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Abstract

Rationale: Hypoxia promotes dormancy by causing physiologic
changes to actively replicatingMycobacterium tuberculosis. DosR
controls the response ofM. tuberculosis to hypoxia.

Objectives:TounderstandDosR’s contribution in the persistence of
M. tuberculosis, we compared the phenotype of variousDosR regulon
mutants and a complemented strain toM. tuberculosis in macaques,
which faithfully modelM. tuberculosis infection.

Methods:We measured clinical and microbiologic correlates of
infection withM. tuberculosis relative to mutant/complemented
strains in theDosR regulon, studied lung pathology and hypoxia, and
compared immune responses in lung using transcriptomics and flow
cytometry.

Measurements andMain Results: Despite being able to replicate
initially, mutants in DosR regulon failed to persist or cause disease.
On the contrary,M. tuberculosis and a complemented strain were

able to establish infection and tuberculosis. The attenuation of
pathogenesis in animals infectedwith themutants coincidedwith the
appearance of a Th1 response and organization of hypoxic lesions
whereinM. tuberculosis expressed dosR. The lungs of animals
infected with the mutants (but not the complemented strain)
exhibited early transcriptional signatures of T-cell recruitment,
activation, and proliferation associated with an increase of T cells
expressing homing and proliferation markers.

Conclusions: Delayed adaptive responses, a hallmark ofM.
tuberculosis infection, not only lead to persistence but also interfere
with the development of effective antituberculosis vaccines. The
DosR regulon therefore modulates both the magnitude and the
timing of adaptive immune responses in response to hypoxia in vivo,
resulting in persistent infection. Hence, DosR regulates key aspects of
theM. tuberculosis life cycle and limits lung pathology.

Keywords: tuberculosis; hypoxia; modulation; T-cell response;
nonhuman primate

Mycobacterium tuberculosis infection leads
to active tuberculosis (ATB) in a subset of
infected individuals, whereas most exhibit
latent TB infection (LTBI) (1), which
coincides with a physiologic shift of

replicating bacilli toward dormancy
(latency) characterized by bacterial
persistence (2). TB granulomas are hypoxic
and this is a key signal for dormancy.
M. tuberculosis responds to hypoxia through

the DosR regulon (2–7), which is activated
by kinases DosS and DosT (8–10). It is
believed that this regulon is crucial for
M. tuberculosis to persist in lung lesions (11).
However, in both SCID (12) and C57Bl/6
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(2) mice, the D-dosR mutant did not exhibit
reduced virulence, suggesting that this is
caused by lack of hypoxia in these mice
(13). In guinea pigs and rabbits, where
lesions are hypoxic, mutants in DosR
exhibited reduced infection levels (14–16).
Because macaques are arguably the most
humanlike of all experimental models (17),
we conducted a conclusive assessment of
the role played by the DosR regulon (18–22).
We suggest a previously unappreciated role
for DosR in modulating adaptive immune
responses to M. tuberculosis.

Methods

Animals

Naive Indian rhesus macaques free of
mycobacterial infection (17–23) were
exposed to wild-type (WT) M. tuberculosis
(H37Rv) (n = 6), the D-dosS/D-dosT double
mutant (n = 6), and the D-dosS (n = 5),
D-dosT (n = 5), and D-dosR (n = 5) mutants
as well as a D-dosR-complemented strain
(Comp) (n = 5) (8) via aerosol such that
approximately 50–100 CFU were deposited
into the lungs of each animal. Clinical
procedures have been described (17–22,
24). Tuberculin skin test (TST) was
performed before (Week 2) and after
(Weeks 3 and 7) infection. Blood was
drawn weekly for complete blood count
and chemistry, and bronchoalveolar lavage
(BAL) was obtained at Weeks 3, 7, 10, and
15 as described previously (17–22). Chest

radiographs (CXRs) were obtained at
Weeks 7 and 15 postinfection and analyzed
as previously described (21). Animals were
killed due to signs of TB as previously
described (21).

Laboratory Procedures

Bacterial load was measured in BAL over
time and tissues at necropsy (17–22, 24, 25).
Pathologic examination of lesions in lungs
and other tissues was performed (17–23),
using unbiased stereologic sampling (26,
27). Hypoxia was assessed in tissues
by intravenously injecting 20 mg/kg
Hypoxyprobe-1 (pimidazole hydrochloride
[PIMO]; coupled to Daylight Red;
Hypoxyprobe Inc., Burlington, MA) (28)
into the animals 24 hours before they were
killed (14). RNA amplified from dissected
paraffin-embedded lung sections (29) was
subjected to M. tuberculosis microarray
analysis (30). In situ hybridizations (ISH),
designed to detect M. tuberculosis–specific
transcripts within lesions (31), used probes
(32) specific for dosS and dosR. Host
transcriptomics was performed on BAL
obtained 3 weeks after infection from three
animals each, infected with WT M.
tuberculosis, M. tuberculosis:D-dosS,
M. tuberculosis:D-dosT, and Comp strains,
relative to preinfection samples, to correlate
immune responses in the lungs of infected
macaques (19, 21, 22, 33, 34). Enrichment
analysis using DAVID (Database for
Annotation, Visualization, and Integrated
Discovery) (35) and Ingenuity Pathway
Analysis (IPA) (22) identified categories
perturbed at significantly higher frequency
(25). Quantitative reverse-transcriptase
polymerase chain reaction was performed
on BAL-derived cDNA (36). Flow
cytometry was performed using blood,
BAL, and lung (22, 37–39). Statistical
comparisons used analysis of variance with
Sidak correction for multiple correction.

Results

Clinical Correlates

All animals were successfully infected, as
judged by positive TST reaction (see Figure
E1 in the online supplement). Most of the
M. tuberculosis–infected macaques slowly
developed pulmonary TB. Thus, four of six
animals in this group experienced increased
body temperatures, such that by Week 16
postinfection, these animals had pyrexia
relative to baseline (.28F) (Figure 1A). The

same animals also experienced progressive
weight loss such that by Week 16,
M. tuberculosis infection resulted in the loss
of approximately 10% of body-weight
(Figure 1B). In contrast, loss of DosR-
pathway abrogated clinical signs of
TB (Figures 1A and 1B). At Week 16,
the elevated temperature and the
decrease in body weight in the WT
M. tuberculosis–infected group was statistically
significant, when compared with any of the
mutant-infected groups (Figures 1A and
1B). Furthermore, the differences in both
the body temperature (P = 0.0190) and
body weight (P = 0.0027) at Week 16 in the
WT M. tuberculosis–infected group, but not
in animals infected with any of the mutant
strains, were statistically significant relative
to preinfection values (Figures 1A and 1B).

Complementation of mutations in
DosR regulon reversed the lack of disease
features. Thus, in four of five animals
infected with D-dosR(Comp), higher
temperature and greater weight loss were
observed. The differences between this and
the M. tuberculosis–infected group were
not significant (Figures 1A and 1B). Four
of six WT M. tuberculosis– and four of
five D-dosR(Comp)–infected animals also
exhibited increased serum C-reactive
protein (CRP) values compared with
preinfection beginning at 7 weeks after
infection (Figure 1C). At Week 15
(or endpoint if it occurred earlier)
the elevated CRP levels in the WT
M. tuberculosis–infected nonhuman primates
(NHPs) relative to baseline was statistically
significant (P, 0.05). In contrast, animals
infected with the mutants in the DosR
pathway exhibited baseline levels of serum
CRP throughout the study, and the
difference between CRP levels in any of the
mutant-infected groups was not statistically
significant at any time points.

Differences in CRP levels in the serum
of M. tuberculosis–infected animals was
statistically significant at Week 15/endpoint
relative to infection with each of the
mutant strains (P, 0.00005), but not
when compared with the D-dosR
(Comp)–infected group (P = 0.8728)
(Figure 1C). CXRs were obtained at
Weeks 7 and 15/endpoint (Figure 1D).
Relative to baseline, four of six WT M.
tuberculosis–infected animals exhibited
mild radiographic lesions at Week 7 and
three of these animals had moderate to
severe radiographic lesions by Week 15.
In contrast only one animal in any

At a Glance Commentary

Scientific Knowledge on the

Subject: Mycobacterium tuberculosis
induces the DosR regulon to cope with
hypoxia to persist within pulmonary
caseous granulomas. Mutants in the
regulon are essential for the long-term
persistence but not the initial survival
of the pathogen in human-like
infection. This persistence defect
coincides with the advent of a T-cell
response and with granuloma
formation.

What This Study Adds to the

Field: We show a previously
unappreciated role for DosR in
modulating host T-cell responses
against M. tuberculosis infection,
allowing it to persist.
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Figure 1. Clinical correlates of infection. Changes in body temperature (in degrees Fahrenheit) relative to preinfection values (A), in body weight as

a percentage of the last preinfection body weight (B), and changes in serum C-reactive protein (CRP) (mg/ml) (C) levels are shown for groups of macaques

infected with wild-type (WT) Mycobacterium tuberculosis (red) (n = 6), M. tuberculosis:D-dosR (black) (n = 5), M. tuberculosis:D-dosS (blue) (n = 5),

M. tuberculosis:D-dosT (green) (n = 5), M. tuberculosis:D-dosS/D-dosT (pink) (n = 6), and M. tuberculosis:D-dosR(Comp) (magenta) (n = 5) at 3, 7, 11, and

15 weeks postinfection. (A) At Week 16, the differences between the WTM. tuberculosis–infected group and the mutant-infected groups were statistically

significant for body temperatures, with multiple comparison adjusted P values of 0.0362 (D-dosR), 0.0126 (D-dosS), 0.0362 (D-dosT), and 0.0107

(D-dosS/D-dosT). However, the difference between the WT M. tuberculosis–infected and the Comp-infected group was not significant (P = 0.8592). (B) At
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mutant-infected group had any
radiographic lesions at Week 7, which
resolved by Week 15. The difference in
CXR scores between animals infected with
WT M. tuberculosis and the D-dosR,
D-dosS, and D-dosS/D-dosT strains was
statistically significant at Week 7 (P,

0.05) and Week 15 (P, 0.005)
(Figure 1D). Animals infected with the
Comp strain also exhibited CXR scores
comparable with M. tuberculosis infection
(Figure 1D) and differences between these
groups were statistically insignificant.

Four WT M. tuberculosis–infected
animals, which exhibited clinical signs of
TB, needed to be killed at Days 117, 128,
132, and 175 (Figure 1E; see Figure E1).
Two animals in this group maintained
LTBI, with TST positivity without any
clinical evidence of TB. None of the animals
infected with any of the mutants, however,
developed clinical disease. Of the five
animals infected with the D-dosR(Comp)
strain, two developed early TB, being killed
at 65 and 74 days, respectively, whereas
two more animals succumbed to disease
at 113 and 145 days, respectively. One
animal maintained asymptomatic LTBI
throughout (Figure 1E; see Figure E1).
Thus, survival differences between the
M. tuberculosis–infected group and the
groups infected with the mutants in the
DosR regulon, together, were statistically
significant (P = 0.0002, Wilcoxon;
P = 0.0005, log-rank). The difference
between the survival of the WT
M. tuberculosis–infected and the D-dosS/
D-dosT–infected macaques was significant
(P = 0.03), whereas the differences between
M. tuberculosis–infected animals and
remaining groups individually approached
significance (P = 0.08). The difference

between the WT M. tuberculosis– and the
Comp-infected groups, however, was
insignificant (P = 0.21).

Bacterial Burdens

Bacterial loads were analyzed in the BAL at
Weeks 3, 7, and 10 (Figure 2A). At the
earliest time point, D-dosR, D-dosS,
and D-dosT mutants as well as the
D-dosR(Comp) strain were detected
at a comparable level relative to
M. tuberculosis, indicating successful
replication by these strains. However, at the
two latter time points, higher replication of
M. tuberculosis relative to all of the mutant
strains was observed and at Week 11,
differences between the M. tuberculosis–
and each of the individual mutant-infected
groups were statistically significant (P,
0.005 in each case). On the contrary,
the higher levels of replication of the
complemented strain were observed in BAL
throughout, such that at Week 11, BAL
CFUs in this group were essentially
similar to the WT M. tuberculosis group
(P = 0.9653) (Figure 2A).

At necropsy, the total bacterial burdens
were also studied for each of the animals
in the lungs (21). Statistically significant
differences (P, 0.05) existed between the
bacterial burden of WT M. tuberculosis–
and mutant-infected groups in the lungs
and lymph nodes (Figures 2B and 2C). The
average lung burden of 10E4–10E5 CFU/g
in WT M. tuberculosis– and Comp-infected
animals was at least 100-fold in excess of
the burdens in animals infected with any of
the mutant strains. Thus, bacterial burden
in the tissues of animals infected with
Comp was indistinguishable from that of
M. tuberculosis–infected animals (Figures
2B and 2C). For the mutant strains, the

highest bacterial was observed in the lungs
of animals infected with the D-dosR
mutant, followed by the D-dosT, D-dosS,
and D-dosS/D-dosT (Figure 2B), although
these differences were not statistically
significant. In the bronchial lymph nodes
(Figure 2C), a load comparable with lungs
(.10E4 CFU/g) was present in WT
M. tuberculosis– and Comp-infected animals,
whereas no bacilli could be detected at
necropsy of macaques infected with any
of the mutants. Although a low level of
dissemination to spleen, liver, and kidney
was observed in animals infected with
M. tuberculosis as well as D-dosR(Comp), no
dissemination occurred following infection
with any of the dos-mutant strains (see
Figure E2).

Pulmonary Pathology

Granulomatous pathology correlated highly
with clinical disease and bacterial burden.
Grossly, WT M. tuberculosis–infected
animals exhibited two different outcomes:
in animals with ATB we observed extensive
multilobe consolidation and tuberculous
pathology characterized by the presence of
numerous coalescing lesions in each lobe
that were 3–6 mm in diameter (Figure 3A),
whereas in the animals with LTBI we
observed minimal pathology characterized
by occasional, scattered approximately
1-mm diameter granulomas (Figure 3B). In
contrast, in animals infected with D-dosR
(Figure 3C), D-dosT (Figure 3D), or D-dosS
(not shown), little or no evidence of TB-
related pathology was present. However,
granulomatous inflammation comparable
with M. tuberculosis infection was observed
in the lungs of animals infected with the
complemented strain (Figure 3E). These
animals largely exhibited the presence

Figure 1. (Continued). Week 16, the differences between the M. tuberculosis–infected group and the mutant-infected groups were also statistically

significant for change in body weight percentages, with multiple comparison adjusted P values of 0.0005 (D-dosR), 0.0193 (D-dosS), 0.0171 (D-dosT),

and 0.0209 (D-dosS/D-dosT). Again, however, the difference between the WT M. tuberculosis– and the Comp-infected group was not significant (P =

0.9284). (C) At Week 16, the differences between the WTM. tuberculosis–infected group and the mutant-infected groups were also statistically significant

for serum CRP levels, with multiple comparison adjusted P, 0.0001 for the following comparisons: D-dosR, D-dosS, D-dosT, and D-dosS/D-dosT.

Again, however, the difference between the WT M. tuberculosis– and the Comp-infected group was not significant (P = 0.8728). The difference in the

levels of CRP at Week 16 in the WTM. tuberculosis group was also significant to baseline (P = 0.0141). (D) Chest radiograph (CXR) scores (range, 0–4) are

shown for 7 and 15 weeks postinfection for the same groups of animals. CXR scores were obtained in a blinded fashion by a group of veterinarians who scored

these based on the extent of involvement on radiographs. Thus, a score of 0 represents no involvement; 1, minimal involvement; 2, moderate; 3, severe;

and 4, miliary presentation. At the later time point, the differences between the WT M. tuberculosis–infected group and the mutant-infected groups were also

statistically significant for CXR, with multiple arison adjusted P values: 0.0436 for D-dosR, D-dosS, and D-dosT; 0.0335 for D-dosS/D-dosT. Again, however,

the difference between the WT M. tuberculosis– and the Comp-infected group was not significant (P= 0.1067). Statistical significance was obtained using

a one-way analysis of variance with Sidak correction. (E ) Survival proportions for the various groups of macaques (infected with WT M. tuberculosis [red], M.

tuberculosis:D-dosR [black], M. tuberculosis:D-dosS [blue], M. tuberculosis:D-dosT [green], M. tuberculosis:D-dosS/D-dosT [pink], and M. tuberculosis:D-dosR

(Comp) [magenta]) are shown as a Kaplan-Meier plot. Humane killing was performed because of a combination of predefined conditions associated with

tuberculosis (TB). No killing was necessary for any of the animals in the groups apart from those infected with M. tuberculosis, where four out of six animals

were killed because of TB disease progression during the 6-month protocol. *P, 0.05; **P, 0.005; ***P, 0.0005; ****P, 0.00005; ns = not significant.
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of classical, centrally necrotic lesions
measuring 3–6 mm in diameter.

Histopathologic analyses revealed that
the lungs of WT M. tuberculosis–infected
(four of six) and Comp-infected (four
of five) animals with ATB contained
numerous granulomas, including many that
coalesced (Figures 3F and 3G) and had
central zones of necrosis. In contrast, the

lungs of M. tuberculosis–infected (two
of six) and Comp-infected (one of five)
animals with LTBI contained fewer
granulomas (Figure 3H). Lungs of animals
infected with the mutants showed virtually
no granulomatous reaction. The lungs of
animals infected with D-dosS (Figure 3I),
D-dosR (Figure 3J), D-dosT (Figure 3K), or
D-dosS/dosT (not shown) contained rare

tiny granulomatous foci and typically,
widely scattered foci of peribrochiolar
lymphoid hyperplasia. Rare small focal
granulomas were observed in less than half
of the animals infected with each of the
mutant strains (Figure 3L). Four out of six
M. tuberculosis–infected animals, but none
of the animals infected with any of the
mutants, developed pulmonary lesions
involving 20% or more of the lung, which
was significantly greater than in any of the
dos-mutant groups but was not significantly
different to pathology scores from the
Comp-infected group (Figure 3M).

Lesion Hypoxia

TB lung lesions in WT M. tuberculosis–
infected macaques were positive for
PIMO, indicating hypoxia (Figure 4A). In
contrast, evidence of hypoxia was not
found in the lungs of macaques infected
with any of the mutants (Figure 4B).
PIMO signal was enumerated as
a fraction of lung area in each of
the animals in the various groups
(Figure 4C). The highest levels of PIMO
signal were observed in the lungs of
animals infected with M. tuberculosis
that progressed to ATB.

Detection of DosR Transcripts

in Lungs

We next assessed if bacilli in hypoxic
NHP lesions expressed dosR, using
two independent techniques: bacterial
transcriptomics in granulomas via
microdissection (29) and ISH. RNA
from microdissected lung lesions of
M. tuberculosis–infected NHPs expressed
higher levels of dosR, relative to aerobically
grown, log-phase cultures (Figure 4D).
In contrast, the intragranulomatous
expression of housekeeping marker sigA
was reduced more than fivefold, relative
to in vitro aerobic culture samples. ISH
detected dosR (Figures 4E and 4F) and
dosS (Figures 4G and 4H) transcripts in
lesion rings, suggesting the presence of
transcriptionally active bacilli in these
regions. These results conclusively
demonstrate that the DosR regulon is
expressed at high levels in primate lung
TB granulomas.

Global Lung Responses to Infection

We compared responses in the BAL atWeek
3 as a surrogate for lung (bacterial burdens
in all groups were comparable at this time).
Animals infected with the different mutants,
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Figure 2. Bacterial burden. (A) Total bacterial burdens in the bronchoalveolar lavage (BAL) of animals

infected with wild-type Mycobacterium tuberculosis (red), M. tuberculosis:D-dosR (black), M. tuberculosis:

D-dosS (blue), M. tuberculosis:D-dosT (green), M. tuberculosis:D-dosS/D-dosT (pink), and M. tuberculosis:

D-dosR(Comp) (magenta) over the course of time. Numbers on the x-axis denote weeks postinfection. (B)

Bacterial burden per gram of lung tissue in different groups was analyzed for four random sample pools

for each animal at the time of killing. Numbers on the x-axis denote weeks postinfection. (C) Bacterial burden

per gram of bronchial lymph node tissue in different groups was analyzed for two samples for each animal

at the time of killing. *P,0.05; ****P,0.00005. ns=not significant.
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relative to either WT M. tuberculosis or
Comp, exhibited lung expression profiles
with high degree of significance for the
following gene categories: T-cell activation,
lymphocyte activation, leukocyte activation,
hemopoeisis, T-cell differentiation, and
T-cell selection (Figure 5A). Using IPA,
the various biologic functions with the
most statistically significant differential
enrichment levels between WT
M. tuberculosis and Comp strains on one
hand and the mutant strains on the other
again related to lymphocyte recruitment and

function (e.g., quantity of lymphocytes,
function of lymphocytes, growth of
lymphatic system, lymphocyte migration,
and so forth) (Figure 5B). Genes contained
within the functional category Quantity
of Lymphocytes had two profile types:
largely higher (Figure 5C) or largely lower
(Figure 5D) expression levels in animals
infected with the mutants relative to
M. tuberculosis and Comp.

The first subset of genes are
expressed on or required for T- or B-cell
differentiation, activation, and adhesion,

involved in downstream activation of
immune responses, innate clearance
of infection, or the management of
inflammation (Figure 5C; see Figure E3).
The second subset was largely involved
in the negative regulation of the Th1/
proinflammatory response and hemopoiesis
(Figure 5D; see Figure E3). Thus, infection
with the mutants in the DosR regulon
resulted in expression profiles consistent
with the recruitment of a broader, more
robust initial immune response to the
lungs, relative to infection with either WT
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Figure 3. (A–E) Gross pathology. Infection with wild-type (WT) Mycobacterium tuberculosis resulted in two different pathologic outcomes that were

grossly visible. For the animals with high bacterial burden, we observed large areas of granulomatous pathology (arrows) resulting in lung consolidation (A),

whereas for the animals that exhibited latent tuberculosis infection, we observed several focal lesions (arrows) in the lung (B). Animals infected with D-dosR

(C), D-dosT (D), D-dosS (not shown), and D-dosS/D-dosT exhibited minimal to no pathologic changes. Significant gross pathology could be observed for

animals infected with the D-dosR(Comp) strain (E ). (F–M ) Histopathology. The lungs of WT M. tuberculosis–infected animals with active tuberculosis

contained numerous granulomas each .5 mm in size that in some areas were coalescing (F and G). In contrast, animals that controlled M. tuberculosis

infection well exhibited discrete, centrally caseous granulomas with distinct macrophage and lymphocyte-enriched layers (H ). Conversely, animals

infected with D-dosS (I ), D-dosR (J ), and D-dosT (K ) exhibited largely normal lung architecture with rare organization of lymphoid hyperplasia and small,

noncaseous granulomas ,1 mm in size. On the contrary, animals infected with the Comp strain developed lung pathology indistinguishable from those

with WT M. tuberculosis infection. The lungs of these animals largely harbored numerous classical lesions with central necrosis (L). As described in the

METHODS section, the percentage of the lung with histopathologic abnormalities including granulomatous inflammation, necrosis, hemorrhage, and edema was

quantified for every animal (M). Coloring scheme inM is identical to the previous figures. *P, 0.05. Scale bars = 100 mm. L= lower lung lobe; M=middle lung lobe;

ns = not significant; U=upper lung lobe.
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M. tuberculosis or Comp, which not only
exhibited clinical, microbiologic, and
pathologic features but also the
transcriptional profile associated with
M. tuberculosis.

The functional category apoptosis and
cell death also exhibited lesser enrichment
in animals with WT M. tuberculosis
infection relative to infection with the
mutants (see Figure E4). The expression of
CASP9, the rate-limiting enzyme required

for the activation of CASP3-dependent
apoptosis, as well as the expression of
ADAM17, which is required for the
proteolytic activation of tumor necrosis
factor-a, which itself is critical for
controlling infection, was significantly
higher in the M. tuberculosis/Comp group,
whereas SLP1 and SERPINE1 (proteinase
inhibitors that can limit elastase and
plasminogen dependent lung remodeling)
were expressed higher in the BAL of

mutant-infected animals. Thus, early
responses to infection of primate lungs
with mutants in the DosR regulon as
compared with WT M. tuberculosis
resulted in responses that were more
beneficial to the host in limiting pathology
and likely resulted in disparate T-cell
responses.

Transcriptomic results were verified
by quantitative reverse-transcriptase
polymerase chain reaction for a subset of
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Figure 4. Detection of hypoxia and expression ofMycobacterium tuberculosis dosR transcript in lungs. Twenty-four hours before being killed, the animals

were injected with Hypoxyprobe (pimidazole hydrochloride [PIMO]) conjugated with Daylight-546 (red). Fixed lung tissue was then used to visualize

the levels of PIMO as a measure of hypoxia. Four random samples were obtained from each animal. The lungs of M. tuberculosis–infected animals mainly

exhibited high levels of PIMO in the inner ring of lung lesions (A), whereas virtually no signal was obtained from the lungs of animals infected with D-dosR (B) or D-dosS,

D-dosT, or D-dosS/D-dosT (not shown). Nuclear stain Bopro1 was used to stain all cells (green). Numeric data from the individual animals in each of the groups

is shown as a dot plot, with coloring scheme identical to the previous figures (C). Expression of dosR gene was significantly higher in the lesions of animals with

active tuberculosis, relative to the sigA gene, whose expression was repressed in vivo (D). Formalin-fixed, paraffin-embedded lung granuloma sections were captured

using a mesodissection technique, which uses a milling rather than a laser-based microdissection approach (29). In situ hybridization using Riboprobe confirmed

the expression of dosR (E and F) and dosS (G and H) in bacilli present in the peripheral regions of lung granulomas from animals infected with M. tuberculosis.

The arrows point to macrophages with M. tuberculosis with high levels of M. tuberculosis–specific probe reactivity. *P,0.05; ****P,0.00005.
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genes and were highly concordant (see
Figure E5). The expression of type-I
interferon genes and KLF10, a
transforming growth factor-b–induced
repressor of cell proliferation, was induced
in early BAL of animals infected with

M. tuberculosis, whereas the expression
of JAK2, CXCL10, and IFNGR2, part of
quantity of lymphocytes category and
involved in activating productive T-cell
responses to infection, was higher in
samples derived from the Week 3 BAL

samples from the mutant-infected
animals.

Host Responses to Infection

Because distinct transcriptomic profiles
between the groups indicated the generation

T cell selection
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Figure 5. Comparison of bronchoalveolar lavage (BAL) transcriptome responses 3 weeks postinfection. Using rhesus macaque–specific microarrays, the

host response to infection with the various strains (wild-type [WT] Mycobacterium tuberculosis [Mtb], D-dosS, D-dosT, or D-dosR [Comp]) was determined in

the lungs of various animals using BAL as a surrogate. Because of its importance, the time point at early Week 3 was studied. Genes with significant

perturbation in each of the biologic replicate samples relative to preinfection BAL from the same animals were analyzed using DAVID (Database for Annotation,

Visualization, and Integrated Discovery) (A) and Ingenuity Pathway Analysis (IPA) (B). Annotations that were specifically enriched in each of the data sets based

on false discovery rate–corrected P values were obtained. Annotations with differential level of enrichment included several categories related to lymphocytes

(e.g., T-cell activation, lymphocyte activation, and so forth). Relative differences in significance were plotted as negative logarithms (to the base 10) of

P values with cells in blue indicating a lower and cells in orange indicating a higher significance. Thus, a P value of 103 1027 corresponds to a value of 7 on

these heat maps (A and B). Genes with significant perturbation in each of the biologic replicate samples relative to preinfection BAL from the same animals

were analyzed using IPA, and annotations specifically enriched in each of the data sets based on false discovery rate–corrected P values were obtained.

Relative differences in significance were plotted as negative logarithms (to the base 10) of P values with cells in blue indicating a lower and cells in orange

indicating a higher significance. (C) A cluster of genes within the quantity of lymphocytes functional category, which exhibit enhanced expression in the Week

3 BAL of nonhuman primates infected with D-dosS and D-dosT, relative to WT M. tuberculosis and D-dosR(Comp). The average magnitude of log2 fold

change from technical replicates within every array and from three biologic replicates for each of the three infectious agents was z scored relative to M.

tuberculosis. (D) A cluster of genes within the quantity of lymphocytes functional category, which exhibit reduced expression in the Week 3 BAL of nonhuman

primates infected with D-dosS and D-dosT, relative to WT M. tuberculosis. The average magnitude of log2 fold change from technical replicates within every

array and from three biologic replicates for each of the three infectious agents was z scored relative to WT M. tuberculosis.
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of more beneficial responses in the animals
infected with the dos mutants, we examined
T-cell dynamics in response to infection
with WT M. tuberculosis and the mutant
strains on serial BAL and terminal lung.
The percentages of CD41 or CD81 T cells
(Figures 6A and 6B) or Tregs (Figure 6C)
in the BAL at 3 weeks after infection were
comparable among the different groups.
Nor were any differences apparent between
the three groups based on the memory
status of T lymphocytes in the early BAL
(Figures 6D–6F). However, animals
infected with the D-dosS and D-dosT
mutants exhibited significantly increased
percentages of both CD41 and CD81

T cells expressing CCR5 (Figures 6G and
6H).

Chemokine receptors are intensely
expressed on T cells depending on their
extent of activation and polarization (40).
Thus, Th1 and Th2 lymphocytes express
CCR5 and CCR3/CCR4, respectively. CCR5
expression marks T cells for tissue-specific
homing, whereas the expression of CXCR3
correlates with higher priming (41). The
percentages of both CD41 and CD81

cells expressing CCR5 in early BAL on
M. tuberculosis infection were very similar to
those before infection. Elevated CCR5 levels
on CD41 and CD81 T cells recruited to the
lungs of animals infected with the mutants
may explain their attenuation despite their
initial ability to replicate. CD41CCR51

T cells recruited to the lungs of mutant-
infected animals also expressed higher
levels of Ki67 (Figure 6I), indicating that
the higher levels of these Th1 cells detected
in the BAL of mutant-infected animals were
also highly proliferative. During ATB,
almost all CD41 T cells recruited to the
lungs are CCR51 (40). The increased influx
of these cells at an early stage in the lungs
of mutant-infected animals to levels
significantly higher than those in WT
M. tuberculosis–infected animals indicates
that DosR antigens may decrease recruitment
of a highly proliferative Th1-type response
in the lungs. Surprisingly, however, even
when these CCR51 T cells were recruited
to the lungs of human patients with ATB
at the late stages, they do not exhibit
a proliferative (Ki-67) potential (39).
Therefore, antigens downstream of the

DosR regulon, which are undoubtedly
induced in vivo, seem to reduce not only
the recruitment of Th1 response to the
lung, but also its proliferation.

The recruitment pattern for total
T cells, CD41 T cells, and CD81 T cells
expressing CXCR31 was, however, reversed
(Figures 6J–6L). CXCR3 expression on
CD41 T cells in lungs correlates with their
ability to prime more efficiently, and
such cells accumulate in the lungs of
M. tuberculosis–infected individuals (41).
These results suggest that fully pathogenic
M. tuberculosis, which is able to express and
deploy the DosR regulon, subverts the host
immune program to preclude the arrival
of these effector cells into the lungs of
primates during early infection. Thus, the
inability to induce the full complement of
DosR-dependent response compromises
the magnitude and timing but not the
breadth of T-cell response in the early
stages of infection. Analysis of BAL during
the later stages of infection (e.g., Week 10)
indicated that a greater frequency of
CD41CCR51 and CD81CCR51 cells were
recruited to the lungs of animals infected
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Figure 6. Comparison of lung T-cell phenotype following infection with the different strains. Bronchoalveolar lavage (BAL) cells obtained at Weeks 3

and 10 and dematriced lung cells at necropsy were washed and stained with the various antibodies. Cells were gated into the “lymphocyte gate,” and

singlets were obtained and gated for CD41 (A) and CD81 (B) subtypes. FoxP31 Tregs were also enumerated as a subset of CD41 type (C). Cells were

further phenotyped as central memory (D), effector memory (E ), and naive (F ) populations. Results are shown for wild-type Mycobacterium tuberculosis

(red), M. tuberculosis:D-dosS (blue), and M. tuberculosis:D-dosT (green). BAL cells obtained at Week 10 and dematriced lung cells at necropsy were

similarly processed as above. For the various lymphocyte subpopulations, we determined the frequency of CD41 (G) and CD81 (H) cells expressing

CCR5, CD31 cells expressing Ki-67 (I ), and CD31 (J ), CD41 (K ), and CD81 (L) cells expressing CXCR31. Results are shown for WT M. tuberculosis

(red), M. tuberculosis:D-dosS (blue), and M. tuberculosis:D-dosT (green). *P, 0.05; **P, 0.005; ***P, 0.0005; ****P, 0.00005.
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with the nonpathogenic dos mutants
(Figures 6G and 6H). In fact, this
phenomenon was observed for animals in
each of the three groups when lung tissue
at killing was analyzed.

Discussion

The D-dosR mutant does not exhibit
reduced growth in C57Bl/6 mice (2) where
lesions do not develop hypoxia. The mutant
is also not attenuated in C3HeB/FeJ mice,
a surprising result because lesions in
C3HeB/FeJ mice develop hypoxia (42, 43).
We therefore used a macaque model of
inhalation TB to characterize D-dosR
mutants in vivo (17, 44) to study the
relationship among tissue hypoxia, bacillary
burden, and pathology following infection.
The key findings of our investigation are
as follows: (1) rhesus TB granulomas
are hypoxic; (2) DosR is expressed in
M. tuberculosis population within these
granulomas; (3) mutants in dosR, dosS, and
dosT genes are not compromised for initial
infection in this model; (4) however,
mutants in these genes are required for the
long-term persistence in this model; (5) the
attenuation of the mutant strains coincides
with the advent of hypoxia and the T-cell
response to infection, contributing to the
pathogen’s ability to persist.

In BAL, the levels of all strains were
comparable initially. However, at latter
time points a gradual increase in WT
M. tuberculosis CFUs was observed in the BAL,
whereas levels of different mutants rapidly
declined. This timing is important,
because the cytokine-chemokine response
involved in granuloma formation requires
about 3 weeks before functional lesions

can be assembled and adaptive immune
responses generated (22, 45). The mutants
in the DosR regulon were therefore
capable of replicating in the lungs of
primates initially, but the advent of
T-cell immunity and the resulting
granulomatous response correlated with
their eradication. This is in contrast to
infection with a much higher dose of the
D-sigH mutant, which failed to replicate in
macaque lungs even during initial
infection (21, 46). The attenuation of dos
mutants here was in contrast to our work
in C3HeB/FeJ mice where most mutants
grew comparable with M. tuberculosis
(47). These results strongly suggest
that macaque lungs provide the
microenvironment required to test the
contribution of the various M. tuberculosis
genes and pathways toward in vivo
survival, persistence, and dissemination.

Because of the acute differences in the
lung pathology and bacterial burdens in
the animals infected with M. tuberculosis
versus the mutants, we instead studied host
responses between these groups in early
BAL when bacillary loads were comparable.
The lungs of animals infected with mutants
exhibited higher recruitment of highly
activated CCR51 T cells to the lungs
(Figure 6), whereas the levels of other
T-cell subtypes were comparable. This is
noteworthy because CCR5 confers the
ability on T cells to home to secondary
lymphoid organs (e.g., lungs). Additionally,
a higher level of T-cell proliferation
(evidenced by a higher Ki67 expression
frequency on both CD41 and CD81

subtypes in the Week 3 BAL) was
observed in animals infected with the
mutants relative to those infected with

M. tuberculosis. Thus, the overall effect of
this response is the generation of a highly
effective T-cell response to infection with
the mutants followed by their attenuation.
DosR-regulated antigens thus likely inhibit
the full breadth and magnitude of early
T-cell response to M. tuberculosis infection,
thus contributing to the ability of
M. tuberculosis to persist.

Altered interaction of dos mutants with
components of innate immunity may result
in differential processing and thus more
efficient downstream adaptive responses.
The delay in the onset of this response
during M. tuberculosis infection is well
documented (48) and perhaps a reason
for its remarkable success as a persistent
pathogen (49). Delayed responses may
contribute to the inability of vaccines to
sterilize M. tuberculosis infection (50).
Identification of M. tuberculosis antigens
in vivo has evoked interest lately (51, 52).
Both approaches found that DosR antigens
were recognized during the course of
human infection by T cells. Moreover,
several DosR antigens induce strong human
T-cell responses (53). Clearly, DosR
antigens elicit T-cell responses during
human infection. That DosR antigens delay
the onset of the adaptive immune responses
to infection highlights the importance
of this regulon in modulating immune
responses to infection. n
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