiments (AeD). **P < 0.01, ***P < 0.001,
and ****P < 0.0001 (one-way analysis of variance with the Dunnett post hoc test).

CD271þ MSCs to the rest of the lung cells in the
dMTBMHV-1 group probably occurred between days 8 and
12, when the supernatant showed a sharp increase in MTBCFUs. Indeed, there was a corresponding 15-fold increase
of intracellular MTB-CFUs in the rest of the lung cells
in vivo (P < 0.001), as shown in Figure 2D. As expected,
the dMTB alone group showed no signiﬁcant evidence of
CD271þ MSC expansion, intracellular MTB replication,
and their extracellular release (Figure 2). Altogether, the
results suggest that MHV-1 infection induces a transient
expansion of MTB harboring CD271þ MSCs and pathogen’s release into the extracellular space.

MHV-1 Infection Activates the Altruistic Stem
CelleMediated Innate Defense Mechanism
The MHV-1 infection-induced transient expansion of lung
CD271þ MSCs in both MTB harboring and control animal
group led to studying the underlying molecular mechanism
of expansion. MHV-1 infection may activate an ASCbased innate defense mechanism previously characterized
in human embryonic stem cells,22 and in MSCs.18 Brieﬂy,
when a clone of stem cells, such as human embryonic stem
cell colony, is threatened by hypoxia/oxidative
stresseinduced differentiation/apoptosis, a few of these
cells reprogram to an enhanced stemness phenotype
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capable of not only surviving the stress, but also protecting
the rest of the clone from the hypoxia/oxidative stress. This
phenotype is characterized by distinct gene expression
associated with HIF-2a stemness pathway,22,37 and rapid
expansion of the reprogrammed cells. These cells continue
to maintain enhanced stemness phenotype for the next 2
weeks, and then activate p53 to undergo differentiation/
apoptosis. During the expansion period, these cells exhibit
altruistic behavior by secreting cytoprotective agents, such
as glutathione, that enhance the ﬁtness of the rest of the
human embryonic stem cells. Thus, stem cells undergoing
enhanced stemness reprogramming22 were characterized
and termed altruistic stem cells.21,22 Interestingly, circulating MSCs having ASC-like characteristics24 were identiﬁed using deﬁned criteria34 (Figure 3A) in human
subjects with cancer,24 suggesting the clinical signiﬁcance
of ASCs. Therefore, this ASC reprogramming may function as a putative innate defense system against invading
pathogens that threaten the integrity of the stem cells
residing in their niches.34 Thus, the ﬁndings of MHV1emediated transient expansion of CD271þ MSCs may be
part of the ASC defense mechanism against the virus. To
investigate this possibility, the real-time quantitative PCR
expression of genes associated with enhanced stemness
phenotype (HIF-1a, HIF-2a, Sox2, Oct4, Nanog, ABCG2,
MDM2, GCL, p53, and p21) was studied in
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Figure 3 Murine hepatitis virus-1 (MHV-1) infection reprograms CD271þ mesenchymal stem cells (MSCs) to altruistic stem cell (ASC) phenotype.
A: Phenotypic characteristics of ASCs or stem cells undergoing enhanced stemness reprogramming. 1. Transient expansion of ASCs. 2. Expression of genes
associated with the enhanced stemness state. 3. After 2 weeks, activation of p53-induced genes of differentiation/apoptosis. 4. Stem cell niche-defense/
cytoprotection. B: Histogram showing the expression of MSC/ASC genes in the CD271þ MSCs of day 8 after streptomycin treatment. The real-time quantitative PCR (qPCR) data were compared with healthy mice to obtain fold change. C: Histogram showing the induction of enhanced stemness genes in the lung
CD271þ MSCs of day 8 after MHV-1 infection. D: Histogram showing the induction of p53-related genes of apoptosis/differentiation in lung CD271þ MSCs of
day 20 after MHV-1 infection. The qPCR data are expressed as fold change compared with MTB-infection alone group. E: Increased caspase-3/7 activity in lung
CD271þ MSCs of day 20 versus day 8 after MHV-1 infection. Data represent means  SEM (BeE). n Z 4 independent experiments (BeE). *P < 0.05,
**P < 0.01 (one-way analysis of variance with the Dunnett post hoc test). Control þ streptomycin, healthy mice treated with streptomycin; dormant
MTB (dMTB) alone (þ streptomycin), dMTB harboring mice treated with streptomycin; dMTB e streptomycin, dMTB minus Streptomycin, dMTB harboring mice
not treated with streptomycin. ABCG2, ATP-binding cassette super-family G member 2; Bax, B cell lymphoma 2 associated X protein; CD271, cluster of differentiation 271; CD44, cluster of differentiation 44; CD45, cluster of differentiation 45; CD73: cluster of differentiation 73; GCL, glutamate cysteine ligase;
Hif-1 alpha, hypoxia-inducible factor 1-alpha; Hif-2 alpha, hypoxia-inducible factor 2-alpha; MDM2, murine double minute 2 homolog; Oct4, octamer-binding
transcription factor 4; p53: tumor protein p53;p21, cyclin-dependent kinase inhibitor 1; PUMA, p53 upregulated modulator of apoptosis; Sca-1, stem cells
antigen-1; Sox 2: sex-determining region Y-related HMG box 2.

the immunomagnetically sorted day 8 CD271þ MSCs of
MHV-1 alone and dMTBMHV-1 mice that showed
expansion of the MSCs (Figure 2A). The dMTB alone
(dMTB mice treated with streptomycin, but not infected
with MHV-1), dMTB minus streptomycin (not treated
with streptomycin and MHV-1), and streptomycin alone
(control mice with streptomycin treatment) served as
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controls. The expression of genes expressed by MSCs
(CD73, CD44, and Sca-1) and hematopoietic cells (CD45)
was also evaluated (Figure 3, B and C). In the CD271þ
MSCs of dMTB mice, HIF-1a, ABCG2, Sca-1, and MSC
related genes, CD44, CD271, and CD73 remained highly
expressed (Figure 3B), as consistent with previous
ﬁndings.17,18 Addition of streptomycin treatment showed
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1.6-fold higher expression of HIF-1a (P < 0.05)
(Figure 3B) in the CD271þ MSCs of dMTB mice (dMTB
alone), but had no effect in the control mice (streptomycin
alone). More importantly, MHV-1 infection in streptomycin alone (MHV-1 alone) and dMTB alone group
(dMTBMHV-1) led to threefold to sevenfold marked induction of genes associated with enhanced stemness
phenotype in the CD271þ MSCs (Figure 3C). Interestingly, in the dMTBMHV-1 group, several enhanced
stemness phenotype or ASC reprogramming-related gene
(Oct4, GCL, and ABCG2) expression was increased by
twofold to threefold (P < 0.05) (Figure 3C) compared with
MHV-1 alone group. The stemness of these CD271þ
MSCs was further characterized and, indeed, these cells
expressed the MSC markers (CD73, CD44, and Sca-1), and
did not express CD45 (Figure 3C). Thus, these ﬁndings

suggest that MHV-1 infection led to ASC reprogramming
of CD271þ MSCs, and this reprogramming was also seen
in the dMTB harboring mice, when infected with MHV-1.
Further conﬁrmation of the ASC reprogramming was
obtained by demonstrating increased up-regulation of p53upstream genes involved in apoptosis, such as bax, p21,
and PUMA, and down-regulation of survival genes, such as
HIF-2a, on day 20 (Figure 3D). The expression of Sca-1
was down-regulated in these cells on day 20 (Figure 3D),
suggesting differentiation. Thus, it appears that the transiently expanded CD271þ MSCs underwent differentiation
and apoptosis on day 20 of MHV-1 infection, which was
conﬁrmed by performing a caspase-3/7 activity assay for
apoptosis22,37 (Figure 3E). Streptomycin treatment either in
control (streptomycin alone) or in dMTB mice (dMTB
alone) did not induce apoptosis of CD271þ MSCs

Figure 4

Evidence for soluble factors of inhibitors of murine hepatitis virus-1 (MHV-1) infectivity and activators of cytoprotective effects in culture
supernatants of reprogrammed CD271þ mesenchymal stem cells (MSCs). A: Schematic representation of experimental design for altruistic stem cell defense
against MHV-1. B: The viral load of type II alveolar epithelial (ATII) cells was obtained after treatment with conditioned media (CM) from lung CD271þ MSCs.
The CM of lung CD271þ MSCs (day 8 after infection) was obtained from all of the infected groups. C: Cell viability of the treated cells was obtained by trypan
blue. The ATII cells not treated with CM served as the control. The CM from CD271þ MSCs of dormant Mycobacterium tuberculosis (dMTB)MHV-1 showed the
lowest MHV-1eplaque-forming unit (PFU) in the ATII cells and highest live cell count. D: ATII cells under phase-contrast microscope after 6 days of treatment
with CM of CD271þ MSCs obtained from mice lung. E: Alamar blue results of ATII cell proliferation. Data represent means  SEM (B, C, and E). n Z 4 independent experiments (B and C); n Z 3 independent experiments (E). **P < 0.01, ***P < 0.001, and ****P < 0.0001 (t-test). Scale bar Z 300 mm (D).
Original magniﬁcation, 10 (D).
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(Figure 3E). Activation of p53 upstream genes and associated apoptosis on day 20 also indicated the activation of
the proposed ASC-based innate defense mechanism in the
infected CD271þ MSCs against MHV-1.
The ASC-based defense against MHV-1emediated viral
load and cellular toxicity was conﬁrmed in an in vitro viral
infection assay (Figure 4A). The MHV-1 alone group
derived CM of CD271þ MSCs on day 8 was exhibited
signiﬁcant twofold to fourfold cytoprotection of ATII cells
against MHV-1 infection (Figure 4, BeE), providing evidence of ASC-mediated defense against MHV-1 (Figure 5).
Notably, dMTB presence signiﬁcantly boosted this ASCbased defense against MHV-1 in the in vitro viral infection assay, as the viral load was reduced by threefold
(Figure 4B), whereas survival and proliferation of the ATII
cells was increased by twofold and fourfold in the dMTB
MHV-1 versus MHV-1 alone group, respectively (Figure 4,
C and E). These results further strengthen the proposed
mechanism of ASC-mediated niche defense against MHV-1
and boosting of this defense in the dMTB harboring mice.

Discussion
The COVID-19 caused by SARS-CoV-2 has generated a
global pandemic associated with substantial mortality and
morbidity. Notably, a signiﬁcant number of infected

individuals have recovered. However, evidence for a
possible host defense or antiviral mechanism against the
virus has not yet been identiﬁed. Currently, several vaccines
have been approved to combat the pandemic,43,44 although
the efﬁcacy of these vaccines may be compromised because
of rapid mutation of the virus. In this context, it is important
to understand the host defense mechanism against this disease for the development of better vaccine and/or treatment.
Using a mouse coronavirus model, we demonstrate that lung
MSCs activate a potential ASC-based defense mechanism
against the virus, and this defense mechanism is further
enhanced by dMTB residing inside the lung MSCs.
Considering that MHV-1 infection mimics SARS-CoV-2
infection, and the dMTB mouse model mimics dMTB
disease in humans, our study of MHV-1 and dMTB coinfection, as well as identiﬁcation of ASC-based defense
against MHV-1, may have signiﬁcant clinical relevance to
the ongoing COVID-19 pandemic.
To study the interaction of dormant MTB niche with
coronavirus infection in the lung, a streptomycin-dependent
auxotrophic strain of mutant 18b mediated mouse model
was used, where dMTB could be isolated from the CD271þ
MSC compartment of lung following 6 months of streptomycin starvation.17,42 In this mouse model, re-addition of
streptomycin for 4 weeks after 6 months of withdrawal did
not lead to dMTB reactivation as the lung MTB-CFUs in
the non-MSC compartment did not signiﬁcantly increase.

Figure 5 Schematic representation of the putative altruistic defense of stem cell niche against murine hepatitis virus-1 (MHV-1) infection in dormant
Mycobacterium tuberculosis (dMTB) harboring mice. The viral infection induces enhanced stemness or altruistic stem cell (ASC) reprogramming of lung
mesenchymal stem cells (MSCs), which then expands and secretes yet unknown secretory products/vesicles/antimicrobial peptides to enhance the group
ﬁtness of the type II alveolar cells present in the alveolar stem cell niche. The proliferating ASCs then undergo spontaneous apoptosis/differentiation by
activating p53 upstream genes involved in apoptosis, thus sacriﬁcing self-ﬁtness, similar to embryonic stem cell derived ASCs. The dMTB exploits this ASCbased stem cell niche defense for the reactivation of pulmonary tuberculosis (TB). HIF, hypoxia-inducible factor.
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Although a 20-fold increase in MTB-CFUs in non-MSC
compartment was observed during ﬁrst 2 weeks of streptomycin treatment, it was transient as MTB-CFUs gradually
decreased in the next 2 weeks. Thus, the cumulative increase of MTB-CFUs was only threefold (P > 0.05)
(Figure 1D), which is not enough to cause TB reactivation
in lung.35 However, infection with MHV-1 in the presence
of streptomycin caused sustained increase of MTB-CFUs in
the non-MSC compartment of the lung by 3500-fold
(Figure 1D), suggesting lung TB reactivation, as deﬁned
previously.35 More importantly, increase of MTB-CFUs in
the non-MSC compartment was preceded by the transient
expansion and enhanced stemness reprogramming of lung
CD271þ MSCs, increase in intracellular replication of
MTB CFUs, and their release into the extracellular space.
These results suggest activated dMTB release from
reprogrammed MSCs may have infected non-MSC lung
cells to cause TB disease reactivation. Interestingly,
although the potential contribution of non-MSC lung
compartment in dMTB reactivation is most unlikely in this
mouse model, as conﬁrmed previously by in vivo transplantation assay,17 a sevenfold increase (P < 0.07)
(Figure 2D) of MTB-CFUs was noted in the non-MSC lung
compartment in the ﬁrst 4 days of MHV-1 infection. Cross
contamination-related presence of MSCs during immunomagnetic sorting may have contributed to the initial increase in MTB-CFUs. Future studies are required using
ﬂow cytometry sorting, as well as green ﬂuorescent
proteinelabeled dMTB, to rule out any potential contribution of non-MSCs in the MHV-1emediated reactivation
of dMTB. Nevertheless, dMTB reactivation was associated
with rapid decline of MHV-1 viral loads in the lung tissue,
and associated direct antiviral activity of the culture supernatant of reprogrammed MSCs exhibiting enhanced
stemness or ASC phenotype. More importantly, presence of
dMTB in MSCs facilitated MSC to ASC reprogramming as
indicated by a threefold to fourfold increase in CD271þ
MSC expansion and gene expressions of Oct4, GCL, and
ABCG2. Subsequently, after 2 weeks, these reprogrammed
cells activated genes involved in differentiation/apoptosis,
suggesting loss of ﬁtness, indicating ASC phenotype of
these cells. These results also indicate signiﬁcant interaction between the two concurrent infections in the lung MSC
compartment, and may provide valuable insight about
MSC-mediated defense against MHV-1 infection, and how
dMTB exploits the putative altruistic defense mechanisms
for their reactivation.
Altruistic behavior has been reported in bacteria as a
defense strategy against antibiotic exposure; a few members
of bacteria sacriﬁce self-ﬁtness to enhance group ﬁtness,
similar to kin selection noted in biological altruism.26,27,45
Whether the stem cells exert similar altruistic behavior as a
defense strategy to protect their niche is not yet clear. We
propose that stem cells exert altruistic behavior by the
mechanism of stem cell altruism, as described previously,22,25,34 an idea inspired by Indian Vedic altruism theory
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of Jiva Upakarvada.23,55 The stem cell altruism could be
deﬁned as a ﬁtness-defense mechanism that protects weak
neighbors in their niche.34 This is in contrast to stem cell
competition, which is a ﬁtness-sensing mechanism that
eliminates weak neighbors in the niche.46 Enhanced stemness
reprogramming is a form of stem cell altruism that increases
the ﬁtness of surrounding tissues during the process of tissue
regeneration.22,47 Furthermore, altruistic stem cells have been
proposed in the context of stem cell niche-based innate defense mechanisms.17,18,34 The results of the present work
provide ﬁrst evidence of the potential role of ASC-based
altruistic defense against viral infection of alveolar stem cell
niches (Figure 5) composed of type II alveolar cells, MSCs,
and endothelia progenitors.28,29 Cytoprotective activity of
these ASCs was demonstrated in MHV-1emediated toxicity
of lung alveolar epithelial cells. The conditioned media of the
ASCs (reprogrammed CD271þ MSCs) recovered from the
MHV-1einfected mouse lung exhibited a direct antiviral and
cytoprotective property on MHV-1einfected ATII cells by
decreasing the viral load and increasing the ATII cell survival/
proliferation. After 2 weeks, these ASCs activated genes
involved in apoptosis/differentiation, and exhibited increased
caspase-3/7 activity, suggesting loss of ﬁtness, thereby
identiying putative MSC-derived ASCs. Hence, ASCmediated antiviral defense system for lung alveolar stem
cell niche may be harnessed to develop novel therapeutic
strategies against COVID-19. However, the current study has
certain limitations. Future research is required to validate the
altruistic nature of these reprogrammed CD271þ MSCs or
ASCs, including the demonstration of potential activation of
HIF-2a stemness pathway, secretion of cytoprotective biomolecules that may act as a bioﬁlm to shield the epithelial
stem cell niche from the toxic effects of the virus, and
inﬂammation. Furthermore, additional studies are required to
assess the potential role of CD271þ ASCs to defend the lung
alveolar stem cell niche,28,29,48 including potential secretion
of antimicrobial peptides, such as cathelicidin hCAP-18/LL349 or miRNA.50e52 Taken together, this model of pathogeninduced enhanced stemness reprogramming of CD271þ
MSCs in the lung may serve as model to study the stem cell
altruism, and its role in pathogen/host interaction.25
The adaptive immune response can play an important role
in infection control of MHV-1 in C57BL/6 mice.32
However, this does not solely account for the resistance
displayed by this mouse strain against the viral
infectioneassociated morbidity and mortality.31 So far in
this MHV-1 infection model and immune response, the role
of ASC-based innate immunity has not been evaluated.
These ﬁndings indicate that MHV-1 may induce an ASCmediated defense, as the conditioned media of the CD271
ASCs obtained from the MHV-1einfected mice exhibited
direct antiviral activities. Further work is necessary to ﬁnd a
memory component in the ASC defense. The memory
component of innate immunity, alias trained immunity, has
recently been demonstrated in stem cells.48,53 For example,
hematopoietic stem cells may undergo cell intrinsic
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changes, including metabolic as well as epigenetic modiﬁcations, to remember pathogenic insult48,53 and Bacille
Calmette-Guerin-mediated trained immunity against viral
infection.54 Although trained immunity of MSCs has not yet
been demonstrated, ongoing work indicates that dMTB
harboring MSCs may exhibit an HIF-1a dependent trained
immunity55; HIF-1a is a mediator of trained immunity.48,53
We suggest that our ﬁndings of ASC-mediated innate
immunity may play a key role in trained immunity. In this
context, the ﬁndings of twofold increase of HIF-1a and
transient increase of MTB-CFUs in the dMTB mice
following streptomycin treatment (Figure 3B) may indicate
the triggering of trained immunity in the high HIF-1a
expressing CD271þ MSCs following streptomycin-induced
dMTB reactivation. Future work is required to ﬁnd if this
putative trained immunity could be involved in the decline
of MTB-CFUs in the dMTB alone mice following initial
increase in the ﬁrst 2 weeks of streptomycin treatment.
Thus, our model of MTB and MHV-1 co-infection in mice
may be a useful model to study potential MSC/ASC-based
trained immunity against coronavirus.
Recent reports suggest that subjects with TB increase the
susceptibility and severity of SARS-CoV-2.45,56 In contrast,
the current ﬁndings suggest that MTB reactivation reduces
the viral load in lung. However, this study is based on a
mouse model, and ther results need to be conﬁrmed using
human clinical samples. Therefore, MTB reactivation in the
lungs of COVID-19 subjects is currently being studied. The
presence of circulating ASC is being investigated in these
subjects as potential evidence for SARS-CoV-2emediated
ASC defense mechanism by adopting a method of the
isolation of circulating ASCs, as described previously.24
In summary, we found that MHV-1 infection induces
dMTB loaded MSCs to reprogram to ASCs, thus activating
the ASC defense mechanism and diminishing the MHV-1
infection. Knowledge of immunity to SARS-CoV-2 is still
at a preliminary stage. Thus, this study may help in understand how MSCs inducing ASC defense mechanism may
help in combating the viral load in the host, thereby helping
in developing a possible cure for COVID-19.
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