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Background. It is unknown whether immunosuppression inﬂuences the physiologic state of Mycobacterium tuberculosis in vivo.
We evaluated the impact of host immunity by comparing M. tuberculosis and human gene transcription in sputum between human
immunodeﬁciency virus (HIV)–infected and uninfected patients with tuberculosis.
Methods. We collected sputum specimens before treatment from Gambians and Ugandans with pulmonary tuberculosis, revealed by positive results of acid-fast bacillus smears. We quantiﬁed expression of 2179 M. tuberculosis genes and 234 human immune genes via quantitative reverse transcription–polymerase chain reaction. We summarized genes from key functional categories
with signiﬁcantly increased or decreased expression.
Results. A total of 24 of 65 patients with tuberculosis were HIV infected. M. tuberculosis DosR regulon genes were less highly
expressed among HIV-infected patients with tuberculosis than among HIV-uninfected patients with tuberculosis (Gambia,
P < .0001; Uganda, P = .037). In proﬁling of human genes from the same sputa, HIV-infected patients had 3.4-fold lower expression
of IFNG (P = .005), 4.9-fold higher expression of ARG1 (P = .0006), and 3.4-fold higher expression of IL10 (P = .0002) than in HIVuninfected patients with tuberculosis.
Conclusions. M. tuberculosis in HIV-infected patients had lower expression of the DosR regulon, a critical metabolic and immunomodulatory switch induced by NO, carbon monoxide, and hypoxia. Our human data suggest that decreased DosR expression
may result from alternative pathway activation of macrophages, with consequent decreased NO expression and/or by poor granuloma formation with consequent decreased hypoxic stress.
Keywords. Mycobacterium tuberculosis/genetics; Mycobacterium tuberculosis/physiology; sputum/microbiology; tuberculosis;
pulmonary/epidemiology; acquired immunodeﬁciency syndrome/immunology.
Tuberculosis is the leading cause of death among human immunodeﬁciency virus (HIV)–infected persons [1]. HIV infection
has pervasive effects on human immunity, including altered cytokine and chemokine expression, changes in macrophage polarization, and T-cell dysfunction and depletion, leading to
clinical, radiographic, and histopathologic presentations of tuberculosis unlike those observed in immunocompetent hosts
[2]. It is poorly understood how HIV-associated immune impairment affects the physiologic state of Mycobacterium tuberculosis. Enhanced understanding of this interaction is crucial
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because the phenotypic state of M. tuberculosis alters antibiotic
effectiveness [3, 4] and may affect transmission ﬁtness [5].
M. tuberculosis dynamically adapts its physiologic state to
withstand immune responses and diverse tissue microenvironmental conditions [6, 7]. In vivo microenvironments have variable pH, nutrient availability, and oxygen tension. Hypoxia is
encountered in the necrotic center of well-organized granulomas [8, 9] and macrophage phagosomes [5]. Among persons
with HIV infection, granuloma formation is impaired. Unlike
immunocompetent persons, in whom granulomas display a
ﬁnely organized architecture with spatially modulated gradients of T-cell and macrophage phenotypes [10–12], patients
with tuberculosis with advanced HIV infection develop disorganized granulomas that are poorly contained collections
of polymorphonuclear cells and eosinophils with a paucity of
mononuclear, epithelioid, or giant cells [13–17]. Poorly contained lesions in animal tissues are not hypoxic, and this
may also be the case in HIV‐infected patients with tuberculosis
[8, 9, 18, 19].
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METHODS
Enrollment and Specimen Collection

Adults with pulmonary tuberculosis (based on positive results
of either sputum acid-fast bacillus smear or GeneXpert M. tuberculosis/RIF testing) were enrolled prior to receipt of antibiotic treatment at the Medical Research Council TB Diagnostic
Laboratories in Fajara, Gambia, and at Mulago National Referral Hospital in Kampala, Uganda (Supplementary Materials).
Specimen collection and laboratory assays followed previously
described methods [23]. Brieﬂy, spontaneously expectorated
sputum was preserved within 5 minutes in guanidine thiocyanate solution. Sputa were needle sheared, centrifuged at
9000 × g, and stored in Trizol at −80°C. All patients were offered HIV testing. Chest radiographs were evaluated for cavitation, using a standardized protocol. Institutional review boards
in Gambia, Uganda, and the United States (Supplementary
Materials) approved the study. All patients provided written informed consent.
Laboratory Analysis

We selected only samples with both known HIV status and infection with lineage 4 (EuroAmerican) M. tuberculosis strains,
based on spoligotyping, to limit potential confounding due to
lineage differences. After extraction of total RNA, quality was
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assessed using a test panel targeting 24 M. tuberculosis transcripts. M. tuberculosis transcriptional proﬁles were then quantiﬁed on good-quality RNA via multiplex quantitative reverse
transcription–polymerase chain reaction (qRT-PCR) [23].
Brieﬂy, after ﬁrst-strand complementary DNA (cDNA) synthesis, cDNA underwent controlled multiplex ampliﬁcation, using
M. tuberculosis–speciﬁc ﬂanking primers. Transcripts for 2179
M. tuberculosis genes were quantiﬁed via multiplex qRT-PCR
with a LightCycler 480 (Roche, Indianapolis, IN), using TaqMan probes.
To elucidate immunologic alterations that may be responsible
for differences in M. tuberculosis transcriptional phenotypes of
HIV-infected and uninfected patients, we also assayed a panel
of 234 human genes selected because of their association with
T-cell phenotypes or macrophage polarization. Details of TaqMan primers are available at: http://genes.stanford.edu/oli/
genes.php?organism=h. Human gene expression was assayed
in the Ugandan samples only.
Analysis

Messenger RNA (mRNA) expression data were normalized
using a median normalization method validated for samples
with low nondetection [26]. We identiﬁed differentially expressed M. tuberculosis genes in HIV-infected versus uninfected
hosts via t tests, with an α level 0.05. To explore trends and summarize enrichment in previously described M. tuberculosis
physiologic categories [23], we evaluated the proportion of
genes in each category with a nominal (unadjusted) P value
of <.05. Statistical signiﬁcance of categorical enrichment was determined using a modiﬁed 1-way Fisher exact test [27]. Categories with an adjusted P value of <.05 after Benjamini-Hockberg
(BH) adjustment for multiple comparisons were considered signiﬁcant. We identiﬁed differentially expressed human genes in
HIV-infected versus uninfected hosts using t tests with a BHadjusted α of 0.05 and a fold-change cutoff of 1.75. Analysis
used the R statistical suite, version 3.0.1, except as noted in
the Supplementary Materials.
RESULTS
Enrollment and Clinical Characteristics

In a pilot study, we assayed M. tuberculosis gene expression in
the sputa of 19 Gambian adults with drug-susceptible, sputum
acid-fast bacillus smear-positive, culture-positive pulmonary
tuberculosis, 4 of whom were HIV infected (enrollment ﬂow
is shown in Supplementary Figure 1). Thereafter, we enrolled
46 adults with pulmonary tuberculosis in Uganda, 20 of
whom were HIV infected. Among HIV-infected Ugandan patients, the median CD4+ T-cell count was 25 cells/μL (interquartile range, 6–71 cells/μL; Table 1). None were receiving
highly active antiretroviral therapy at the time of tuberculosis
diagnosis. Among Ugandans with chest radiographs available,
cavitation was more common among HIV-uninfected patients
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In response to conditions that limit aerobic respiration (hypoxia, carbon monoxide [CO], or nitric oxide [NO]), M. tuberculosis
increases expression of the DosR regulon, a set of 48 genes that is
essential for survival and virulence in well-formed hypoxic granulomas [6, 8, 20]. DosR proteins additionally appear to modulate
adaptive immunity, eliciting T-cell responses that enhance host
granuloma formation [8, 21].
Gene expression proﬁling of pathogens in host tissues,
ﬂuids, or cultured cells provides a molecular snapshot of
dynamic host-pathogen interactions [6, 22] but has not been
used to probe M. tuberculosis adaptation to the altered
immune milieu of HIV-infected patients. Understanding
the bacterial transcriptional phenotype in clinical samples
from patients with tuberculosis is important because transcriptional proﬁling studies indicate that the physiologic
state of M. tuberculosis in human samples differs from the
physiologic state of the organism in murine and in vitro models of tuberculosis [23–25].
To elucidate how the immunologic state of the host correlates
with the physiologic state of M. tuberculosis, we compared
M. tuberculosis gene expression in the sputa of HIV-infected
and uninfected patients with untreated active pulmonary tuberculosis. To elucidate how differences in the human immune
state are correlated with M. tuberculosis transcriptional responses, we used the same sputum samples to measure the expression
of a panel set of human genes involved in immune and inﬂammatory responses.

Table 1. Demographic and Clinical Characteristics of Patients With
Tuberculosis in Gambia (Pilot Study) and Uganda Who Underwent
Pathogen-Targeted Gene Expression Profiling, by Human
Immunodeficiency Virus (HIV) Status
Characteristic

HIV Infected

HIV Uninfected

P Value

was the only gene category signiﬁcantly differentially expressed.
In Uganda, the category of primary metabolism genes, including tricarboxylic acid cycle genes, ATP synthases, and other
aerobic respiration genes, also had lower expression among
HIV-infected patients (BH-adjusted P = .03).

Age, y
Gambia

36 (28–44)

25 (21–32)

.4

Uganda

30 (26–37)

30 (22–35)

.4

Women
Gambia

3 (75)

1 (7)

.02

Uganda

9 (45)

8 (31)

.5

CD4+ T-cell count, cells/μLa
Uganda

26 (6–71)

. . .

Radiographic cavitation
1 (33)

8 (67)

9 (47)

19 (90)

.7
.009

Light microscopy results
Gambia
Negative

. . .

Scanty/1+

. . .

1 (7)

2+

1 (25)

4 (27)

3+

3 (75)

10 (67)
. . .

Uganda
Negative

2 (10)

Scanty/1+

3 (15)

2+

9 (45)

8 (31)

3+

6 (30)

13 (50)

5 (19)

Data are median (interquartile range) or no. (%) of patients.
a

Expression of human genes associated with T-cell phenotypes
and macrophage polarization were profoundly different between HIV-infected and uninfected patients. Of 234 genes
that encode immunity and inﬂammatory functions, 86
(36.8%) had a P value of <.05; 33 (14.0%) remained signiﬁcant
with a fold change of >1.75 after adjustment for multiple comparisons (signiﬁcantly altered genes are shown in Table 2; the
full list of genes is shown in Supplementary Table 2). Relative
to HIV-uninfected patients, HIV-infected patients had 3.4fold lower expression of IFNG (BH-adjusted P = .005) and
1.8-fold lower expression of IRF1 (BH-adjusted P = .02). HIVinfected patients had 4.9-fold higher expression of ARG1
(BH-adjusted P = .0006) and 3.4-fold higher expression of
IL10 (BH-adjusted P = .0002). There was no signiﬁcant difference between HIV-infected and uninfected patients in the
expression of TNF, NOS, and HMOX1 (BH-adjusted P = .49,
.17, and .26, respectively).

Data were unavailable in the pilot experiment in Gambia.

b

Data were missing for 1 HIV-infected patient and 3 HIV-uninfected patients.

c

Data were missing for 1 HIV-infected patients and 5 HIV-uninfected patients.

(19 [91%]) than among HIV-infected patients (9 [47%];
P = .009).
Less Induction of M. tuberculosis DosR Regulon Genes in HIV-Infected
Patients

In Gambia, comparison of M. tuberculosis gene expression proﬁles between HIV-infected and HIV-uninfected patients
showed that 447 genes (20.5% of the proﬁled) had a P value
of <.05, considerably more than expected by chance alone (Supplementary Table 1A). When repeated in Uganda, 385 genes
(17.7%) had a P value of <.05 (Supplementary Table 1B).
Enrichment analysis of functional gene categories in genes
with a P value of <.05 showed that the expression of DosR regulon genes was signiﬁcantly lower among HIV-infected patients
than among HIV-uninfected patients (BH-adjusted P < .0001 in
Gambia; P = .03 in Uganda). In Gambia, 32 of 48 DosR regulon
genes had signiﬁcantly lower expression (P < .05) among
HIV-infected patients (Figure 1A and 1B); no DosR genes
had signiﬁcantly higher expression in HIV-infected individuals.
In Uganda, 14 DosR regulon genes had signiﬁcantly lower
expression among HIV-infected patients; 1 DosR gene, which
encodes hypothetical protein Rv2628, had higher expression
in HIV-infection individuals. In Gambia, the DosR regulon

DISCUSSION

This analysis provides novel insight into how HIV infection
transforms the interaction between M. tuberculosis and host immunity. We found that the presence of HIV infection in patients
with tuberculosis was associated primarily with decreased induction of the DosR regulon, a crucial metabolic switch with immunomodulatory effects. This interaction was identiﬁed among
patients in Gambia and conﬁrmed among Ugandans. Host transcriptional data suggest that lower expression of DosR regulon
among HIV-infected patients may be a direct result of arginase
1–driven decreased macrophage NO production and/or an indirect result of decreased hypoxic stress in poorly formed granulomas. This analysis provides a novel perspective on the complex
interplay between HIV-associated immune impairment, altered
tissue microenvironments, and M. tuberculosis physiologic state.
The DosR regulon is an M. tuberculosis genetic program that
directs metabolic adaptation to conditions that inhibit aerobic
respiration, including hypoxia and the presence of NO and
CO [28]. Our data identify several interacting mechanisms by
the host that are likely to decrease NO and hypoxic stress for
M. tuberculosis in HIV-infected patients, resulting in decreased
induction of the M. tuberculosis DosR regulon (Figure 2). First,
human gene expression signatures in these M. tuberculosis–
infected samples suggests that the presence of HIV infection biases macrophages to the alternatively activated (M2) phenotype.
The classiﬁcation of the M2 phenotype is increasingly complex,
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Gambiab
Ugandac

Host Transcriptome Indicates Altered Immune Milieu in HIV-Infected
Patients

with at least 3 recognized M2 subtypes [29]. However a consistent paradigm is that M2 macrophages have reduced inducible
NO synthase activity and greater arginase 1 activity [11], ultimately resulting in reduced NO production. Reduced production of NO likely impairs control of M. tuberculosis in host
tissues because NO is host-protective: it interferes with bacterial
DNA and proteins and enhances apoptosis of M. tuberculosis–
infected macrophages [30]. NO also inhibits M. tuberculosis
aerobic respiration, resulting in a reduced M. tuberculosis replication rate and increased DosR expression [20].
Consistent with a shift toward an M2 phenotype, HIV-infected
patients had a 4.9-fold increase in expression of ARG1 (Figure 2);
arginase 1 at increased levels outcompetes NOS2 for their
common substrate, L-arginine, downregulating macrophage NO
production and increasing the susceptibility of mice to
M. tuberculosis [31, 32]. Similarly, HIV-infected patients had
3.4-fold increased expression of IL10, a marker of M2 macrophage polarization that is associated with enhanced M. tuberculosis survival [32, 33]. Conversely, HIV-infected patients with
tuberculosis in this study had markedly decreased (by 3.4-fold)
1208
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expression of IFNG, a principal mediator of classical (M1) macrophage activation in tuberculosis [34]. These observations, which
are consistent with previous in vitro and human studies of HIVinfected macrophages [35, 36], represent a conﬂuence of alterations that impair anti–M. tuberculosis effector mechanisms
and likely reduce NO production, with consequent decrease in
M. tuberculosis’s requirement for DosR regulon expression.
Decreased hypoxic stress due to dysregulated granuloma
morphology represents an additional HIV-associated alteration
likely to diminish induction of M. tuberculosis DosR expression
[8, 9, 18, 19]. In immunocompetent hosts who form wellorganized hypoxic granulomas, DosR is necessary to sustain
persistent infection after the onset of adaptive immunity [8].
Conversely, DosR is not necessary for infection in animal models that form poorly organized, nonhypoxic lesions similar to
those observed in HIV-infected patients [8, 9, 18, 19]. Our
data support multiple mechanisms that may sabotage granuloma formation. In addition to profound CD4+ T-lymphocyte depletion, HIV-infected patients with tuberculosis had decreased
expression of IFNG and increased expression of IL10, consistent
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Figure 1. Expression of the Mycobacterium tuberculosis DosR regulon in sputa from human immunodeficiency virus (HIV)–infected vs uninfected patients with tuberculosis
in Gambia (A) and Uganda (B). Red indicates decreased expression in HIV-infected individuals, and blue indicates increased expression.

Table 2. Human Genes Significantly Differentially Expressed in the
Sputum of Human Immunodeficiency Virus (HIV)–Infected Versus
Uninfected Ugandan Patients With Tuberculosis After Adjustment for
Multiple Comparisons
Fold Change From
Expression in
Uninfected Patients

Adjusted
P Value

IL13

Downregulated

−6.64

.011

CXCL9

Downregulated

−4.77

.000

IFNG

Downregulated

−3.40

.005

SCYA22

Downregulated

−2.73

.022

IDO1

Downregulated

−2.52

.016

FOXP3

Downregulated

−2.47

.042

IL1B

Downregulated

−2.25

.020

MMP12

Downregulated

−2.18

.022

SCYA3

Downregulated

−2.15

.016

BD1

Downregulated

−2.09

.023

RELA

Downregulated

−2.00

.024

CDKN1A

Downregulated

−1.86

.039

DTR

Downregulated

−1.83

.011

IRF1

Downregulated

−1.79

.024

OAS2

Upregulated

1.80

.022

TLR10

Upregulated

2.02

.016

SMAD1

Upregulated

2.16

.016

IGF1R

Upregulated

2.24

.022

STAT4

Upregulated

2.38

.007

CD8B

Upregulated

2.45

.001

MMP8

Upregulated

2.51

.012

IL18

Upregulated

2.69

.003

NLRC4

Upregulated

2.70

.016

CD8A

Upregulated

2.74

.021

TCF4

Upregulated

2.79

.000

LSGAL10

Upregulated

2.81

.006

IGF1

Upregulated

2.83

.016

SERPINB10

Upregulated

3.04

.016

IL10

Upregulated

3.40

.000

BBC3

Upregulated

4.17

.016

ARG1

Upregulated

4.88

.001

IFI27

Upregulated

6.32

.001

IFNB1

Upregulated

6.74

.022

with a shift in the residual CD4+ T-cell population from the Thelper type 1 (TH1) IFN-γ–producing phenotype toward the
TH2 phenotype. IL-10 is an antiinﬂammatory cytokine that inhibits formation of mature granulomas [37]. A TH1 to TH2 shift
has long been considered characteristic of HIV-associated
immune dysregulation [38], tending to impair granuloma formation [10–12]. Further, increased ARG1 expression limits Tcell proliferation, independent of its effect on NO [10]. Since
poorly formed granulomas such as those observed in HIVinfected patients are less hypoxic than well-formed granulomas
typical of immunocompetent patients [8, 9, 18, 19], the anticipated result is diminished hypoxic stress and decreased
M. tuberculosis requirement for DosR.
A ﬁnal potential explanation for lower DosR expression
among HIV-infected patients is CO. Heme oxygenase 1–
mediated CO generation appears to induce DosR expression

Figure 2. Differential expression of human genes associated with granuloma
formation and macrophage polarization in human immunodeficiency virus (HIV)–
infected versus uninfected patients with tuberculosis, with hypothesized consequences. Red indicates significantly decreased and green significantly increased
expression in HIV-infected samples. Mean fold-change in HIV-infected samples
relative to uninfected samples is shown in parentheses. Expression of cytokine
genes suggests that the presence of HIV infection biases macrophages to the alternatively activated (M2) phenotype, a change anticipated to diminish NO stress.
Poor granuloma formation and consequent diminished hypoxic stress may result
from (1) CD4+ T-cell depletion, (2) a shift in the residual CD4+ T-cell population
from the T-helper type 1 (TH1) interferon γ–producing phenotype toward the TH2
phenotype, or (3) arginase 1–mediated inhibition of T-cell proliferation. DosR regulon proteins induce T-cell and interferon γ responses, enhancing granuloma formation. Decreased expression of the DosR regulon is therefore anticipated to
further impair granuloma formation.
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However, in the pellet used for transcriptional proﬁling of
human mRNA remains vastly more abundant than
M. tuberculosis mRNA. Since sample preparation was standardized and blinded to HIV status, systematic differences between
HIV-infected and uninfected patients causing differential loss
of speciﬁc transcripts seems unlikely.
In conclusion, in 2 geographically distinct populations, we
found that M. tuberculosis differentially adapts its physiologic
state to the HIV-infected host. M. tuberculosis in HIV-infected patients displayed decreased induction of the DosR regulon, a bacterial response to hypoxia and NO that has immunomodulatory
effects. Our data suggest that this may be due to alternative activation of macrophages, with consequent decreased NO expression
and/or decreased hypoxic stress in disorganized granulomas.
These observations identify novel connections between host immunity, host tissue microenvironments, and bacterial phenotypes.
Further investigation of what determines of M. tuberculosis phenotypes during human infection is important because bacterial
physiologic state inﬂuences antibiotic effectiveness.
Supplementary Data
Supplementary materials are available at http://jid.oxfordjournals.org.
Consisting of data provided by the author to beneﬁt the reader, the posted
materials are not copyedited and are the sole responsibility of the author, so
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