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Abstract

Mycobacterium tuberculosis (Mtb) must counter hypoxia within
granulomas to persist. DosR, in concert with sensor kinasesDosS and
DosT, regulates the response to hypoxia. YetMtb lacking functional
DosR colonize the lungs of C57Bl/6 mice, presumably owing to the
lack of organized lesions with sufficient hypoxia in that model. We
compared the phenotype of theD-dosR,D-dosS, andD-dosTmutants
toMtb using C3HeB/FeJ mice, an alternate mouse model where
lesions develop hypoxia. C3HeB/FeJ mice were infected via aerosol.
The progression of infection was analyzed by tissue bacterial burden
and histopathology. A measure of the comparative global immune
responses was also analyzed. Although D-dosR and D-dosT grew
comparably to wild-typeMtb, D-dosS exhibited a significant defect
in bacterial burden and pathology in vivo, accompanied by
ablated proinflammatory response. D-dosS retained the ability to
induce DosR. The D-dosS mutant was also attenuated in murine
macrophages ex vivo, with evidence of reduced expression of the
proinflammatory signature. Our results show that DosS, but not
DosR and DosT, is required byMtb to survive in C3HeB/FeJ mice.

The attenuation of D-dosS is not due to its inability to induce the
DosR regulon, nor is it a result of the accumulation of hypoxia. That
the in vivo growth restriction of D-dosS could be mimicked ex vivo
suggested sensitivity to macrophage oxidative burst. Anoxic caseous
centers within tuberculosis lesions eventually progress to cavities.
Our results provide greater insight into themolecularmechanisms of
Mtb persistence within host lungs.
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Clinical Relevance

Our research indicates that the C3HeB/FeJ mouse model is
appropriate for the study of Mycobacterium tuberculosis
pathogenesis because it reveals attenuation in the D-dosS
mutation. It appears that this attenuation is not the result of
hypoxia in lung granulomas.

A hallmark of human tuberculosis (TB)
infection is the development of
granulomatous lesions with central caseous
necrosis (1). Granuloma formation

attempts to contain the pathogen and may
facilitate the survival and persistence
in a state of reduced replication (2). It is
within the granuloma that Mtb encounters

hypoxia and responds via the induction
of the DosR regulon (3). It has been
postulated that this regulon is essential for
bacterial survival and adaptation during
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intragranulomatous persistence (4, 5),
although the data linking DosR to survival
or virulence in animals are equivocal (6–9).

Experimental Mtb infection in the
traditional mouse model does not result
in the formation of human-like centrally
necrotic lung lesions (10), likely explaining
the absence of reduced bacterial burdens
phenotype in C57Bl/6 mice infected with
the Mtb:D-dosR mutant (6). C57Bl/6 mice
do not faithfully reproduce certain aspects
of human TB. In contrast, Mtb-infected
C3HeB/FeJ mice display lesions with
prominent necrotic degeneration, thus
more closely resembling human
granulomas (11–15). Harper and colleagues
first demonstrated that tubercle lesions in
this model develop hypoxia (15). Hence,
we investigated the effect of different
mutations in the DosR regulon in C3HeB/
FeJ mice by comparing the infection
phenotypes of mice infected with low doses
of mutants in response regulator DosR
(D-dosR) or sensor kinases DosS (D-dosS)
and DosT (D-dosT) relative to the parental
Mtb strain. D-dosS, but none of the other
mutants, exhibited reduced levels of
bacterial burden, pulmonary pathology,
and inflammation in vivo during early
infection. However, infection with D-dosS
did not result in different pathological
manifestations. D-dosS retained the
ability to induce the expression of the
DosR regulon and exhibited reduced
intraphagosomal growth, indicating
a hypoxia-independent mechanism of
its attenuation.

Materials and Methods

Mice and Infection
Mtb H37Rv and the various mutants were
cultured as previously described (6, 16).
Four groups of 28 male C3HeB/FeJ mice
(5–6 wk old) (Jackson Laboratory,
Bar Harbor, ME) were infected with
approximately 100 CFUs of bacilli via
aerosol (17) (Table 1). Initial bacterial
deposition was determined by killing four
mice from each group at Day 1 (17). Four
mice per group were then killed every 4
weeks for CFU count, histopathology, and
host immune response assays (Weeks 0, 4,
8, 12, 16, and 20).

The Tulane National Primate Research
Center (TNPRC) facilities are accredited by
the American Association for Accreditation
of Laboratory Animal Care and licensed by

the U.S. Department of Agriculture.
All animals were routinely cared
for according to the guidelines prescribed
by the National Institutes of Health
Guide to Laboratory Animal Care. Humane
endpoints were predefined in this protocol
and applied as a measure of reduction
of discomfort. All procedures were
approved by the Institutional Animal Care
and Use Committee and the Institutional
Biosafety Committee (IACUC). The
TNPRC facilities are accredited by the
American Association for Accreditation of
Laboratory Animal Care (AAALAC) and
licensed by the U.S. Department of
Agriculture. The animal research program
at the TNPRC is subject to oversight
by IACUC. The animals are usually
group-housed in appropriate social settings
in accordance with the guidelines of
AAALAC, which annually inspects all
facilities. The IACUC performs semiannual
and annual inspections of the facility to
certify compliance with the highest possible
levels of housing conditions, feeding
regimens, and environmental enrichment.
Specific steps were taken to provide physical
care and to perform examinations in
accordance with institutional endpoint
policies. Experiments involving Mtb were
approved by the Tulane Institutional
Biosafety Committee.

Staining Procedures, Histopathology,
and Microscopy
Lung tissue was fixed for hematoxylin-eosin
histology and confocal microscopy (18–22).
Ten images of each slide were used for
analysis (Inform; PerkinElmer, Waltham,
MA). For pimonidazole (PIMO)
immunohistochemistry, mice were
intraperitoneally injected at each time
point with 100 mg/kg body weight
of PIMO (Hypoxyprobe, Burlington, MA)
90 minutes before being killed (23). Tissues
were stained as described for PIMO
(24) and Oil Red O (24, 25).

Transcript Measurements from
Mycobacteria
To demonstrate a high level of hypoxia,Mtb
wild-type mice and mutants were cultured
as described with minor modifications
(6, 26). Briefly, frozen stocks of Mtb were
revived in Middlebrooks’s 7H9 media
supplemented with ADC and subcultured
thrice to logarithmic phase (A595, 0.3) by
shaking (aerobic). For the hypoxic setup,
cultures (from above) were aliquoted in 2-ml
cryovials (Sarstedt, Newton, NC) filled to the
rim with bacteria, tightly sealed, wrapped
with parafilm, and incubated at 378C for
35 days (hypoxic). The bacteria were lysed,
and RNA was purified as described (26).

Survival of Mtb and dos Mutants
Mtb and mutants were tested for their
survival in vitro as described (6). The Mtb
strains were subcultured thrice (A595, 0.4),
diluted to A595 = 0.1, and grown either with
shaking at 220 rpm (aerobic) or standing
in tight screw-cap tubes with a headspace
ratio of 0.6 (hypoxic). Bacterial CFU counts
at defined time points were estimated
by plating on 7H10 agar at 378C. The
experiment was performed in triplicate.

Macrophage Infections
Bone marrow–derived macrophages
(BMDMs) were isolated from 5- to 6-week-
old C3HeB/FeJ mice, stimulated with g
interferon (Gibco; Life Technologies, Grand
Island, NY), and infected with Mtb H37Rv at
an MOI of 1 for 4 hours (7). The cells were
washed, and CFU counts were determined.

Host Transcriptomics
After mice were killed, RNA from right lung
surgically excised was profiled relative to the
RNA from the lung tissue of Day 1 control
mice. For macrophage infection studies,
RNA was obtained as described (20), and
comparisons were performed between
cells infected with Mtb and D-dosS. Data
were analyzed as described elsewhere

Table 1. Pulmonary Bacterial Burdens in C3HeB/FeJ Mice after Aerosol Infection

Time Point, Day 1 Mean 6 SD, log10 CFUs*

Mtb 1.75 6 0.26
Mtb:D-dosR 1.87 6 0.21
Mtb:D-dosS 1.98 6 0.14
Mtb:D-dosT 1.86 6 0.12

*Data are representative of multiple infections; four mice were used for each infection and time
point. Mtb, Mycobacterium tuberculosis.
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(20, 27–29). Differences in the magnitude
of gene expression at Weeks 4, 8, 16, and
20, relative to preinfection, were subjected
to statistical analysis using corrected
ANOVA. Gene families with significant
over-representation were selected for
supervised clustering and pathway analyses.
Microarray results for a subset of genes were
verified by quantitative RT-PCR (primers
used are described in Table E1 in the online
supplement) as described elsewhere (20).
Microarray data, including raw data and
images of the present study, have been
submitted to Gene Expression Omnibus.

Statistics
Statistical analyses used GraphPad Prism
6.0b (GraphPad Software, La Jolla, CA),
Spotfire DecisionSite (Tibco, Boston, MA)
for microarray analysis, and ingenuity
pathways analysis. Raw and processed
microarray data from the experiments
included in this article can be accessed from
the Gene Expression Omnibus (GEO)
using the accession number GSE64645.

Results

Bacterial Burden in C3HeB/FeJ Mice
Infected with a Low Dose of Mtb and
the Various dos Mutants
At Day 1, comparable bacillary implantation
could be observed for each of the four strains
(Mtb, Mtb:D-dosR, Mtb:D-dosS, or Mtb:D-
dosT) (Figure 1A; Table 1). Hence, there
was no defect in the extent of aerosolization
or implantation by the different strains.

At Week 4, CFU counts in the lungs of
C3HeB/FeJ mice infected with different
strains were comparable and averaged
between 106 and 53 106. In Mtb-infected
animals, the bacterial load increased to
approximately 63 106 by Week 8 and
peaked at 33 107 by Week 16 after
infection (Figure 1A). In D-dosR–infected
animals, CFU levels were comparable to
Mtb and peaked at 53 107 by Week 20
(Figure 1A). The differences between
these groups were not significant. In
D-dosT–infected mice, CFUs were
comparable to Mtb and D-dosR initially
and were somewhat lower subsequently,
although the differences were not statistically
significant (Figure 1A). Lung CFUs in mice
infected with D-dosS were, however, about
one-half lower relative toMtb at Week 8 and
approximately 1.5-logs lower at Week 12.
Despite an increase in CFUs at the later

stages, D-dosS bacterial burden remained
lower than that of the other strains.

We also studied dissemination of
mycobacteria into liver (Figure 1B). Bacilli
were detected beginning Week 4. Lower
D-dosS levels were also present in the liver
throughout relative to the other strains.
Although bacterial burdens for Mtb, D-dosR,
and D-dosT were approximately 104 at Weeks
12 and 16, the cognate burden for D-dosS
was 1 to 1.5 log lower; these differences
were statistically significant. Attenuation
was not observed for D-dosR or D-dosT at
any time point in the liver (Figure 1B).

Lung CFUs in Mtb- and DdosS-
infected mice were validated by
diaminobenzidine immunohistochemistry
and multilabel confocal microscopy using
Mtb-specific antibody (18). Although signal
was comparable between Mtb and D-dosS
at Week 8 (Figure 2A, upper panel),
considerably less signal was observed for
the D-dosS group at Week 16 (Figure 2A,
lower panel). At higher magnifications,
tubercle bacilli were clearly intracellularly
localized (Figures 2A and 2B, upper panel).
However, at later stages, some of the
pathological manifestations in the lungs
of infected mice included necrosis-
approaching or necrotic lesions. Bacilli
from the Mtb and the D-dosS groups
appeared to not be associated with any
host cells and were therefore extracellular
at late stage (Figure 2B, lower panel).

Histopathology in C3HeB/FeJ Mice
Infected with a Low Dose of Mtb and
the Various dos Mutants
At necropsy, we studied histopathology in
the lungs of infected animals. Discrete,
widely scattered gross pulmonary lesions
became apparent 4 weeks after infection in
every group and were best shown at this
time point in the D-dosS group (Figure 3A).
At Weeks 8 and 12, lungs from Mtb-
infected mice contained more extensive
lesions than the lesions from the animals
infected with D-dosS (Figure 3). At Week 12,
the area occupied by granulomatous lesions
in Mtb-infected mice was significantly
greater relative to mice infected with D-dosS
(Figures 3B and 3C). During Weeks 8 to 16,
granulomatous inflammation was comprised
primarily of macrophages with aggregates
of lymphocytes and with gradual increase
in individual foamy macrophages, small
aggregates of neutrophils within alveolar
spaces, and clusters of cholesterol clefts that
became more numerous in all groups

(Figure 4; see Figure E1 in the online
supplement). One-third of the animals
infected with D-dosS exhibited extensive
necrosis within granulomas at Week 20
(Figure 4B) (11, 15).

Immune Response to Infection with
the Various Mutants
Global gene expression was used as
a measure of immune response in the lungs
of C3HeB/FeJ mice infected with Mtb and
D-dosS at different time points. Initially,
induction of genes involved in the
proinflammatory response was observed
in both strains. Thus, the expression of
chemokine receptors Cxcr3 and Cxcr5, Tnf
ligands, and receptor Tnfrsf18 and Ifn-
regulated genes Ifi44 and Il1b was induced
in Mtb- and D-dosS–infected mice,
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Figure 1. Determination of bacterial burden
in vivo. Levels of CFUs were determined in the
tissues of infected animals at Day 1 and every
4 weeks thereafter. A comparable low-dose
infection was established in the lungs of each of
the C3HeB/FeJ mice used. Mtb (red); Δ-dosR
(black); Δ-dosS (blue); and Δ-dosT (green). (A)
CFUs in lungs. (B) CFUs in liver. Results are
expressed as CFUs in the entire tissue based on
weight. *P , 0.05; **P , 0.005 (unpaired t test).
Mtb, Mycobacterium tuberculosis.
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respectively, at Week 4. Genes belonging
to the categories “Inflammatory
response” (Tnfrsf13c, Ltb, Lta, Tnfrsf18,
Tnfrsf9, Tnfaip8l1, and Traf4) and
“Chemotaxis” (Ccl19 and Cxcr3) were

initially (Week 4) overrepresented among
genes with significantly increased
expression upon infection with D-dosS,
demonstrating successful exposure with
this mutant.

The proinflammatory gene expression
response was dampened in D-dosS–infected
relative to Mtb-infected mice at Week 8
(Figure 5). This was concordant with the
CFU and pathology results obtained from the
mice infected with D-dosS (Figures 1–3). The
most significant differences at Week 8, the
time point at which the decline in D-dosS
levels was first detected, were clustered
around TNF receptors and their ligands,
type-1 interferon response, and B-cell
chemoattractants. Thus, the expression of
Cxcl13 (.24-fold) and Ccl19 (z15-fold)
was highly induced in the lungs of animals
infected with Mtb, whereas its expression was
induced to significantly lower levels (z5-fold
and , 2-fold, respectively) in the lungs
of D-dosS–infected animals at this time
point (Figure 5). These two homeostatic
chemokines are critical in the formation
of granulomas, especially the spatial
arrangement of lymphocytes (30), and for the
addition of B cells to inducible bronchial
associated lymphoid tissue, the presence of
which correlates with protection from Mtb
infection in different models and in humans
(31, 32). The expression of several TNF
ligands and receptors was induced to
significantly high levels in Mtb-infected lungs
but not in D-dosS–infected lungs. These
included Tnfrsf13b (TACI) and Tnfrsf17,
both of which are predominantly expressed
by B cells (33) that respond to Cxcl13
stimulus (34); the B cell–activating TNF
receptor superfamily member Tnfrsf13c (35);
as well as lymphotoxins a and b, which have
critical roles in controlling Mtb infection
(36). The expression of Il1b, which controls
Mtb infection by promoting TNF activity in
macrophages by enhancing the expression
of several TNF superfamily ligands and
receptors (37), was also strongly induced in
the Mtb-infected group. By Weeks 16 and
20, the expression of various genes in the
categories “Chemokines,” “Interleukins,” and
“Interferons,” respectively, was perturbed
equally in lungs of mice infected with Mtb
and D-dosS (not shown), resulting in the
amelioration of the significant differences in
expression at these time points. These results
are concordant with the increased CFU
burdens in C3HeB/FeJ mice in the latter
stages of the experiment (Figure 1).

Granulomas Are Hypoxic in the Lungs
of C3HeB/FeJ Mouse Infected with
Mtb and dos Mutants
Necrotic TB granulomas have been shown
to be hypoxic in human tissues and in
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Figure 2. Immunohistochemistry to localize bacilli in the lungs of C3HeB/FeJ mice. (A)
Diaminobenzidine-based detection of bacilli (brown color) in mice lungs infected with Mtb or D-dosS.
Two representative images from 10 fields per slide out of a total of three slides per animal are
shown. Multiple cells staining positive for bacilli counts are shown on the corresponding higher
magnification image to the right of each panel. (B) Multilabel confocal microscopy specifically shows
the presence of intracellular bacilli (green signal) in the lungs of mice infected with Mtb (left)
and the D-dosS mutant (right) or at early time points (e.g., 8 wk after infection) (top panel). Lesions
with central necrosis were observed for both infection groups at later time points (e.g., Week 20).
Here, bacilli were mostly extracellular (bottom panels). Scale bars: A, 100 mm in first and third
columns, 50 mm in second and fourth columns; B, 22 mm.
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various animal models, including
nonhuman primates, rabbits, and guinea
pigs (38). Such lesions are not observed in
the traditional C57Bl/6 mouse model of
TB (38). Recently, it was established that
lesions in the lungs ofMtb-infected C3HeB/
FeJ mice become hypoxic (11, 15). We
investigated if infection with the D-dosS
strain resulted in the development of such

lesions in this mouse strain. The extent of
hypoxia in the lungs of C3HeB/FeJ mice
infected with Mtb and D-dosS was evaluated
at different time points using PIMO adducts
(11, 15). Comparable levels of PIMO
staining were apparent in the lung lesions
of Mtb- and D-dosS–infected animals
(Figure 6A). Thus, hypoxia was present in
the lung granulomas in C3HeB/FeJ mice,
which resulted from infection with D-dosS.
Staining was preferentially observed at the
edges of centrally necrotic lesions likely due
to the fact that the activation of the product
of PIMO requires intact, viable cells. Thus,
although hypoxia was clearly present in the
lesions originating from either infection,
distinct central necrosis was not generally
apparent. PIMO staining to a comparable level
was also observed in the lung lesions of mice
infected with D-dosR and D-dosT (not shown).

Effect of Mutations in DosR, DosS,
and DosT on the Induction of the
DosR Regulon
We investigated the basis of attenuation
of D-dosS observed in vivo. Parental Mtb,
D-dosR, D-dosS, and D-dosT strains were
cultured in vitro. RNA was isolated from
aerobic and hypoxic cultures (6, 39), and
transcript levels of dosR, dosS, dosT, and
other members of the DosR-regulon (e.g.,
Rv1738, hspX, tgs1, etc.) were determined
by quantitative RT-PCR. The expression of
the entire regulon was adversely affected in
the D-dosR strain during culturing under
hypoxia (Figure 6B). However, the
expression of dosR and dosR-dependent
genes could be induced to high levels in
D-dosS and D-dosT strains during hypoxia,
despite a clear defect in the induction of the
mutated sensor kinase (Figure 6B). For
example, the expression of Rv1738, hspX,
and tgs1 was induced in hypoxia-treated
D-dosS cultures by more than 100-fold
relative to when cultured in aerobic state.
In each of these instances, the expression
levels were either comparable to or higher
than those observed for Mtb. Thus, we
conclude that D-dosS and D-dosT retain the
ability to induce the expression of DosR
regulon comparable toMtb during hypoxia,
likely through the activation of the
regulator via another kinase that is functional
in absence of one or the other mutation
(e.g., DosT in D-dosS and DosS in D-dosT
mutant). We also assayed the expression
levels of dnaB, which is not regulated by
DosR (15), and did not find evidence of its
induction in hypoxic Mtb cultures.

Survival of D-dosS in Microaerophilic
Environment In Vitro
Because the mutation in dosS did not
impede the ability of this strain to induce
the DosR regulon, we next analyzed if this
mutant exhibited a growth phenotype in an
in vitro model of microaerophilic growth.
The viability of Mtb, D-dosR, D-dosS, and
D-dosT was assessed for 35 days in aerobic
and standing cultures. As shown in
Figure 6C, the survival of D-dosS was not
significantly different from that of Mtb or
for D-dosR and D-dosT when cultured in
standing conditions in vitro for up to 35
days (6). These results indicate that not
only does D-dosS retain the ability to
induce the expression of the DosR regulon
but that its survival is not compromised
during microaerophilic conditions in vitro
that may mimic hypoxia within human-like
granulomas in vivo.
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Figure 3. Histopathology analysis. Using
hematoxylin and eosin staining, we determined
the extent of histopathology in the lungs of
animals infected with the different strains over
the course of time. (A) Day 1. Non-necrotic lung
lesions in the early stages of development
are composed primarily of lymphocytes and
macrophages. (B) Week 12. Lesions accumulate
neutrophils, foamy macrophages, and numerous
cholesterol clefts. (C) Percentage of lung area
grouped from lung lobes of four mice in Mtb-
(red ) and Mtb:Δ-dosS- (blue) infected mice at
4 and 12 weeks after infection. Results show a
significant difference at the latter time point.
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Figure 4. Disease progression in C3HeB/FeJ
mice lungs infected with Mtb strains. (A and B,
upper panels) At Week 16, lesions have individual
foamy macrophage (blue arrow) with intracellular
(green arrow) and extracellular (black arrow)
cholesterol clefts (upper panel) stained with Oil Red
O, a lipid-staining dye (red arrow, right upper
panels in A and B) in lungs of mice infected with
Mtb (A) or D-dosS (B). (A and B, lower panels) At
Week 20, lesions with necrosis or approaching
being nearly necrotic are shown. Stain: hematoxylin
and eosin (H&E). N indicates areas of necrosis.
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Comparison of Growth of Mtb:D-dosS
with Parental Mtb in C3HeB/FeJ
Mice–Derived Macrophages In Vitro
Having established that the expression of the
DosR-regulon was not perturbed in D-dosS
and that this strain did not display a growth
defect in vitro (as above), we reasoned that
the attenuation of D-dosS in vivo was

independent of DosR. Previous studies have
shown that mutants in dosS gene are
susceptible to NO donor (40, 41). Because
the presence of NO can indicate hypoxia
and enhanced phagocyte-derived iNOS
response, we assessed if the in vivo growth
defect observed for D-dosS in Kramnik
mice occurred in cultured macrophages
ex vivo. Thus, BMDMs isolated from these
mice were activated with IFN-g and
infected with Mtb and Mtb:D-dosS.
Although comparable CFU counts were
obtained from the lysates of BMDMs at
0 hours after infection, significantly higher
numbers of Mtb than D-dosS bacilli could
be recovered after 24 hours of infection
(Figure 7A). Thus, the burden of D-dosS was
reduced by 68% at 24 hours, 89% at 72 hours,
and 96% at 120 hours relative to Mtb. When,
as controls, heat-killed Mtb (908C/45 min)
were used to infect macrophages, no bacilli
were detected at any of the time points.

The host response of BMDMs to
infection with Mtb and D-dosS was first
compared by quantitative RT-PCR for
select macrophage-expressed immune-
relevant genes. Cells infected with D-dosS
exhibited higher fold changes of expression
for Tnfa, Il1b, Ptgs2, Tnfsf9, and Tnfsf18
at t = 0 hours after infection (as explained
in MATERIALS AND METHODS, the 4-hour
infection was succeeded by washing
extracellular bacilli, and this time point was
considered t = 0). On the other hand, the
expression of Mmp9 and S100A8 (32), both
correlates of active TB in vivo, occurred at
a significantly lower level in cells infected
with D-dosS at this time point relative to
cells infected with Mtb (Figure 7B). These
results prompted us to compare in depth
the macrophage response to these two
strains. Genes with perturbed expression in
macrophages infected with D-dosS mutant
compared with Mtb are shown in Figure
E2. At t = 0 hours, a time point at which
bacterial burdens were comparable, in
addition to a higher inflammatory response
exemplified by induced levels of Tnf,
Tnfsf18, Bag4, Creb3l3, Il6, IL1b, and
Defa4, the expression of oxidative/
nitrosative burst mediators Nos1 (nitric
oxide synthase) and Ahr (aryl hydrocarbon
receptor) was higher in D-dosS–infected
macrophages relative to the Mtb-infected
group (Figure E3). This indicates that the
reduced burden of D-dosS ex vivo and
in vivo may be due its inability to resist
oxidative/nitrosative stress. Honaker and
colleagues have shown that their D-dosS
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mutant responds to the stimulus provided
by an NO donor via DosR (40). At
24 hours, when D-dosS CFUs were
significantly lower in macrophages relative
to Mtb, the expression of anti-inflammatory
cytokine Il10 was induced, whereas the
expression of the proinflammatory signature
was repressed.

Discussion

Mtb undoubtedly encounters low oxygen
tension during intragranulomatous
persistence (42). The DosR regulon has
been implicated in the survival of Mtb
during hypoxia and microaerophilic
growth (3, 4, 43, 44). However, the
D-dosR mutant did not exhibit a growth-
defect phenotype in C57/Bl6 mice (6).
Subsequent studies indicated that D-dosR
exhibits reduced growth in rabbit and
guinea pig models (8, 9). A detailed
analysis of the role of the entire DosR
regulon in pathogenesis has not been
performed in vivo. We hypothesized that
C3HeB/FeJ mice, which develop necrotic-
hypoxic TB granulomas (15) and have
been used for studying the efficacy of
anti-Mtb (11) and host-directed (14)
drugs, would be ideally suited to study if
the DosR regulon is required for both
the establishment as well as the
maintenance of infection in vivo.

Our results show that the virulence of
D-dosR is not altered in C3HeB/FeJ mice
relative to Mtb. These results are consistent
with previous reports where the virulence
of D-dosR was indistinguishable from the
parental strain in the C57/Bl6 mouse model
(6), where lesions do not develop hypoxia
(24). An important result from our study
was that DosS appears to be relatively more
important than DosT for the in vivo
virulence and persistence of Mtb (Figure 1).
Another major finding was that, although
infection with D-dosS resulted in reduced
bacterial burden in lungs and liver, fewer
lesions, and weakened proinflammatory
responses, D-dosR did not exhibit such
a reduction (Figures 1–3). Although the
reduced immunopathology noted with
D-dosS infection could be a function of the
lower bacterial burden, we exclude the
possibility of attenuation due to an intrinsic
growth defect because D-dosS bacilli
multiply in vitro in a manner comparable to
wild-type Mtb (Figure 6C). These results
suggest that the DosS kinase might regulate

hitherto unknown functions independent
of DosR. Our results also show that, in
addition to chemotherapy studies, this
model is valuable for the study of Mtb
pathogenesis.

These results must be interpreted in
the context of findings that lesions from
infection with D-dosS are pathologically
indistinguishable from Mtb and develop
necrosis and hypoxia, especially at later
stages (Figures 4 and 6A). In some of the
later lesions in both groups, bacilli were
present extracellularly (Figure 2B). This
conclusively shows that the pathology
of the infection with wild-type and the
attenuated mutant strain is not different.
We conclude that the reduced CFUs and
immune responses in mice infected with
the mutant are not due its inability to
generate necrotic lesions. Support for
this contention also comes from the
comparable cholesterol clefts and oil red
in lesions of both groups (Figure 4) and
high-magnification images that show the
advent of necrosis in central regions of
granulomas as well as strong signal in
the periphery after PIMO staining
(Figure 6A).

Although it is conceivable that D-dosS
is susceptible to hypoxia, our results
outlined in Figures 6B and 6C show that the
D-dosS mutant retains the ability to induce
the effector functions of the DosR regulon
and is not susceptible to hypoxia in the
standing culture model in vitro. The
expression of dosS and dosT genes was not
found to be induced in D-dosS and D-dosT,
respectively. However, the expression of
the DosR regulon genes (e.g., Rv1738, hspX,
and tgs1) was induced in both mutants,
showing that either dosS or dosT alone can
regulate the DosR regulon. As such, we
conclude that the induction of DosR
regulon in the D-dosS mutant is due to the
activation of DosR via DosT and vice versa.
Therefore, we believe that hypoxia in the
lung lesions of C3HeB/FeJ mice is not
responsible for the partial attenuation of
the D-dosS mutant.

We therefore predicted that the
attenuation of D-dosS mutant results from
its inability to withstand stress and studied
if its in vivo reduced burden phenotype
could be replicated in macrophage cultures.
Our findings indicate that the reduced
bacterial burden of D-dosS in this study
may be due to the inability of these strains
to cope with innate antimycobacterial
functions mediated by macrophages. Thus,
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the expression of Nos1, a constitutive
nitric oxide synthase (45), was induced in
macrophages infected with D-dosS relative
to those infected with Mtb. It is conceivable
that Nos1 expression in murine
macrophages infected with this mutant can
restrict its growth via production of NO,
which has antimicrobial functions and
which is known to induce the DosR
regulon. The differential expression of Ahr
(aryl hydrocarbon receptor) and genes in
this network was also of interest because
it is required for bacterial clearance by
promoting macrophage survival and
reactive oxygen species production (46).

Our suggestion that DosS may
function in a DosR-independent manner
may not be without precedent in the
biochemistry of Mtb, where several

regulators are known to interact with
molecules other than their primary target
or the ones that they were first discovered
to interact with. Thus, although the
protein encoded by the Rv2745c gene is
predicted to induce the expression of Clp
protease genes in Mtb, it is strongly
induced in response to oxidative stress but
does not perform its primary function
(47). Instead, the function of the ClgR
protein under such circumstances is to
supplement the high levels of a regulator
SigH, which is the primary responder
to that stress. Similarly, the 79
toxin–antitoxin pairs encoded by Mtb
(48), many of which are induced in
persister Mtb populations, exhibit
promiscuous affinities. The Mtb MazF9
toxin, for example, is neutralized by the

noncognate antitoxins MazE6, VapB27,
and VapB40. Thus, it would not be
surprising if the DosS sensor kinase
activated regulatory proteins in addition to
DosR under different circumstances and
perhaps at different enzymatic rates.
Studies aimed at deciphering these
regulatory circuits within the DosR
regulon are required. Anecdotal evidence
for the fact that the DosR regulon is
critical for Mtb pathogenesis is provided
by its overexpression in strains of the
hypervirulent W-Beijing lineage (49). A
complete understanding of this process
might require studies in the human-like
macaque model of TB. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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