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Abstract

Background: Tuberculosis (TB), a bacterial infection caused by Mycobacterium tuberculosis (Mtb) remains a
significant health problem worldwide with a third of the world population infected and nearly nine million new
cases claiming 1.1 million deaths every year. The outcome following infection by Mtb is determined by a complex
and dynamic host-pathogen interaction in which the phenotype of the pathogen and the immune status of the
host play a role. However, the molecular mechanism by which Mtb strains induce different responses during
intracellular infection of the host macrophage is not fully understood. To explore the early molecular events
triggered upon Mtb infection of macrophages, we studied the transcriptional responses of murine bone marrow-
derived macrophages (BMM) to infection with two clinical Mtb strains, CDC1551 and HN878. These strains have
previously been shown to differ in their virulence/immunogenicity in the mouse and rabbit models of
pulmonary TB.

Results: In spite of similar intracellular growth rates, we observed that compared to HN878, infection by CDC1551
of BMM was associated with an increased global transcriptome, up-regulation of a specific early (6 hours) immune
response network and significantly elevated nitric oxide production. In contrast, at 24 hours post-infection of BMM
by HN878, more host genes involved in lipid metabolism, including cholesterol metabolism and prostaglandin
synthesis were up-regulated, compared to infection with CDC1551.
In association with the differences in the macrophage responses to infection with the 2 Mtb strains, intracellular
CDC1551 expressed higher levels of stress response genes than did HN878.

Conclusions: In association with the early and more robust macrophage activation, intracellular CDC1551 cells were
exposed to a higher level of stress leading to increased up-regulation of the bacterial stress response genes. In contrast,
sub-optimal activation of macrophages and induction of a dysregulated host cell lipid metabolism favored a less stressful
intracellular environment for HN878. Our findings suggest that the ability of CDC1551 and HN878 to differentially activate
macrophages during infection probably determines their ability to either resist host cell immunity and progress to active
disease or to succumb to the host protective responses and be driven into a non-replicating latent state in rabbit lungs.

Keywords: Tuberculosis, Bone marrow-derived macrophage, Gene expression, Global transcriptome, Mycobacterium
tuberculosis, Macrophage activation pathway, Host-pathogen interaction, Immune response, Lipid metabolism, Intra-
cellular stress response

Background
Tuberculosis (TB) remains one of the leading infectious
diseases worldwide. The outcome of infection with Myco-
bacterium tuberculosis (Mtb) is determined by a complex
and dynamic interaction between the host immune system

and properties of the pathogen. Exploring the mechanisms
of mycobacteria-phagocyte interactions is crucial to under-
standing the pathogenesis of TB. Aerosolized Mtb, once
inhaled into the lung and internalized by alveolar macro-
phages can induce phagocyte activation leading to control
of bacillary growth and establishment of a state of non-
replicating persistence [1-3]. Alternatively, as seen in 10%
of the infected immune competent humans, the bacilli can
survive the hostile environment of the phagosome through
interference with a range of cellular processes, including
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subversion of activation of bactericidal responses and
blocking phagosome acidification and fusion with lyso-
somes [4,5]. Thus, when the activation of host immunity is
optimal, infection by Mtb is controlled and lung pathology
is minimal [6]. However, when macrophage activation is
suboptimal, the bacilli continue to grow inside macro-
phages, additional cells are recruited from the circulation
to the site of infection in the lungs and granulomas are
formed [7-9].
The host immune responses to Mtb clinical strains

CDC1551 and HN878 have previously been character-
ized in vitro and in vivo [10-14]. While infection by
CDC1551 elicited an early and more vigorous pro-
inflammatory cytokine response in human monocytes
and stronger T cell activation in the lungs of infected
mice, infection by HN878 induced reduced production
by monocytes of Th1-type cytokines and diminished
protective immunity in infected mice [10]. Moreover, in
rabbit lungs, infection by HN878 was not controlled,
resulting in progressive cavitary disease [6,11], while
growth of infecting CDC1551 was limited by the
immune response and cultivable bacilli were fully
cleared from the lungs by 3-4 months post infection
[12]. The hyper-virulent phenotype of Mtb HN878 has
been shown to be associated with the production of
phenolic glycolipid (PGL), one of a number of lipid
components of the mycobacterial cell wall that may sub-
vert Th1-type host protective immunity [13-16]. How-
ever, the early cellular and molecular events occurring
in infected macrophages that are associated with differ-
ential outcome following infection with HN878 versus
CDC1551 are not fully understood.
In the present study, using genome-wide transcriptome

analysis, we examined the early changes in gene expres-
sion in bone marrow-derived macrophages (BMM) fol-
lowing infection with either HN878 or CDC1551. In
addition, we analyzed the transcriptional response of
selected genes of the intracellular bacteria, including
those involved in the stress response and lipid metabo-
lism. Our findings suggest that infection by CDC1551 of
BMM elicits a rapid and strong immune activation pro-
gram as early as 6 hours, compared to infection by
HN878. In contrast, while the activation of BMM upon
infection by HN878 was suboptimal at earlier time
points, the response was more prolonged and included
the induction of genes involved in host cell lipid and
small molecule metabolism. Moreover, compared to
HN878, intracellular CDC1551 showed a significantly
increased level of expression of bacillary stress response
genes involved in hypoxia/anaerobiosis. Dysregulation of
macrophage lipid metabolism has been reported in surgi-
cally removed lung specimens from TB patients, with
severe caseating granulomatous disease [17].

Results
Global changes in macrophage transcriptional response
to infection by Mtb
Mouse BMM were infected with either CDC1551 or
HN878 for up to 48 hours and the intracellular growth of
the two Mtb strains was evaluated by the colony forming
units (CFU) assay. Similar to our previous reports, there
was no significant difference in the intracellular growth
and total bacillary load between CDC1551 and HN878
during infection of BMM (Figure 1A) [12,16]. To study
the changes in global transcriptome of host cells during
infection by Mtb, levels of expression of BMM genes at
6 and 24 hours post-infection (hpi) were compared to the
corresponding transcriptome from uninfected cells.
Based on our selection criteria (at least 2 fold change in
expression and P ≤ 0.05), among the 28,853 genes repre-
sented in the microarray, expression of only 10.6% (3,054
genes) and 4.4% (1,268 genes) was significantly affected
in BMM infected with the two Mtb strains at 6 and
24 hpi respectively (Figure 1B). In addition, expression of
a higher number of shared host genes was significantly
modulated by both strains at 6 hours (1,951 genes), com-
pared to 24 hours of infection (831 genes). At 6 hpi, the
number of differentially expressed host genes exclusively
affected during infection by CDC1551 was about 3.5 fold
higher (865 genes) than by HN878 infection (238 genes).
However, while the total number of differentially
expressed BMM genes following infection by HN878 was
comparable between 6 and 24 hours (238 and 280 genes),
a larger number of genes was induced at 24 hours by
HN878, compared to CDC1551 infection (280 vs. 157
genes). The fold change in BMM gene expression
between CDC1551 and HN878 infection at 6 hours ran-
ged from +192.83 to -24.32 and from +157.62 to -21.95,
respectively (Figure 1C and 1D). At 24 hpi, the expres-
sion levels were from +167.72 to -55.93 and from
+172.62 to -40.62 in CDC1551 or HN878 infected BMM,
respectively (Figure 1E and 1F). This robust modulation
in gene expression by both Mtb strains indicated an early
dynamic reprogramming of host cellular machinery upon
infection of BMM by Mtb. Importantly, among the ten
most highly up-regulated BMM genes, 6 and 7 genes
were commonly expressed during infection by CDC1551
and HN878 at 6 and 24 hpi, respectively. Similarly, 7 and
6 genes out of the 10 most highly down-regulated host
genes were common to infection with both CDC1551
and HN878 at 6 and 24 hpi, respectively (Additional file
1). This suggested that differential expression of the
majority of macrophage genes was in response to the
common determinants shared by both Mtb strains and
only a subset of host genes were differentially expressed
depending on the specific phenotype of the infecting
bacilli. Overall, the global transcriptional analysis of the
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Mtb-infected BMM revealed that infection by CDC1551
induced a stronger macrophage response at 6 hpi, com-
pared to HN878 which induced a lower but more pro-
tracted response that lasted at least 24 hpi.

Biologic ontology analysis of differentially expressed
macrophage genes during infection by Mtb
To gain insight into the cellular and molecular functions
of the Mtb-induced host genes, differentially expressed

Figure 1 Intracellular growth of CDC1551 and HN878 and global transcriptome of BMM during infection. (A) Growth of CDC1551 and
HN878 in macrophages up to 48 hpi. The cells were infected with a multiplicity of infection (MOI) of 5 (bacteria per phagocyte) for 3 hours.
Equal numbers of BMM were seeded at the start of infection with CDC1551 and HN878. At 3 (T = 0), 24 and 48 hpi, cells were lysed and serial
dilutions of the homogenates were plated to determine the CFU. The viability of the infected cells, measured by trypan blue exclusion, did not
change significantly till the end of the experiment (48 hours). (B) Venn diagram of microarray data showing macrophage genes significantly
differentially expressed (at least 2 fold change in expression and P ≤ 0.05) by CDC1551 and HN878 at 6 and 24 hpi. (C and D) Transcriptional
profile of individual host genes differentially expressed by CDC1551 (C) and HN878 (D) infection at 6 hpi. (E and F) Total number of differentially
expressed macrophage genes by CDC1551 (E) and HN878 (F) infection at 24 hpi. The data presented in (C-F) is derived from microarray analysis
of differentially expressed macrophage genes during infection by Mtb . Each spot represents a gene and all genes are ranked based on their
relative expression ratio (Mtb-infected vs. uninfected cells). The microarray results were obtained from three independent RNA samples per
experimental group (infected or uninfected).
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macrophage genes from the microarray analysis were
subjected to functional categorization using Ingenuity
Pathway Analysis software (IPA; version 7.5) (Table 1)
[18]. At 6 hpi, infection by CDC1551 of BMM modu-
lated the expression of a higher number of host genes
involved in the cell inflammatory response, cellular
growth and proliferation, cell-to-cell signaling and inter-
action, cell death, gene expression, cell cycle, DNA repli-
cation and repair, compared to infection by HN878.
However, by 24 hpi, HN878 modulated the expression
of similar or even slightly higher numbers of host genes
in the above mentioned functional categories (Table 1).
Interestingly, similar numbers of host genes involved in
antigen presentation were differentially expressed at 6
and 24 hpi of BMM by both HN878 and CDC1551. In
addition, expression of a significantly higher number of
host genes involved in lipid metabolism and small mole-
cule biochemistry, including uptake of long chain fatty
acids, synthesis of lipids, fatty acids and prostaglandins
as well as cholesterol metabolism, was induced by
HN878, compared to CDC1551 infection of BMM at 24
hours. The relative transcript levels of selected differen-
tially expressed host genes, during infection of BMM by
both Mtb strains and the respective functional category,
can be found in Additional file 2.

Distinct gene networks modulated by CDC1551 and
HN878 infection of macrophages
Since the comparative transcriptome and gene ontology
analysis of BMM infected with CDC1551 or HN878 sug-
gested that at 6 hpi, CDC1551 modulated the expression
of a higher number of genes involved in early immune
activation pathways, and at 24 hpi, HN878 altered the
expression of higher number of genes involved in host
cell lipid metabolism, we focused on Mtb strain-specific
networks within these two pathways. From the list of dif-
ferentially expressed macrophage genes (at least 2-fold

change in expression and P ≤ 0.05), we identified using
IPA, two networks that were specifically modulated in
response to infection by one of the two Mtb strains.
Expression of all the genes in the early immune activa-
tion network (EIAN) was up-regulated preferentially in
CDC1551 infected BMM as early as 6 hours (Figure 2A
and 2B), while expression of the EIAN genes was not sig-
nificant in the HN878 infected BMM at 6 hours (Figure
2B and Additional file 3). The EIAN is a branch-network
of the main host immune response pathway that is com-
monly activated upon infection by both Mtb strains. The
genes in EIAN encode immune regulatory and cell sig-
naling molecules, such as STAT3, STAT5A, ATF3,
HDAC1, PTK2B, CISH and TYK2, as well as cytokine
and chemokine receptors, including IL4R, IL12RB1,
NOTCH1, ITGA4 and CCR7. The second network, com-
prised of a subset of genes involved in host lipid metabo-
lism, was up-regulated specifically during HN878
infection of BMM at 24 hours (Figure 2C and 2D). The
majority of the genes in this network are involved in cho-
lesterol metabolism (Fasn, Insig1, Stard4, Hmgcr, Nsdhl,
Dhcr24, Dhcr7, Acss2, Sc4mol, Gbp5 and Scd). However,
subsets of these genes are also involved in 25-hydroxy-
cholesterol metabolism (Fasn, Insig1, Stard4, and Hmgcr)
and triacylglycerol metabolism (Fasn and Gbp5). Impor-
tantly, though four genes of this network, (Pparg, Igf1,
Ccnd1 and Tnf) that are part of the general lipid metabo-
lism pathway, were expressed similarly in both CDC1551
or HN878 infected BMM at 24 hours, the absence of sig-
nificant regulation of other key genes in this lipid meta-
bolism network in CDC1551 infected BMM was striking.

Validation of differentially expressed host genes by qRT-
PCR
To validate the microarray gene expression profile of
BMM during infection by Mtb , we performed qRT-
PCR for selected genes encoding mediators of host

Table 1 Ontology analysis of the differentially expressed macrophage genes by Mtb infection

Biological function Number of differentially expressed genes

6 hours 24 hours

CDC1551 HN878 CDC1551 HN878

Inflammatory response 391 343 221 232

Cellular growth and proliferation 650 549 325 371

Cell-to-cell signaling and interaction 334 305 217 224

Antigen presentation 147 150 115 117

Cell death 512 455 243 279

Cell cycle 333 279 157 186

DNA replication, recombination and repair 212 141 54 69

Gene expression 507 399 161 178

Small molecule biochemistry 257 221 112 173

Lipid metabolism 211 188 112 150

Total host RNA was isolated from the BMM infected with Mtb CDC1551 or HN878 at 6 and 24 hpi and analyzed by microarray. The list of differentially expressed
genes (at least 2 fold changes in expression levels and P ≤ 0.05) was uploaded into IPA software for functional analysis. The number of significantly differentially
expressed host genes upon Mtb infection at 6 and 24 hpi and their respective biological function are shown.

Koo et al. Cell Communication and Signaling 2012, 10:2
http://www.biosignaling.com/content/10/1/2

Page 4 of 15



Figure 2 Strain-specific host gene networks activated in Mtb-infected BMM. Significantly differentially expressed host genes upon infection
by CDC1551 or HN878 of BMM at 6 and 24 hpi were used to construct strain-specific networks by IPA. (A) Early immune activation network
(EIAN); genes in this network were significantly up-regulated only in CDC1551 infected BMM at 6 hours. (B) Insignificant expression of EIAN
genes during HN878 infection of BMM at 6 hours. (C and D) A subset of lipid metabolism pathway genes significantly activated only in HN878
infected BMM at 24 hours. (D) The majority of genes in the lipid metabolism pathway were not significantly expressed during CDC1551 infection
of BMM at 24 hours. Up-regulated genes are marked red and down-regulated genes are marked green with their absolute level of expression
under respective gene symbols (also described in Additional file 3). Solid lines indicate direct interaction and broken lines represent indirect
interaction between the genes in the network.
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immunity, including pro-inflammatory cytokines (IL-1b
and IL-6), chemokines (CXCL9 and CCL8), cell adhe-
sion and tissue remodeling (MMP9 and CD209F) and
host lipid metabolism genes (Figure 3 and Table 2).
Expression of Cxcl9 and Ccl8 was significantly up-regu-
lated in CDC1551-infected cells at both 6 and 24 hpi,
compared to infection by HN878, while Il1b was more
highly up-regulated at 6 hours than at 24 hours (Figure
3). In contrast, while Il6 and Mmp9 were significantly
highly expressed in HN878-infected cells at both time
points, the level of expression of Cd209g was similar at

6 hours and higher in HN878-infected BMM at 24
hours of infection. Similar to the microarray data, the
relative expression ratio between HN878 and CDC1551,
of several host genes involved in lipid metabolism, mea-
sured by qRT-PCR was higher in HN878 infected BMM
at 24 hpi (Table 2). Taken together, the results from
qRT-PCR analysis were consistent with the microarray
data and confirm our conclusion that CDC1551 infec-
tion of BMM selectively triggers EIAN at 6 hours, while
infection by HN878 selectively up-regulates a host cell
lipid metabolism network at 24 hpi.

Figure 3 Expression of cytokine, chemokine and inflammatory genes during Mtb infection of BMM. Total RNA from BMM infected with
CDC1551 or HN878 at 6 and 24 hpi was used to quantify the transcript levels of cytokines (Il1b and Il6), chemokines (Cxcl9 and Ccl8), and inflammatory
molecules (Mmp9 and Cd209g) by qRT-PCR. The threshold cycle (Ct) of each test gene was normalized against that of the house-keeping gene, Gapdh
and the relative fold change in gene expression was calculated by comparing Mtb-infected and uninfected samples. The data presented are average ±
standard deviation of values obtained from three independent infections per experimental group assayed at least in duplicate. * P ≤ 0.05.
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Nitrite (NO2
-) production by Mtb infected macrophages

We observed that the level of expression of nitric oxide
synthase (Nos2), a marker of macrophage activation, was
significantly higher in CDC1551-infected BMM, compared
to infection by HN878 (Figure 4A and Additional file 1).
Therefore, we measured the NO2

- accumulation in the
culture supernatants of BMM infected with both Mtb
strains. Consistent with the microarray results, the con-
centration of NO2

- at 24 hpi was more than two-fold
higher in response to infection by CDC1551, compared to
HN878 (Figure 4B). However, there was no change in the
nitrite production upon infection by HN878 and
CDC1551 at 6 hpi. These results suggest that, compared
to HN878, CDC1551-infected BMM were more effectively
activated. This observation also suggests that the more
activated BMM generate higher levels of the anti-microbial
mediators and thus impose a more hostile intracellular
environment on the bacteria.

Transcription of mycobacterial stress response genes
during infection of macrophages
We next analyzed the intracellular bacterial transcrip-
tional response during CDC1551 or HN878 infection of
BMM (Figure 5). Previous studies have described the
host and bacterial transcriptional profiles of diverse

lineages of clinical Mtb isolates in response to macro-
phage infection [19-21]. From those reports, we selected
a subset of Mtb genes and determined their level of
expression by qRT-PCR. These Mtb genes are known to
be modulated in response to intracellular stress, such as
hypoxia/anaerobiosis (narX, narK2, devR (also known as
dosR), sodA, hspX and fdxA), acid shock (Rv0955 and
Rv3671) and general stress (sigA, sigB, sigF, sigH, relA,
dnaE2 and mprA) as well as cell wall biosynthesis/lipid
metabolism (icl, fadD26, pcaA, mmpL8, lipF and pckA),
and iron metabolism/storage genes (mbtB and bfrA)
[21-24]. In both Mtb strains, the intracellular transcrip-
tion of the majority of the tested genes from all cate-
gories was up-regulated at 24 hours and either stayed at
similar levels or was slightly reduced at 48 hpi of BMM.
However, intracellular expression of mmpL8 in
CDC1551 and sigB and sigH in HN878 were gradually
up-regulated from 24 to 48 hpi. In addition, the tran-
script levels of four (narK2, devR, sodA and hspX) and
three (narK2, devR and hspX) out of six tested Mtb
genes, induced by anaerobic stress were significantly
higher in intracellular CDC1551 than HN878 at both 24
and 48 hpi (Figure 5). In contrast, the transcript levels
at 24 and 48 hpi, of narX, fdxA and sodA at 48 hpi were
similar between CDC1551 and HN878 (Figure 5A

Table 2 Transcript levels of macrophage genes involved in lipid metabolism altered by Mtb infection

Gene Annotation Expression Ratio (HN878/CDC1551) Function

Micro
Array§

qRT-PCR€

Scd1 Steroyl-CoA desaturase 1 1.85 12.13* Fatty acid synthesis

Fads2 Fatty acid desaturase 2 2.95 8.51* Lipid metabolism

Gpd2 Glycerol-3-phosphate dehydrogenase 1.35 3.61* Glycerolphospholipid metabolism

Adora2b Adenosine A2b receptor 1.63 3.59* Lipid synthesis

Fdft1 Farnesyl diphosphate fanesyltransferase 1 1.53 2.77* Cholesterol synthesis

Gbgt1 Globoside alpha-1,3-N-acetogalatosaminyltransferase 1 1.64 2.75* Glycolipid metabolism

Acsl1 Acyl-CoA synthetase long chain family member 1 1.71 2.69* Fatty acid synthesis

Acss2 Acyl-CoA synthetase short chain family member 1 1.53 2.58* Lipid synthesis

Hsd17b7 Hydroxysteroid 17-beta dehydrogenase 7 1.39 2.58 prostaglandin metabolism

Lss1 Lanosterol synthase 1 1.34 2.51* Fatty acid metabolism

Dhcr24 24-dehydrocholestrol reductase 2.30 2.36* Cholesterol synthesis

Ppap2b Phosphatidic acid phosphatase type 2B 1.35 2.26* Lipid synthesis

Acat2 Acyl-CoA thioesterase 7 1.43 1.82* Fatty acid metabolism

Scd2 Steroyl-CoA desaturase 2 1.63 1.80 Fatty acid synthesis

Mvd Mevalonate decarboxylase 1.42 1.72* Cholesterol synthesis

Fdps Farnesyl diphosphate synthase 1.30 1.64 Sterol synthesis

Ptges Prostaglandin E synthase 1.92 1.60* Prostaglandin metabolism

Cyp51 Cytochrome P450, family 51, subfamily A, polypeptide 1 1.50 1.35* Sterol synthesis

Idi1 Isopentenyl diphosphate delta isomerase 1 1.69 ND Cholesterol synthesis
§ values are averages compiled from at least 3 independent experiments with each Mtb strain.
€ values are averages compiled from at least 3 independent experiments and differentially expressed macrophage genes between CDC1551 and HN878 infection
that are statistically significant by both microarray and qRT-PCR are marked with an asterisk (*).

Significantly differentially expressed macrophage genes involved in lipid metabolism at 24 hpi by Mtb CDC1551 or HN878. Levels of gene expression were
derived from microarray and qRT-PCR experiments. Relative gene expression ratio for microarray and qRT-PCR was determined by dividing the expression values
from HN878-infected BMM by that of CDC1551-infected BMM. ND- transcript not detected.
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and 5B). The transcripts of all tested cell wall biosynth-
esis/lipid metabolism genes, except for icl and mmpL8,
were also higher in intracellular CDC1551 than in
HN878 (Figure 5C and 5D). While the levels of icl tran-
scripts were similar, the kinetics of expression of
mmpL8 was different for the two Mtb strains. In addi-
tion, the expression of Mtb genes encoding alternative
sigma factors (sigB, sigF and sigH) and general stress

response (relA, dnaE2 and mprA) were similarly regu-
lated at 24 hpi in both Mtb strains, while higher sigB
and sigH transcripts were expressed by intracellular
HN878 at 48 hpi, compared to CDC1551 (Figure 5E
and 5F). Finally, the intracellular expression of Mtb
genes involved in iron uptake/storage (mbtB and bfrA)
and acid shock response (Rv0955 and Rv3671) were also
significantly up-regulated in CDC1551, compared to
HN878 at both 24 and 48 hpi (Figure 5G and 5H).
There was no significant difference in the basal level
expression of most of the tested genes between
CDC1551 and HN878 (Additional file 4). However, the
basal levels of narX, narK2, bfrA, fdxA, sigB, sodA,
Rv3671 and Rv0955 transcripts in CDC1551, and devR
(dosR) levels in HN878 was significantly higher com-
pared to their counter parts. Thus, in the more exten-
sively activated BMM (those infected with CDC1551),
the intracellular stress on the bacilli was greater, result-
ing in significantly higher expression of several Mtb
stress response genes.

Discussion
In this study, we explored the transcriptional response of
BMM to infection by Mtb CDC1551 or HN878 to eluci-
date the molecular basis for their differential response in
the mouse and rabbit models of pulmonary TB [6,12,25].
The global transcriptome of Mtb-infected BMM showed
distinct patterns of gene expression. Compared to HN878,
a more robust and rapid change in the host transcriptional
response was elicited upon infection by CDC1551 as early
as 6 hours; thereafter the number of differentially
expressed BMM genes induced by CDC1551 infection was
reduced by 24 hpi. In contrast, the transcriptional
response of BMM to infection with HN878 was sub-opti-
mal at the early time-point (6 hours) and showed a more
protracted profile at 24 hpi.
The differential activation of BMM by CDC1551 infec-

tion was associated with the specific up-regulation of
genes that constitute EIAN which is part of the global
host immune response. The majority of EIAN genes,
such as Stat3, Stat5a, Atf3, Hdac1, Ptk2b, Cish and Tyk2
are transcriptional regulators that control immune cell
functions including cell maturation, proliferation, survi-
val, migration and antimicrobial defense [26-32]. For
example, STAT3 and STAT5A, activated by different
types of cytokines in a cell-specific manner, affect the dif-
ferentiation, growth and apoptosis of host cells by con-
trolling the expression of key genes in respective cellular
pathways; STAT3 activation down-regulates IGFBP5, a
growth factor binding protein that interacts with IGF1
and promotes apoptosis of T cells. In addition, activation
of STAT3 enhances proliferation of various immune cells
through a gp130-mediated pathway [26,33,34]. Mice that
harbor a conditional disruption of Stat3 in macrophages

Figure 4 Transcript levels of Nos2 and production of nitric oxide
by Mtb-infected BMM. (A) Total host RNA from CDC1551 or HN878-
infected BMM at 6 and 24 hpi was used to quantify the levels of Nos2
mRNA levels. The expression levels were normalized to Gapdh levels
from the same sample and relative fold change was calculated by
comparing uninfected with 6 and 24 hpi samples. (B) Production of
nitric oxide measured as dissolved nitrite (NO2

-) using Griess reagent as
described in methods. The culture supernatants from BMM infected
with CDC1551 or HN878 were collected 24 hpi and the amount of
NO2

- was measured in triplicate samples per infection. Relative NO2
-

concentrations were calculated by extrapolation of values from test
samples on standard curves generated using sodium nitrite. Data
represent mean ± standard error from two independent experiments
performed in triplicate for each experimental group.
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Figure 5 Differential expression of Mtb genes during BMM infection. Total Mtb RNA was isolated from CDC1551 or HN878-infected BMM at
24 and 48 hpi and the level of expression of Mtb genes involved in pathways including hypoxia, general stress response and fatty acid/lipid
metabolism was determined by qRT-PCR. The amount of transcripts for each Mtb gene was normalized to 16S rRNA levels and relative fold
change in gene expression was calculated by comparing the expression level at 24 and 48 hpi with T0 levels. (A and B) Intracellular mRNA levels
of Mtb genes involved in mycobacterial survival during hypoxia expressed by CDC1551 or HN878 at 24 (A) and 48 (B) hpi. (C and D) Transcript
levels of Mtb genes involved in fatty acid/lipid metabolism expressed by CDC1551 or HN878 at 24 (C) and 48 (D) hpi of BMM. (E and F) mRNA
levels of Mtb genes involved in general stress response expressed by intracellular CDC1551 or HN878 at 24 (E) and 48 (F) hpi. (G and H)
Intracellular mRNA levels of Mtb genes involved in iron metabolism and peptidases involved in acid shock response expressed by CDC1551 or
HN878 at 24 (G) and 48 (H) hpi. The results are means ± standard deviation from three independent samples per experimental group per time
point repeated at least twice. * P ≤ 0.05.
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and neutrophils were shown to have elevated levels of
inflammatory cytokines in the serum and were more vul-
nerable to the effects of lipopolysaccharide (LPS)-induced
shock [26]. Tyrosine kinase-2 (TYK2), one of the inter-
acting partners of STAT3, also plays a crucial role in
macrophage activation by various stimulants such as
cytokines and LPS [27,28,35]. Accordingly, Tyk2 knock-
out (KO) mice were defective for IFN-g signaling and for
protective T-cell responses against lymphocytic chorio-
meningitis virus infection [28]. Moreover, macrophages
of the Tyk2-KO mice neither expressed Nos2 nor pro-
duced NO in response to LPS stimulation [28,35]. In
addition, these mutant mice displayed reduced produc-
tion of IL-12 and STAT3 activation [28]. Furthermore, a
proline-rich tyrosine kinase (PTK2B alias PYK2) in the
EIAN, up-regulated during CDC1551 infection of BMM,
has been shown to mediate the NADPH oxidase-depen-
dent generation of reactive oxygen intermediates (ROI)
and Pyk2-KO mice showed defective ROI production and
associated host pro-inflammatory molecules, including
TNF-a and MCP-1 [36]. Similarly, NO production by
highly activated macrophages has been shown to mediate
mycobacterial killing by direct toxicity and indirect inter-
ference with Mtb virulence determinants [37,38].
We also observed increased level of expression of DC-

SIGN (dendritic cell-specific ICAM-3 grabbing non-
integrin; also designated as CD209) upon infection of
BMM with HN878 compared to CDC1551. CD209 has
been shown to play a key role in the dissemination of
HIV-1 by dendritic cells (DCs) [39]. In addition, DC-
SIGN mediates adherence of Mtb to human macrophages
and DCs and interferes with the cellular inflammatory
response to infection by Mtb [40,41]. DC-SIGN binding
to ManLAM, a virulence factor secreted by Mtb-infected
DCs, prevents DC maturation by compromising Toll-like
receptor (TLR)-mediated signaling [40]. These observa-
tions, combined with the lower NO produced by HN878
infected BMM support our conclusion that HN878 is less
efficient at inducing macrophage activation and bacterici-
dal responses. Our present findings are also supported by
a recent report from Portevin et.al, that showed differen-
tial cytokine and inflammatory responses of human
macrophages upon infection by ancient versus modern
lineage clinical Mtb strains; variable early inflammatory
responses induced by these Mtb strains were suggested
to contribute to the difference in their pathogenicity [42].
Taken together, the early macrophage activation in
response to infection by CDC1551 may explain the
observation made in infected rabbits where CDC1551
reached a relatively low maximal bacillary load (5.5-6
log10) in the lungs and the CFU declined gradually to
complete clearance at 3-4 months. In contrast, infection
by HN878 of rabbits led to extensive Mtb growth reach-
ing a higher and sustained bacillary load (7-9 log10) in

the lungs. Thus, early and robust macrophage activation
appears to be essential for effective control of infection
by Mtb and for prevention of progression to active gran-
ulomatous disease [6,12].
In our study, we noted that infection of BMM with

HN878 up-regulated the expression of a larger number
of host lipid metabolism genes, including Acsl1, Dhcr24,
Acat2, Scd1 and Fads2. Recent studies from others and
our laboratory have shown that infection by Mtb induces
lipid droplet formation in human macrophages [43], and
that elevated host lipid metabolism correlates with casea-
tion in human TB granulomas [7,17]. Moreover, only
pathogenic Mtb could induce the differentiation of pha-
gocytes into foamy macrophages (FMs) [43]. The associa-
tion between altered lipid metabolism and pathogenesis
has also been reported in infection by other microbes,
such as Toxoplasma gondii [44]. In mouse stromal vesi-
cular cells that displayed foam cell morphology, expres-
sion of Acsl1, coding for an acyl-CoA synthase, which
mediates fatty acid homeostasis and cell apoptosis, was
up-regulated [45]. Similarly, Dhcr24 encoding dihydroxy
cholesterol reductase has been shown to facilitate replica-
tion of hepatitis C virus in mouse hepatocytes and Acat,
coding for acyl-CoA thioesterase, involved in cholesterol
biosynthesis, has been reported to be required for the
replication of novovirus in HG23 cells [46,47]. However,
a role for DHCR24 and ACAT in bacterial infections has
not been reported before. It has been shown that choles-
terol is essential for the uptake of Mtb by primary human
and mouse macrophages [48] and catabolism of choles-
terol has been reported to be essential for the persistence
of Mtb during chronic infection of mice [49]. In addition,
elevated levels of host cholesterol and/or fatty acids have
been shown to be essential for the persistence of Mtb in
granulomas presumably by preventing phagosome
maturation [50]. High levels of prostaglandin E2 (PGE2)
have a significant immunosuppressive effect, such as
inhibition of lymphocyte proliferation and production of
Th1 type cytokines as well as interference with macro-
phage activation [51,52]. Strong PGE2 immunostaining
was seen in the FMs of H37Rv-infected mouse lungs
[53]. Consistent with these results, the up-regulation of
Ptgs2 expression in HN878-infected BMM could lead to
suppression of macrophage-mediated innate responses
and enhance FM formation during chronic HN878 infec-
tion in vivo. Taken together, these studies may help
explain our findings in the rabbit model of pulmonary
TB, where infection by CDC1551 was efficiently con-
trolled while infection by HN878 progressed to chronic
granulomatous disease [6,11,12,18].
Both the host and pathogen response during infection

contribute to the balance that determines the outcome
in TB [2,54,55]. The level of intracellular expression of
Mtb stress-response genes upon infection has been
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shown to reflect the extent of immune pressure exerted
by the host immune response. Whereas the early and
highly activated BMM induced by CDC1551 infection
triggered a rapid and robust Mtb stress response, the
sub-optimal activation of BMM upon infection by
HN878 resulted in diminished environmental pressure
on the bacteria [19,21]. We observed higher expression
levels of hypoxia/anaerobiosis-induced genes (narK2,
devR, hspX, sodA, fdxA and icl) during intracellular
infection with CDC1551 compared to HN878. Several in
vitro and in vivo studies have examined the role of these
genes in Mtb pathogenesis and persistence [56-58]. It is
well documented that DosR, the master regulator of
“DosR regulon” regulates the expression of several
genes, including narX, narK2, hspX, fdxA, pcaA and
devR that are induced when Mtb encounters hypoxic
conditions [59,60]. Earlier reports have shown that the
level of expression of many DosR regulon genes, includ-
ing dosR itself, is up-regulated during the bacterial adap-
tation to dormancy and/or microaerophilic growth and
that mutations in these genes resulted in increased
bacillary growth both in vitro and in the lungs and
spleens of infected mice, highlighting the essentiality of
these genes for intracellular mycobacterial adaptation in
the host [21,61-64]. However, growth of dosR mutant in
the lungs of Mtb-infected experimental animals is highly
variable, ranging from attenuated (in mice and guinea
pigs) to no change in growth (in rabbits and mouse
“hollow-fiber” model), compared to wild type controls
[65]. Similarly, pcaA, encoding cyclopropane synthase is
reported to be essential and sufficient for early activa-
tion of mouse BMM and growth of the pcaA mutant
was exacerbated in the infected mouse lungs [66,67].
Moreover, Mtb genes Rv3671c and Rv0955 were shown
to protect the intracellular bacilli from acid shock and
oxidative stress during infection of activated macro-
phages and a mutation in these genes renders the bacilli
severely attenuated for growth in infected mouse lungs
[68,69]. Thus, up-regulation of the DosR regulon genes
in CDC1551 clearly supports our conclusion that, in
contrast with HN878, this strain is exposed to enhanced
intracellular pressure, exerted by the highly activated
BMM.

Conclusions
Our data on the modulation of host and bacterial gene
expression upon CDC1551 versus HN878 infection of
BMM suggest that even relatively subtle differences in
the expression of genes that regulate immune cell activa-
tion, induced very early in infection by CDC1551 was sig-
nificant enough to impact the intracellular stress of the
bacilli. Our results support the link between specific
host-derived, intracellular signals and the modulation of
bacterial gene expression [20,70-72]. We propose that an

early induction of the immune activation network and
stronger BMM activation by CDC1551 infection can ulti-
mately result in efficient control of the bacilli by host
cells. In contrast, sub-optimal BMM activation, asso-
ciated with elevated host lipid metabolism that contri-
butes to FM formation, enables better intracellular
survival of the infecting HN878. Future studies will dis-
sect in more detail the association between Mtb virulence
and host lipid metabolism.

Methods
Bacterial culture
Mycobacterium tuberculosis CDC1551 and HN878 were
grown in Middlebrook 7H9 medium supplemented with
Middlebrook 10% oleic acid albumin dextrose catalase
(OADC) enrichment (Difco BD, Franklin Lakes, NJ),
0.5% glycerol and 0.05% Tween 80 (Sigma-Aldrich, St.
Louis, MO) at 37°C to logarithmic phase (OD540 = 0.6-
0.7). Bacterial stocks were stored at -80°C until use.
Bacillary clumping was prevented by probe sonication
for 10 sec before infection.

Macrophage infection and bacterial load determination
BMM were generated from the marrow of femur bones
of 8 week old female B6D2F1 mice (Jackson Laboratories,
Bar Harbor, ME) as described earlier [73]. Briefly, BMM
were differentiated in Dulbecco’s Modified Eagle Medium
(Gibco, Grand Island, NY) supplemented with 10% Fetal
Bovine Serum, sodium pyruvate, 1% L-glutamine, 20%
L929 cell-conditioned medium and 1% penicillin/strepto-
mycin and cultured in a 5% CO2 incubator for 7 days.
Differentiated BMM were infected with CDC1551 or
HN878 at a multiplicity of infection (MOI) of 5:1 (bac-
teria: BMM). After 3 hours incubation at 37°C, extracel-
lular bacteria were removed by washing three times with
sterile phosphate buffered saline (PBS). Uninfected and
Mtb-infected cell cultures were incubated up to 48 hours
and supernatants were harvested at 24 and 48 hpi for
further analysis. For bacterial load enumeration, infected
cells were lysed by sonication and serial dilutions in ster-
ile PBS-Tween 80 were spread on Middlebrook 7H10
agar plate (Difco BD, Franklin Lakes, NJ) and number of
bacterial colonies (CFU) were counted after 3-4 weeks of
incubation at 37°C [18].

Measurement of nitrite (NO2
-) production

Nitrite (NO2
-) levels were measured to determine the

amount of dissolved NO produced by cells in the super-
natants of uninfected and Mtb-infected BMM using
Griess reagent as described previously [74]. Briefly,
100 μl of supernatant in a 96-well plate was mixed with
an equal volume of Griess reagent (Sigma-Aldrich, St.
Louis, MO) and incubated for 10 minutes at room tem-
perature in the dark. The color developed was measured
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at a wavelength of 540 nm in a spectrophotometer (Versa
max; Molecular Devices, Sunnyvale, CA). The concentra-
tion of NO2

- in the test samples was derived from the
standard curves obtained with known concentration of
sodium nitrite, run in parallel with the test samples. Each
experiment was repeated in triplicate using samples from
three independent experiments.

Total RNA isolation and microarray analysis of Mtb
infected macrophages
Total BMM RNA was obtained from Mtb-infected cells
at 6 and 24 hpi using the Trizol method as mentioned
previously [18]. Briefly, BMM were lysed with Trizol
reagent (Invitrogen, Carlsbad, CA) and total RNA was
isolated with RNeasy mini kit according to the manufac-
turer’s instruction (Qiagen, Valencia, CA). RNA from
uninfected BMM was included as control. Total Mtb
RNA was isolated using a modified differential lysis
method. Briefly, infected cells were lysed in sterile 0.1%
Triton X-100, followed by centrifugation at 13,000 rpm
for 10 min at 15°C to pellet the bacteria. The bacterial
pellet was re-suspended in Trizol and subjected to bead
beating with Ribo-lyser (MP Biosciences, Solon, OH) for
2 min as 30 sec pulses with 1 min ice-incubation in
between the pulses. The host and bacterial RNA were
subjected to DNaseI digestion before final purification
through RNeasy mini kit (Qiagen, Valencia, CA). For the
microarray experiments, total host RNA (300 ng) was
reverse transcribed and labeled with Cy3 and Cy5 using
the Fluorescent liner amplification kit according to man-
ufacturer’s instructions (Affymetrix, Santa Redwood city,
CA). Synthesized cDNA was hybridized to the Affymetrix
mouse GeneChip Gene ST 1.0 as described previously
[18]. Three independent RNA samples were obtained per
experimental group and used for microarray experiments.

Microarray data analysis of macrophage gene expression
Probe-level intensity measurement from the microarray
chip composed of 28,853 annotated genes was normal-
ized using the Robust Multi-array Average (RMA)
method and summarized using the Partek Genomics
Suite platform (Partek Inc., St. Louis, MO). The raw data
from microarray experiments (CEL files) contains the
expression level (intensity) of probe sets. The signal
intensity from each probe set was subtracted from the
background values. The gene expression ratio (infected
vs. uninfected) was calculated as median-centered values
(from 3 independent experiments) and denoted as log2
values. However, when the expression ratio was con-
verted to fold change, the log2 values were transformed
to normal (log10) values. The annotated and differentially
expressed genes were identified based on changes in
average expression levels with a significance of P ≤ 0.05.
The genes differentially expressed in response to

infection by Mtb were identified by calculating the ratio
of gene expression between infected and uninfected, con-
trol cells. Genes with P ≤ 0.05 and at least two fold
changes in the level of expression were regarded as sig-
nificantly differentially expressed. Microarray data of this
study are available in the Gene Expression Omnibus
(GEO) repository (accession number GSE31734). List of
significantly differentially expressed host genes at 6 and
24 hpi was uploaded to Ingenuity Pathway Analysis (IPA;
version 7.5) software (Ingenuity Systems, Redwood city,
CA) for gene ontology analysis, functional classification
and network derivation of differentially expressed genes.

Quantitative real time RT-PCR (qRT-PCR) analysis
Differential expression of the selected host and bacterial
gene expression was determined by qRT-PCR using
SYBR Green-ER two-step qRT-PCR kit (Invitrogen,
Carlsbad, CA). The cDNA was amplified with gene spe-
cific primers. The nucleotide sequences of primers spe-
cific to mouse genes were obtained from http://pga.mgh.
harvard.edu/primerbank/. The DNA sequences of the
mycobacterial primers used for qRT-PCR have been
reported earlier [21]. The qRT-PCR was performed in
the MxPro4000 Multiplex quantitative PCR System
(Stratagene, Santa Clara, CA). The threshold cycle (Ct
value) for each amplified target gene was calculated
using MxPro4000 software. Uniform baseline fluores-
cence was set for all the genes in each experiment and
across different experiments. The transcripts of glyceral-
dehyde phosphate dehydrogenase (Gapdh) for mouse
genes and 16S rRNA for the Mtb genes were used to
normalize the Ct values of the target genes. Fold change
in gene expression was calculated using the formula 2-
ΔΔCt and represented as relative expression after normal-
ization to uninfected group. The experiments were
repeated three times with RNA samples from two to
three wells per experimental group and time point.

Statistical analysis
All values are presented as mean ± standard deviation
or mean ± standard error of means of two to three
independent experiments with multiple samples. Com-
parisons between experimental conditions were analyzed
by the Student’s t- test. Differences were considered sta-
tistically significant when P ≤ 0.05.

Additional material

Additional file 1: Top ten differentially expressed host genes by
CDC1551 and HN878 infection at 6 and 24 hours. The top 10
differentially expressed macrophage genes during infection by CDC1551
or HN878 at 6 and 24 hours were grouped according to their level of
expression and significance (P value). The macrophage genes commonly
up-regulated at 6 hpi between CDC1551 and HN878 are highlighted in
red; commonly down-regulated at 6 hpi are marked in green; commonly
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up-regulated at 24 hpi are shown in purple color and commonly down-
regulated at 24 hpi are denoted in blue.

Additional file 2: Relative transcript levels of key macrophage
genes modulated during infection by Mtb. The macrophage genes
differentially expressed upon infection by CDC1551 or HN878 at 6 and
24 hpi were derived from the microarray analysis and their expression
ratio was calculated by dividing the mRNA level of CDC1551- infected
with that of HN878-infected BMM. The genes are grouped based on
their biological function and ranked according to their ratio within the
functional category.

Additional file 3: Expression levels of macrophage EIAN and lipid
metabolism genes during infection by Mtb. The differentially
expressed host genes upon BMM infection with CDC1551 or HN878 at 6
and 24 hpi were identified by microarray analysis and subjected to
functional pathway analysis using IPA. Two networks, an early immune
activation network (EIAN) at 6 hpi and a sub-network of lipid metabolism
pathway at 24 hpi, were differentially modulated in CDC1551 or HN878
infected BMM, respectively. The fold changes in the level of expression of
genes that constitute those two networks are shown.

Additional file 4: Basal level expression of mycobacterial genes
upon infection of BMDM. Total RNA was isolated from CDC1551 or
HN878 after 3 h infection of BMM (T0) and the level of expression of Mtb
genes involved in hypoxia, general stress response and fatty acid/lipid
metabolism pathways was determined by qRT-PCR. The amount of
transcripts for each Mtb gene was normalized to 16S rRNA levels. The
results are means ± standard deviation from three independent samples
repeated at least twice. * P ≤ 0.05.
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