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Abstract

Mycobacterium tuberculosis (MTB) infects an estimated one-third of the global population and is one of the main causes of
mortality from an infectious agent. The characteristics of macrophages challenged by MTB with a high multiplicity of
infection (MOI), which mimics both clinical disseminated infection and granuloma formation, are distinct from macrophages
challenged with a low MOI. To better understand the cross talk between macrophage host cells and mycobacteria, we
compared the transcription patterns of mouse macrophages infected with bacille Calmette-Guérin, H37Ra and M.
smegmatis. Attention was focused on the changes in the abundance of transcripts related to immune system function. From
the results of a transcriptome profiling study with a high mycobacterial MOI, we defined a pathogen-specific host gene
expression pattern. The present study suggests that two integrins, ITGA5 and ITGAV, are novel cell surface receptors
mediating mycobacterium entry into macrophages challenged with high MOI. Our results indicate that SRC likely plays a
central role in regulating multiple unique signaling pathways activated by MTB infection. The integrated results increase our
understanding of the molecular networks behind the host innate immune response and identify important targets that
might be useful for the development of tuberculosis therapy.
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Introduction

As a primary response to Mycobacterium tuberculosis (MTB)

infection, activated macrophages increase the expression of a

panel of phagocytic receptors, termed pattern recognition

receptors (PRRs), which regulate inflammation-mediated micro-

bial clearance [1]. Such receptors include mannose receptor, Toll-

like receptors (TLRs), NOD-like receptors (NLRs), and comple-

ment receptors [2]. Activated PRRs activate cytoplasmic tyrosine

kinase SRC, which has been linked to many intracellular signaling

pathways in macrophages. Activated SRC is known to be involved

in regulating many downstream inflammatory signaling pathways

[3,4].

Several gene expression profiling studies comparing pathogenic

and non-pathogenic mycobacterial infection under relatively low

multiplicity of infection (MOI) (MOI , = 10) have revealed

significant differences in the expression of genes involved in a wide

range of processes [5,6]. In addition, different response patterns

are also seen at different MOIs. Macrophage apoptosis depends, in

part, on intracellular bacillary load, and rapid cytotoxicity occurs

when a MOI threshold of 25 is exceeded [7].

We hypothesized that high intracellular loads of mycobacterial

exposure would generate a disease-relevant gene expression

profile. A system-wide analysis of these profiles would yield

clinically specific pathways for diseases [8] and avenues for drug

development. Our present study suggests the integrins (ITGA5

and ITGAV) as possible novel PRRs for mycobacterium entry into

macrophages. We also reveal that SRC plays a central role in the

host defense network. The host targets identified could be sound

candidates for host-directed anti-mycobacterial therapies.

Materials and Methods

Cells, Cultures, and Media
The murine macrophage cell line J774A.1 (American Type

Culture Collection, ATCC) was used in this study. J774A.1 cells

were cultured in DMEM (HyClone from Thermo Scientific)

medium containing 10% (v/v) fetal calf serum, 50 mg/ml of

penicillin/streptomycin and 2 mM glutamine. Cells were used to

conduct experiments when they reached ,70% confluence. All

treatments were performed in serum-free medium.

All mycobacteria were grown on Middlebrook 7H11 agar at

37uC, 5% CO2-95% air atmosphere. For broth cultures, H37Ra

(ATCC 25177, the lab strain of MTB) and bacillus Calmette-

Guérin (ATCC 35734, BCG, the vaccine strain of M. Bovis) were

grown in 7H9 medium supplemented with glycerol (0.5%, vol/vol)

and OADC supplement. M. smegmatis (ATCC 700084, mc2-155,)

was grown in 7H9 medium supplemented with glycerol (0.5%,

vol/vol) and ADS supplement. All liquid cultures were supple-

mented with 0.05% Tween 80.
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Macrophage Infections
In order to obtain a single cell suspension for an infection assay,

the following procedure was performed as previously described

[54]. Briefly, bacteria were centrifuged and washed twice in PBS,

re-suspended in media (no additives), and sonicated at 30% power

for 10 sec in a cuphorn sonicator, twice. Sonicated bacteria were

dispersed by aspiration five times each with a 24-gauge needle,

followed by an additional dispersion 5 times through a 30-gauge

needle. This was then vortexed until no bacterial clumps were

detectable, and the dispersed bacteria were allowed to stand for

5 min. The upper half of the suspension was then used for the

experiments. Quantification of bacteria was done by taking

absorbance at a 600-nm wavelength (0.6 OD corresponds

to,1006106 bacteria). Cells were infected with mycobacterium

species at a multiplicity of infection (MOI) of 50 in antibiotic-free

DMEM (HyClone) 37C for 2 hours and then washed 3 times with

fresh media to remove extracellular bacteria and further incubated

for an additional 2 hours in DMEM. After the infection, cells

grown on cover slips infected with various mycobacteria were

stained using TB Quick Stain Kit (BD Diagnostic Systems).

Twenty randomly-infected mouse macrophage cells were counted

for intracellular bacterial load as well as infection rate under a

Nikon microscope.

RNA Isolation and Microarray Experiments
Total RNA was isolated from 26106 J774A.1 cells 4 hours after

infection with various mycobacterial species and from un-infected

cells. Total RNA was isolated using TRIzol reagent (Invitrogen,

Carlsbad, CA, USA) following the manufacturer’s protocol,

followed by on-column digestion of DNA using the RNeasy Mini

Kit (Qiagen, Valencia, CA, USA). RNA quantity and quality were

assessed with a Qubit RNA Assay Kit using a Qubit 2.0

Fluorometer (Invitrogen, Carlsbad, CA, USA) and Agilent 2100

Bioanalyzer (Agilent, Santa Clara, CA, USA). 500 ng of total

RNA was amplified using the GeneChip 39 IVT Express Kit.

Standard Affymetrix protocols were used to process and scan

Affymetrix MOE430_2 microarrays (Affymetrix, Santa Clara, CA,

USA).

Microarray data analysis
Raw data from the probe sets for 39,000 transcripts was

analyzed by Expression Console (Version 1.1, Affymetrix, Santa

Clara, CA, USA) using global normalization to a target intensity of

200 by the MAS5 algorithm and afterwards eliminating probe sets

with intensity values under 100. For genes with multiple probe

sets, those containing the probe set suffixes _x_at, _s_at or _a_at,

which possibly cross-hybridize to multiple transcripts, were

removed. Probe sets with detection P-values greater than 0.05

(defined by the Affymetrix MAS5 algorithm) were removed. The

remained list with fold-changes greater than 2.0 were calculated

for each infection condition relative to the uninfected control. The

microarray data has been deposited at GEO (Gene Expression

Omnibus) with accession number GSE45675. Raw intensity

values of these remaining 13142 probe sets were z-score

normalized and unsupervised hierarchical clustering by Spotfire

(TIBCO, Somerville, MA, USA) was applied to investigate

potential underlying relationships between samples.

Quantitative real time PCR and comparison with
microarray data

Total RNA was used as a template for cDNA synthesis

catalyzed by Superscript II (Invitrogen). Diluted cDNA from

50 ng total RNA was used as a template for real time reactions

containing primer sets from PrimerBank [55] or designed by

Primer 3 [56], and SYBR Green PCR Master Mix (Applied

Biosystems) in accordance with the manufacturers’ instructions.

These reactions were carried out on an ABI 7900HT real-time

PCR cycler (Applied Biosystems). GAPDH, 18S and beta-actin

were used to normalize total RNA amounts per sample. The

quantitative real time PCR data are presented as log2 transformed

fold-change values. For log2 values between 1 and 21, which

represent changes less than 2 fold-change, un-logged values were

used. The primer pairs used in this study are listed in Table S7.

Functional interpretation of microarray data with
pathway and network analysis

Genes differentially expressed at least 2-fold up- or down-

compared to uninfected control were imported and analyzed in

IPA (Ingenuity Pathway Analysis, www.ingenuity.com) for global

network interactions. Fisher’s exact test was used to calculate a p-

value determining the probability that each biological function

assigned to that data set is due to chance alone. Canonical

Pathway Analysis identified pathways with p-values#0.05 from

the IPA library that were considered significantly over-represented

in the gene expression data. Ingenuity network analysis was used

to display an interactive graphical representation of the interre-

lationships between molecules. Scores for IPA networks are the

negative logarithm of the P-value, and indicates the likelihood of

the genes analyzed in a network being found by random chance.

Scores of 2 or higher have at least a 99% likelihood of not being

generated by chance alone. For visual presentation, IPA Path

Designer tool was used.

The genes that were altered by high MOI were functionally

classified into biological processes using the PANTHER classifi-

cation system (http://www.pantherdb.org). To assess the statistical

enrichment of over-representation of these biological processes

from our datasets relative to all mouse genes, a binomial statistic

for multiple testing within the PANTHER system was applied

[14].

Results and Discussion

Bacterial load of infected cells
Macrophages generated from human blood monocytes repre-

sent an excellent model to study host-pathogen interaction.

However, practical and ethical concerns limit the applications of

these cells. Rodent macrophages offer a suitable alternative for

human macrophages, despite the genetic differences between

them. Decades of studies suggest that the immune response in

human and rodents shares a core profile of pathways. Therefore, it

is not surprising that the mouse macrophage cell line, J774A.1,

which provides high cell yields economically and with high

reproducibility, has been widely used for early-stage drug

discovery.

Gene expression analysis was examined in the murine

macrophage cell line, J774A.1, challenged with BCG, H37Ra

and M. smeg (M. smegmatis) for 4 hours. The infection rates of

different mycobacterial species were .95%, and the average

intracellular bacterial loads for BCG, H37Ra and M. smeg were 24,

25 and 29 per cell (range 10–52 per cell), respectively, with no

significant difference among species. These results are similar to

earlier studies in which the maximum load for intracellular bacilli

per macrophage was about 25 [7,9].

It has already been established that BCG and H37Ra, derived

from the pathogenic mycobacterial species, M. bovis and MTB

(H37Rv), respectively, are good non-BSL3 surrogates for MTB

research and anti-tuberculosis discovery [10].With non-pathogenic
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M. smeg infection, macrophages are effective at killing most

bacteria within 4 hours at low MOI, but the bacteria are able to

stay alive and even grow for at least 12 hours at MOI .10 in

surviving cells [11]. A previous study indicates that macrophages

begin to undergo programmed death at 3 hours, most cells being

killed by 20 hours after infection with BCG or H37Ra when the

intracellular bacillary load exceeds a threshold of 25 [7].

Therefore, we decided to establish gene expression profiles of

infected J774A.1 (MOI = 50) at 4 hours post-infection to maximize

both the infection rate and macrophage survival.

Global gene expression analysis in infected macrophages
Unsupervised hierarchical clustering of probe sets filtered for

detection above an arbitrary threshold demonstrates that macro-

phage response to BCG and H37Ra infection was distinct from

that to M.smeg infection (Figure 1). Pathogenic BCG and H37Ra,

belong to the same MTB complex and share greater sequence

identity to each other [12] than to non-pathogenic species M. smeg

[13].

Genes that were differentially-expressed by 2-fold compared

with uninfected controls were then examined. Notably, the

number of down-regulated genes exceeded the number of up-

regulated genes in each mycobacteria-challenged group. However,

the mean fold change in expression for the up-regulated genes was

markedly greater than that for the down-regulated genes (Figure 2).

Furthermore, the up-regulated genes were enriched in immune-

related responses, intracellular signaling, and the cell communi-

cation. In contrast, cell cycle and metabolic processes, which are

not directly related to macrophage immune functions, were

enriched in the down-regulated genes [14] (Table S1). These

findings highlight the complex nature of the interaction between

the macrophage and the mycobacterium during infection. They

are also consistent with previous findings showing that mycobac-

terial infection is associated with genome-wide immune-specific

gene expression [15].

Validation of regulated genes by quantitative PCR
Thirty-one of the differential-expression changes were validated

using quantitative real-time PCR (Q-PCR) in an independent

sample set. A correlation plot showed a strong, positive association

Figure 1. Unsupervised hierarchical clustering. A heat map displays z-score normalized and unsupervised hierarchical clustering for three
infection conditions. The red and green color scale indicates higher and lower expression, compared with the median, across all conditions,
respectively.
doi:10.1371/journal.pone.0065128.g001

Figure 2. Comparison of numbers of differentially expressed
genes and average fold changes. Shown are the number of
differentially expressed genes and the average fold changes of
regulated genes in the BCG, H37Ra, and M. smeg-challenged
macrophages relative to the uninfected control. The height of the bars
and the error bars represent the number of up-(red) or down-regulated
(green) genes, the mean value of fold change from the up-(red) or
down-regulated (green) genes, and 95% confident intervals.
doi:10.1371/journal.pone.0065128.g002
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between QPCR and microarray data (R2 = 0.91) (Figure 3 and

Table S2). This indicates that the microarray platform and the

subsequent pathway analyses are robust compared with the

sensitive, low-throughput Q-PCR approach.

Pathogen-specific molecular pattern of host
transcriptome

To further explore infection-specific gene expression, we

examined only genes that were up-regulated after infection. Genes

that changed $2-fold in both of the pathogenic-derived myco-

bacterial species, BCG and H37Ra, compared with M.smeg (Table

S3), were analyzed by pathway analysis. We examined two of the

highest-scoring networks. Interestingly, for the pathogenic species

(BCG and H37Ra), all of the genes were involved in apoptosis.

FOS, FOSL1, GSTA5 and HMOX1 (HO-1) are key molecules

involved in both the nuclear factor erythroid 2-related factor 2

(NRF2)-mediated oxidative stress response and aryl hydrocarbon

receptor (AhR) signaling. The two pathways coordinately regulate

phase I and II xenobiotic metabolism, and act as a cytoprotector

with a role in anti-apoptosis for the host cells (Figure 4 and Table 1)

[16]. However, most genes highly expressed in M.smeg are not

involved in the immune response and apoptosis, but in metabolism

(Figure 4 and Table 1).

Two processes in MTB-induced host cell death have been

widely described: anti-apoptosis, which maintains host cell

viability, and necrosis, which destroys host cells to disseminate

infection [15]. Identification of pathogenic-specific anti-apoptotic

genes may pave the way for innovative therapeutic strategies for

MTB infection. In fact, carbon monoxide, the principal metabolite

from HMOX1 (HO-1), has been recognized as a novel

bactericidal molecule in the host defense against microbes such

as MTB [17].

Figure 3. Validation of differential expression of a subset of
genes by quantitative real-time PCR. (A) RT-PCR confirmation of
Affymetrix array data on 31 selected up- or down-regulated genes. Log2
Q-PCR fold-change data are represented by blue bars, whereas log2
values from microarray experiments are depicted as red bars. (B)
Correlation analysis of the microarray and Q-PCR transcript measure-
ments for the same 31 regulated genes. The microarray log2 values
were plotted against the Q-PCR log2 data. The correlation coefficient
(R2) between the two analyses is 0.91. For details on gene abbreviations
and fold change compared with control, see Table S2.
doi:10.1371/journal.pone.0065128.g003

Figure 4. Pathogenic and non-pathogenic specific networks.
Ingenuity Pathway Analysis (IPA) identified two top-scoring networks
from genes with a $2 fold increase in expression in both BCG and
H37Ra compared with M.smeg (4A, genes assigned a red fill), as well as
the inverse comparison of M.smeg to both BCG and H37Ra (4B, genes
assigned a green fill). Solid interconnecting lines show the genes that
are directly connected and the dotted lines signify an indirect
connection between the genes, with gene functions attributed by
shapes assigned by the IPA knowledge base. Genes with no color are
network members that are not differentially expressed. For details on
gene abbreviations and the magnitude of expression changes, see
Table 1.
doi:10.1371/journal.pone.0065128.g004
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Identification of ITGA5 and ITGAV as novel PRRs with
high MOI challenge

Macrophages are the primary targets of MTB infection. Entry

of the pathogen through the macrophage plasma membrane

occurs either by engulfment through stimulated TLRs, or sinking

of the bacilli into the cell through up regulation of integrins such as

CD11b (alphaM, Itgam) and CD11c (alphax, Itgax) , as shown in

experiments using low MOI conditions [18].

As neither TLRs nor other classical plasma membrane PRRs

including CD11b/c were up-regulated by mycobacterial infection

in this study, in order to identify other potential phagocytic

receptors induced by high mycobacterial MOI, we looked for

plasma membrane receptors among our list of up-regulated genes.

Within these genes, five cell-surface receptors were identified from

pathogen-influenced signaling pathways (Figure 5 and Table 2).

Among them, ITGAV was stimulated by all three species, and

ITGA5 was up-regulated only by BCG and H37Ra infection.

Integrins are heterodimeric receptors of alpha and beta

transmembrane subunits that mediate intercellular communica-

tion through cell-extracellular matrix interactions and cell-cell

interactions. Several human pathogens are known to bind

integrins directly and use integrin-mediated signaling to invade

various types of host cells including macrophages [19,20]. Two

integrins, Itgam (CD11b) and Itgax (CD11c), which were not

differentially-expressed in our study, have been implicated in

mycobacterial entry [21]. Because of cell surface accessibility,

integrins have been attractive pharmacological targets. Several

integrin-targeted antagonists have been studied in clinical trials for

autoimmune diseases such as HIV infection, multiple sclerosis,

psoriasis and rheumatoid arthritis [22]. As the mRNA levels of

plasma membrane PPRs, including CD11b/c, were not up-

regulated in our study, it is reasonable to assume that ITGA5 and

ITGAV were instead the possible predominant integrins used by

mycobacteria to enter macrophages under high MOI conditions

[19,20].

Identification of SRC as having a central role in multiple
signaling pathways

To investigate the downstream effects of ITGAV and ITGA5

binding by MTB, we looked for up-regulated genes in the integrin

activation pathway. Eight genes with direct connections to ITGAV

or ITGA5 were differentially expressed (Figure 6 and Table S4),

and 49 additional genes downstream from those eight were

differentially expressed. Interestingly, pathway analysis indicates

that SRC is a key gene controlling most of the up-regulated genes

(29 of 49; Table S5). In addition, SRC is one of the few genes

(SRC, Plaur, Tgfb1 and Tgm2) regulated by both ITGA5 and

ITGAV (Figure 6).

As a non-receptor tyrosine kinase and the first oncogene

discovered, SRC has been a well-studied target in cancer therapy

[23]. It has been implicated in many intracellular signaling

pathways initiated by a varied set of receptors from integrins to

TLRs [24,25]. SRC tyrosine kinases transmit integrin-dependent

signals for cell movement and proliferation [25]. Rapid activation

of SRC following integrin-ligand interactions contributes to

reinforcement of initial integrin-mediated adhesion by activating

downstream kinases, adaptors, and cytokine/chemokine receptors

[25–28]. Functional studies show that SRC has a key role in host

defense and inflammation [24]. In viral disease, SRC kinase

inhibitors result in diminution of virus-induced angiogenesis and

significantly reduce the accumulation of inflammatory cytokine

mRNA. These studies suggest a potential role for SRC in anti-

Table 1. List of pathogen specific genes from figure 4.

Gene Symbol BCG/M.Smeg H37Ra/M.Smeg BCG/Ctl H37Ra/Ctl M.Smeg/Ctl

Fosl1 2.8 3.9 23.1 32.3 8.3

Pmaip1 2 2.1 3.9 4.2 1.9

Gsta2 2.2 2.1 181.3 173.4 83.9

Fosb 4.7 2.9 6.5 4.1 1.4

Fos 2.4 2.2 2.2 1.9 21.1

Cdk5r1 2.7 2.3 3.6 3.2 1.4

Prdx6 2.8 3.1 4.3 4.8 1.5

Traf1 3.5 2.3 9.4 6.1 2.7

Hmox1 2 3.4 7.3 12.3 3.6

Fas 2.7 3 2.6 2.8 21.1

Bcar3 22.8 23.9 3.3 2.3 9.1

Pfkp 22.2 22.4 1.4 1.3 3

Gys1 22.7 22.4 21.2 21.1 2.2

Bnip3 23.6 24.4 1.3 1.1 4.9

Ndrg1 22.3 23.4 9.1 6.2 21.4

Ogt 22.1 22.2 1.5 1.4 3.1

Slc2a1 22.2 22.8 5.3 4.1 11.8

Pgm2 22.3 22.6 1.3 1.2 3.1

Agpat9 23.2 24.7 3.6 2.5 11.5

Camk2d 22.8 23.2 3.7 3.2 10.3

Hivep3 22.4 22.7 1.5 1.4 3.7

The list represents fold-change between BCG, H37Ra, and M. smeg infection compared to un-infected control (Ctl).
doi:10.1371/journal.pone.0065128.t001
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pathogen signaling in macrophages [29,30]. Several SRC inhib-

itors have been in clinical use or in late-stages clinical trials for

solid tumors [31].

Less attention has been given to the role of SRC in MTB innate

immune responses. SRC has been suggested to be the crucial

regulator after cellular responses of virulent MTB infection with

low MOI (MOI = 10) for 8 hours [27]. In our study, SRC was

stimulated by all three Mycobacterium species, including non-

pathogenic M. smeg. Therefore, we decided to focus on SRC in

order to systematically understand its role in high MOI

mycobacterial infection. Several distinct signaling pathways

downstream of SRC, such as AhR, NRF2-mediated oxidative

stress response, and NLRP3 inflammasome activation, are

activated in response to MTB infection (Figure 6).

Stimulation of AhR signaling pathway regulated by SRC
Endogenous AhR activation enhances innate immune responses

and plays a cytoprotective role following infection [32,33].

However, the potential involvement of AhR-mediated immuno-

modulation has never been investigated in mycobacterial infection

[34]. AhR is up-regulated by infection with all mycobacterial

species with the highest stimulation by BCG. A fascinating

observation is that the genes upstream of AhR are directly

involved in apoptosis (Figure 6 and Table S4). Among these genes,

cytosolic SRC is likely the best candidate for initializing AhR

activation, as other upstream genes, such as ARNT, EGR1,

CTNNB1 and NRF2, are located in the nucleus. However, there

is a possibility that the cytosolic debris of the mycobacterium, such

as its cell wall components, might act as ligands to activate AhR

directly [35]. An activated AhR pathway eventually triggers

several cellular functions such as apoptosis, cell survival and cell

cycle inhibition through the stimulation of FAS, CDKN1A,

GSTA5 (GSTA2) and GCLC (Figure 6). Genes downstream of

AhR, FAS and GSTA5, are stimulated more predominantly by

BCG and H37Ra infection. GSTA5 was considered as one of the

possible pathogenic-related genes discussed earlier (Figure 6 and

Table S4). AhR has been suggested as a potential therapeutic

target for immune-mediated diseases. A recent study indicated that

an immunomodulatory drug, leflunomide, is an AhR agonist. The

study paves the way for the feasibility of developing more AhR-

targeted therapeutics, especially in MTB treatment [36].

Activation of the NRF2 signaling pathway through a high
MOI challenge

As a ubiquitous master transcription regulator of various stress

response pathways, NRF2 can be activated by various stimuli,

including oxidants, pro-oxidants, and antioxidants. Many genes,

including SRC and AhR, directly regulate NRF2 (Figure 6). NRF2

expression is activated by all three mycobacterial species, with

highest activation by BCG (Table S4). As the crucial redox-

sensitive transcription factor controlling many biological processes,

NRF2 (NFE2L2) subsequently activates many target genes of

phase I-III enzymes, as well as antioxidant proteins, to promote

detoxification and antioxidation, eventually determining the cell’s

fate in survival/death signaling (Figure 6).

In the clinic, as a late-stage transcription factor, NRF2 was

predominantly detected within primary granulomas in MTB-

infected lung lesions, and its detection became more prominent as

the infection progressed [37]. With few clinical studies and lack of

systematic analysis of oxidative stress and antioxidant responses in

Figure 5. Pathogen-influenced canonical pathways identified from up-regulated cell surface proteins. Up-regulated plasma membrane
protein genes were grouped into canonical pathways by Pathway Analysis. Five overrepresented pathogen-influenced canonical pathways were
identified, with the up-regulated plasma membrane receptors comprising these pathways listed at in Table 2.
doi:10.1371/journal.pone.0065128.g005

Table 2. Up-regulated plasma membrane receptors identified from the over-represented canonical pathways shown in Figure 5.

Ingenuity Canonical Pathways 2log(p-value)* Plasma membrane receptors

Clathrin-mediated Endocytosis Signaling 2.58E00 LDLR,ITGA5,TFRC

Caveolar-mediated Endocytosis Signaling 2.15E00 ITGAV,ITGA5

NF-kB Activation by Viruses 2.12E00 ITGAV,ITGA5

Virus Entry via Endocytic Pathways 1.99E00 ITGA5,TFRC

Role of Wnt/GSK-3b Signaling in the Pathogenesis of Influenza 9.57E-01 FZD5

*The P-value was calculated using Fischer’s exact test determining the probability of the association between the genes in the canonical pathway.
doi:10.1371/journal.pone.0065128.t002

Novel Entry Mechanisms and SRC in Host Defense
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the host response to mycobacterial infection, these data allow for a

global view of host antioxidant defenses. In fact, investigational

drugs targeting NRF2 have been evaluated in oxidative stress-

related pathological conditions [38].

Activation of NLRP3 inflammasomes without ESAT-6 as
the mandatory stimulator

NLRP3 inflammasomes are multimolecular platforms working

together with plasma membrane PRRs to control synthesis,

maturation and secretion of proinflammatory cytokines [39].

Recent studies have suggested that only pathogenic Mycobacteria

at low MOI induce activation of the NLRP3 inflammasome [39].

We found that NLRP3 was also up-regulated by pathogenic BCG,

H37Ra and non-pathogenic M. smeg with high MOI conditions

(Figure 6 and Table 2). NLRP3 inflammasome activation and

assembly requires a combination of signals from various stimulated

nuclear factor kappa B (NFkB) proteins and the mandatory second

stimulation signal of early secreted antigenic target 6-kDa antigen

(ESAT-6) from certain mycobacterial species [40,41]. The ESAT-

6/culture filtrate protein 10 (CFP-10) complex secreted by the

ESX-1 secretion system, is encoded in the RD1 region, which is

present in all strains of MTB and M. smeg, but not in BCG [42].

Our data from activated NLRP3 in BCG suggests that ESAT-6/

CFP-10 from the RD1 region may not be the only obligatory

second signal for NLRP3 activation. As ITGAV and ITGA5 are

the proposed PRRs for bacillary entry in this high mycobacterial

MOI study, it is rational to assume that maturation and secretion

of proinflammatory cytokines occur through the NFkB-mediated

NLRP3 inflammasome, which is activated by the integrin/SRC

axis (Figure 6). Preclinical studies demonstrate that inducible

NLRP3 inflammasome-mediated innate immune responses effec-

tively reduce the intracellular pathogen load. Targeting the

NLRP3 inflammasome opens a door for developing a broad-

spectrum anti-infective agent [43].

Host factors in antimicrobial treatment
Host-directed anti-infective therapy has emerged as a concept to

develop broad-spectrum therapies. Recently, a functional screen

identified a set of host factors involving MTB survivability [44–

46]. Many of these genes were differentially expressed in our study

(Table S6). A promising host-directed immunomodulatory ap-

proach is to enhance host-protective antimicrobial immunity

through agonists of cell surface receptors, including PRRs such as

TLRs and NLRs [47]. One encouraging clinical trial using this

approach demonstrated that autologously transplanted CD34+
hematopoietic stem cells with siRNA-attenuated CCR5 receptors

later develop into HIV-1 resistant T-cells and macrophages to

further protect against HIV-1 infection [48,49]. Our systematic

Figure 6. Diagram of integrin (ITGA5 and ITGAV) and SRC signaling pathways. Shown are AhR signaling, the NRF2-mediated oxidative
stress response, and the NLRP3 inflammasome activation pathway regulated by ITGA5/ITGAV and SRC axis. Up-regulated genes downstream of
ITGA5/ITGAV and SRC were linked to these three identified signaling pathways with data only displayed from BCG infection. For details on gene
abbreviations and fold changes compared with control, see Table S3. The network is graphically represented as nodes (gene products) and edges
(the biological relationship between nodes). Red-shaded nodes represent up-regulated genes.
doi:10.1371/journal.pone.0065128.g006
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analysis greatly enhances insights into the complex network of

host-pathogen interactions. With a shortlist of potential host

targets, sound identification of drug targets for host-directed anti-

mycobacterial therapies could be initialized.

In summary, our genome-wide expression profiling studies

provide a better understanding of the interplay between a high

intracellular load of mycobacteria and macrophage host cells by

examining infection responses among Mycobacterial species. The

integrated results are a valuable insight into high-load mycobac-

terial infections that mimic clinical disseminated infection [50,51]

and the formation of granulomas within host tissues [52,53]. This

has allowed us to identify clusters of coordinately regulated genes

that may facilitate the discovery of new therapeutic and diagnostic

targets for MTB infection.

Supporting Information

Table S1 Biological process enrichment classification
of altered genes. Up-regulated (A) and down-regulated genes

(B) were classified according to PANTHER pathway analysis

software with the cut-off value p,0.01. Symbols used in the table:

#, number of genes; expected, the number of genes expected in

the list for this PANTHER category, based on the reference list;

+/2, over representation of a category is denoted by a ‘+’ sign and

under representation by a ‘2’ sign.

(DOCX)

Table S2 qPCR and array fold-change comparison. Log2

fold-change from the results of qPCR and fold-change from

microarray experiments are listed for validation of differential

expression from a selected set of 31 genes by quantitative real time

PCR (qPCR) (figure 3) with respect to mycobacterial infection

samples comparing to uninfected control.

(DOCX)

Table S3 List of 2 fold-changes between the infection
and control groups. The list represents the fold-change

between BCG, H37Ra, M. smeg infection and un-infected

control. Red highlight indicates fold-change (FC) of BCG or

H37Ra compared to M.smeg $2, and green indicates #22 fold.

(DOCX)

Table S4 List of genes downstream from the ITGA5/
ITGAV and SRC axis from figure 6. The list represents genes

differentially expressed between BCG, H37Ra and M. smeg

infection compared to un-infected control (Ctl). The genes were

classified as groups directly downstream of ITGA5/ITGAV, or

from AHR signaling, NF-kB mediated NLRP3 inflammasome

activation and NRF2-mediated oxidative stress response pathways.

(DOCX)

Table S5 List of genes downstream from eight genes
regulated by ITGAV and/or ITGA5. The list represents the

eight genes (FN1, Gp49a, PLAUR, SRC, TGFB1, TGM2,

THBS1 and Pvr) defined by pathway analysis. The ‘‘Gene’’

column indicates genes directly downstream from these eight

genes with exception of Pvr which had no direct downstream

interactions defined by Ingenuity Pathway Analysis.

(DOCX)

Table S6 List of regulated genes identified by two
previous functional screens. The list represents the list of

the host factors identified from two previous siRNA screens [44–

46] and also regulated in our study. The list demonstrated the fold-

change of the regulated genes from BCG, H37Ra and M. smeg

compared to un-infected control.

(DOCX)

Table S7 List of the primers used for qPCR. The list

represents the list of primer sequences used for SYBR Green

quantitative real time PCR (qPCR) (figure 3) with additional

primers for 3 housekeeping genes.

(DOCX)

Acknowledgments

We would like to thank Dr. John Walker and Professor Lyn Griffiths for

fruitful discussions. We also like to thank Dr. John Walker, Dr. Tony Orth

and Dr. Deborah Nguyen for critical review of the manuscript. The cell

lines used in this study were provided by Zhong Chen.

Author Contributions

Conceived and designed the experiments: JZ. Performed the experiments:

JZ. Analyzed the data: JZ. Contributed reagents/materials/analysis tools:

JZ. Wrote the paper: JZ.

References

1. Gordon S (2003) Alternative activation of macrophages. Nature Reviews

Immunology 3: 23–35.

2. Kleinnijenhuis J, Oosting M, Joosten LAB, Netea MG, Van Crevel R (2011)

Innate Immune Recognition of Mycobacterium tuberculosis. Clinical &

Developmental Immunology.

3. Abram CL, Lowell CA (2008) The diverse functions of Src family kinases in

macrophages. Frontiers in Bioscience 13: 4426–4450.

4. Baruzzi A, Caveggion E, Berton G (2008) Regulation of phagocyte migration

and recruitment by Src-family kinases. Cellular and Molecular Life Sciences 65:

2175–2190.

5. McGarvey JA, Wagner D, Bermudez LE (2004) Differential gene expression in

mononuclear phagocytes infected with pathogenic and non-pathogenic myco-

bacteria. Clinical and Experimental Immunology 136: 490–500.

6. Motiwala AS, Janagama HK, Paustian ML, Zhu XC, Bannantine JP, et al.

(2006) Comparative transcriptional analysis of human macrophages exposed to

animal and human isolates of Mycobacterium avium subspecies paratuberculosis

with diverse genotypes. Infection and Immunity 74: 6046–6056.

7. Lee J, Remold HG, Leong MH, Kornfeld H (2006) Macrophage apoptosis in

response to high intracellular burden of Mycobacterium tuberculosis is mediated

by a novel caspase-independent pathway. J Immunol 176: 4267–4274.

8. Colombo PE, Milanezi F, Weigelt B, Reis-Filho JS (2011) Microarrays in the

2010s: the contribution of microarray-based gene expression profiling to breast

cancer classification, prognostication and prediction. Breast Cancer Res 13: 212.

9. Lee J, Repasy T, Papavinasasundaram K, Sassetti C, Kornfeld H (2011)

Mycobacterium tuberculosis Induces an Atypical Cell Death Mode to Escape

from Infected Macrophages. Plos One 6.

10. Franzblau TPPaSG (2007) Recent Advances in Methodologies for the Discovery

of Antimycobacterial Drugs. Current Bioactive Compounds 3: 8.

11. Anes E, Peyron P, Staali L, Jordao L, Gutierrez MG, et al. (2006) Dynamic life

and death interactions between Mycobacterium smegmatis and J774 macro-

phages. Cellular Microbiology 8: 939–960.

12. Garnier T, Eiglmeier K, Camus JC, Medina N, Mansoor H, et al. (2003) The

complete genome sequence of Mycobacterium bovis. Proc Natl Acad Sci U S A

100: 7877–7882.

13. Gey van Pittius NC, Sampson SL, Lee H, Kim Y, van Helden PD, et al. (2006)

Evolution and expansion of the Mycobacterium tuberculosis PE and PPE

multigene families and their association with the duplication of the ESAT-6 (esx)

gene cluster regions. Bmc Evolutionary Biology 6.

14. Mi HY, Lazareva-Ulitsky B, Loo R, Kejariwal A, Vandergriff J, et al. (2005) The

PANTHER database of protein families, subfamilies, functions and pathways.

Nucleic Acids Research 33: D284–D288.

15. Magee DA, Taraktsoglou M, Killick KE, Nalpas NC, Browne JA, et al. (2012)

Global gene expression and systems biology analysis of bovine monocyte-derived

macrophages in response to in vitro challenge with Mycobacterium bovis. Plos

One 7: e32034.

16. Kohle C, Bock KW (2007) Coordinate regulation of Phase I and II xenobiotic

metabolisms by the Ah receptor and Nrf2. Biochemical Pharmacology 73: 1853–

1862.

17. Chin BY, Otterbein LE (2009) Carbon monoxide is a poison … to microbes!

CO as a bactericidal molecule. Current Opinion in Pharmacology 9: 490–500.

18. Velasco-Velazquez MA, Barrera D, Gonzalez-Arenas A, Rosales C, Agramonte-

Hevia J (2003) Macrophage–Mycobacterium tuberculosis interactions: role of

complement receptor 3. Microb Pathog 35: 125–131.

Novel Entry Mechanisms and SRC in Host Defense

PLOS ONE | www.plosone.org 8 June 2013 | Volume 8 | Issue 6 | e65128



19. Behera AK, Hildebrand E, Uematsu S, Akira S, Coburn J, et al. (2006)

Identification of a TLR-independent pathway for Borrelia burgdorferi-induced
expression of matrix metalloproteinases and inflammatory mediators through

binding to integrin alpha(3)beta(1). J Immunol 177: 657–664.

20. Ulanova M, Gravelle S, Barnes R (2009) The role of epithelial integrin receptors
in recognition of pulmonary pathogens. J Innate Immun 1: 4–17.

21. Secott TE, Lin TL, Wu CC (2004) Mycobacterium avium subsp. paratuber-
culosis fibronectin attachment protein facilitates M-cell targeting and invasion

through a fibronectin bridge with host integrins. Infection and Immunity 72:

3724–3732.
22. Goodman SL, Picard M (2012) Integrins as therapeutic targets. Trends in

Pharmacological Sciences 33: 405–412.
23. Creedon H, Brunton VG (2012) Src kinase inhibitors: promising cancer

therapeutics? Crit Rev Oncog 17: 145–159.
24. Lowell CA (2011) Src-family and Syk kinases in activating and inhibitory

pathways in innate immune cells: signaling cross talk. Cold Spring Harb

Perspect Biol 3.
25. Mitra SK, Schlaepfer DD (2006) Integrin-regulated FAK-Src signaling in

normal and cancer cells. Current Opinion in Cell Biology 18: 516–523.
26. Ginsberg MH, Partridge A, Shattil SJ (2005) Integrin regulation. Current

Opinion in Cell Biology 17: 509–516.

27. Karim AF, Chandra P, Chopra A, Siddiqui Z, Bhaskar A, et al. (2011) Express
Path Analysis Identifies a Tyrosine Kinase Src-centric Network Regulating

Divergent Host Responses to Mycobacterium tuberculosis Infection. Journal of
Biological Chemistry 286: 40307–40319.

28. Arias-Salgado EG, Lizano S, Sarkar S, Brugge JS, Ginsberg MH, et al. (2003)
Src kinase activation by direct interaction with the integrin beta cytoplasmic

domain. Proc Natl Acad Sci U S A 100:13298–13302.

29. Sharma S, Mulik S, Kumar N, Suryawanshi A, Rouse BT (2011) An anti-
inflammatory role of VEGFR2/Src kinase inhibitor in herpes simplex virus 1-

induced immunopathology. J Virol 85: 5995–6007.
30. Freudenburg W, Buller RM, Corbett JA (2010) Src family kinases participate in

the regulation of encephalomyocarditis virus-induced cyclooxygenase-2 expres-

sion by macrophages. J Gen Virol 91: 2278–2285.
31. Aleshin A, Finn RS (2010) SRC: a century of science brought to the clinic.

Neoplasia 12: 599–607.
32. Wu R, Zhang L, Hoagland MS, Swanson HI (2007) Lack of the aryl

hydrocarbon receptor leads to impaired activation of AKT/protein kinase B and
enhanced sensitivity to apoptosis induced via the intrinsic pathway. J Pharmacol

Exp Ther 320: 448–457.

33. Chopra M, Schrenk D (2011) Dioxin toxicity, aryl hydrocarbon receptor
signaling, and apoptosis-Persistent pollutants affect programmed cell death.

Critical Reviews in Toxicology 41: 292–320.
34. Kerkvliet NI (2009) AHR-mediated immunomodulation: The role of altered

gene transcription. Biochemical Pharmacology 77: 746–760.

35. Ma C, Marlowe JL, Puga A (2009) The aryl hydrocarbon receptor at the
crossroads of multiple signaling pathways. EXS 99: 231–257.

36. O’Donnell EF, Saili KS, Koch DC, Kopparapu PR, Farrer D, et al. (2010) The
Anti-Inflammatory Drug Leflunomide Is an Agonist of the Aryl Hydrocarbon

Receptor. Plos One 5.
37. Palanisamy GS, Kirk NM, Ackart DF, Shanley CA, Orme IM, et al. (2011)

Evidence for Oxidative Stress and Defective Antioxidant Response in Guinea

Pigs with Tuberculosis. Plos One 6.

38. Hybertson BM, Gao BF, Bose SK, McCord JM (2011) Oxidative stress in health

and disease: The therapeutic potential of Nrf2 activation. Molecular Aspects of

Medicine 32: 234–246.

39. Chen CC, Tsai SH, Lu CC, Hu ST, Wu TS, et al. (2012) Activation of an

NLRP3 Inflammasome Restricts Mycobacterium kansasii Infection. Plos One 7.

40. Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, et al. (2009)

Cutting edge: NF-kappaB activating pattern recognition and cytokine receptors

license NLRP3 inflammasome activation by regulating NLRP3 expression.

J Immunol 183: 787–791.

41. Mishra BB, Moura-Alves P, Sonawane A, Hacohen N, Griffiths G, et al. (2010)

Mycobacterium tuberculosis protein ESAT-6 is a potent activator of the

NLRP3/ASC inflammasome. Cellular Microbiology 12: 1046–1063.

42. Maciag A, Piazza A, Riccardi G, Milano A (2009) Transcriptional analysis of

ESAT-6 cluster 3 in Mycobacterium smegmatis. BMC Microbiol 9: 48.

43. Thacker JD, Balin BJ, Appelt DM, Sassi-Gaha S, Purohit M, et al. (2012)

NLRP3 Inflammasome Is a Target for Development of Broad-Spectrum Anti-

Infective Drugs. Antimicrobial Agents and Chemotherapy 56: 1921–1930.

44. Kumar D, Nath L, Kamal MA, Varshney A, Jain A, et al. (2010) Genome-wide

Analysis of the Host Intracellular Network that Regulates Survival of

Mycobacterium tuberculosis. Cell 140: 731–743.

45. Kumar D, Rao KVS (2011) Regulation between survival, persistence, and

elimination of intracellular mycobacteria: a nested equilibrium of delicate

balances. Microbes and Infection 13: 121–133.

46. Jayaswal S, Kamal MA, Dua R, Gupta S, Majumdar T, et al. (2010)

Identification of Host-Dependent Survival Factors for Intracellular Mycobacte-

rium tuberculosis through an siRNA Screen. PLoS Pathog 6.

47. Hancock REW, Nijnik A, Philpott DJ (2012) Modulating immunity as a therapy

for bacterial infections. Nature Reviews Microbiology 10: 243–254.

48. Coley W, Kehn-Hall K, Van Duyne R, Kashanchi F (2009) Novel HIV-1

therapeutics through targeting altered host cell pathways. Expert Opinion on

Biological Therapy 9: 1369–1382.

49. Chung J, Rossi JJ, Jung U (2011) Current progress and challenges in HIV gene

therapy. Future Virology 6: 1319–1328.

50. Lawn SD, Bekker LG, Miller RF (2005) Immune reconstitution disease

associated with mycobacterial infections in HIV-infected individuals receiving

antiretrovirals. Lancet Infectious Diseases 5: 361–373.

51. Martino A (2008) Mycobacteria and innate cells: critical encounter for

immunogenicity. Journal of Biosciences 33: 137–144.

52. Grosset J (2003) Mycobacterium tuberculosis in the extracellular compartment:

an underestimated adversary. Antimicrobial Agents and Chemotherapy 47:

833–836.

53. Davis JM, Ramakrishnan L (2009) The role of the granuloma in expansion and

dissemination of early tuberculous infection. Cell 136: 37–49.

54. Wang F, Robbins S, Guo JT, Shen WJ, Schultz PG (2010) Genetic

Incorporation of Unnatural Amino Acids into Proteins in Mycobacterium

tuberculosis. Plos One 5.

55. Wang X, Spandidos A, Wang H, Seed B (2012) PrimerBank: a PCR primer

database for quantitative gene expression analysis, 2012 update. Nucleic Acids

Research 40: D1144–1149.

56. Rozen S, Skaletsky H (2000) Primer3 on the WWW for general users and for

biologist programmers. Methods Mol Biol 132: 365–386.

Novel Entry Mechanisms and SRC in Host Defense

PLOS ONE | www.plosone.org 9 June 2013 | Volume 8 | Issue 6 | e65128


