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Abstract 

Host-pathogen interactions determine the outcome following infection by mycobacterium tuber-
culosis (Mtb). Under adverse circumstances, normal Mtb can form cell-wall deficient (CWD) var-
iants within macrophages, which have been considered an adaptive strategy for facilitating bacterial 
survival inside macrophages. However, the molecular mechanism by which infection of macro-
phages with different phenotypic Mtb elicits distinct responses of macrophages is not fully un-
derstood. To explore the molecular events triggered upon Mtb infection of macrophages, dif-
ferential transcriptional responses of RAW264.7 cells infected with two forms of Mtb, CWD-Mtb 
and normal Mtb, were studied by microarray analysis. Some of the differentially regulated genes 
were confirmed by RT-qPCR in both RAW264.7 cells and primary macrophages. Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway was used to analyze functions of differentially 
expressed genes. Distinct gene expression patterns were observed between CWD-Mtb and 
normal Mtb group. Mapt was up-regulated, while NOS2 and IL-11 were down-regulated in 
CWD-Mtb infected RAW264.7 cells and primary macrophages compared with normal Mtb in-
fected ones. Many deregulated genes were found to be related to macrophages activation, immune 
response, phagosome maturation, autophagy and lipid metabolism. KEGG analysis showed that the 
differentially expressed genes were mainly involved in MAPK signaling pathway, nitrogen metab-
olism, cytokine-cytokine receptor interaction and focal adhesion. Taken together, the present 
study showed that differential macrophage responses were induced by intracellular CWD-Mtb an 
normal Mtb infection, which suggested that interactions between macrophages and different 
phenotypic Mtb are very complex. The results provide evidence for further understanding of 
pathogenesis of CWD-Mtb and may help in improving strategies to eliminate intracellular 
CWD-Mtb. 

Key words: Mycobacterium tuberculosis; macrophage; bactericidal response; cytokine signaling; autophagy; lipid 
metabolism. 

Introduction 
Tuberculosis (TB) is still the leading cause of 

death in the world from a bacterial infectious disease. 
Mycobacterium tuberculosis (Mtb), the causative agent 

of TB, is one of the world’s most devastating intra-
cellular pathogens. The outcome of Mtb infection is 
determined by a complex interaction between host 
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immune system and properties of pathogen [1, 2]. Mtb 
strains with distinct properties have been shown to 
induce macrophages diverse responses in vitro and in 
vivo [3, 4]. Under adverse circumstances, Mtb can form 
cell-wall deficient (CWD) variants within macro-
phages and this variation causes a marked resistance 
of mycobacteria to immune system of host and anti-
biotics, which is considered an adaptive strategy for 
facilitating bacterial survival and replication for a 
long time in macrophages [5]. Bacterial CWD-form 
conversion, i.e. existence without cell wall, is a uni-
versal phenomenon in nature. CWD-forms of Mtb 
have been found in pathological specimens from pa-
tients with TB, and of all the mycobacteria, 
CWD-forms of Mtb predominate in vivo [6]. Occur-
rence of CWD-Mtb is of clinical significance for the 
cause of latent, chronic and relapsing/recurrent in-
fections which is one of the major hurdle in control of 
TB disease, especially persistent TB disease [7]. Alt-
hough CWD-Mtb has been successfully isolated from 
patients with several chronic diseases, its pathogene-
sis is still unknown [8]. Macrophage activation plays a 
critical role in host defence against Mtb infection and 
the outcome following Mtb infection is determined, at 
least in part, by intricate host-pathogen interaction in 
macrophages [9, 10]. Exploring the interplay between 
Mtb and macrophages is crucial to understanding of 
the pathogenesis of TB, which may help in improving 
strategies to eliminate CWD-Mtb. 

In the present study, we compared the expres-
sion patterns of macrophage-like cell line RAW264.7 
cells infected with two forms of Mtb and some of the 
differentially regulated genes were validated in both 
RAW264.7 cells and primary macrophages with an 
emphasis in the analysis of the response elicited by 
CWD-forms of the bacterium. 

Materials and methods  
Bacterial culture 

Mycobacterium tuberculosis H37Rv (normal Mtb 
with cell wall) was grown in Middlebrook 7H9 me-
dium supplemented with 10% oleic acid albumin 
dextrose catalase (OADC) enrichment (Difco BD, 
Franklin Lakes, NJ), 0.5% glycerol and 0.05% Tween 
80. CWD-forms of H37Rv were induced by means of 
nutrient starvation stress as described by Nadya et al 
[11]. CWD-Mtb was examined and confirmed by 
Ziehl-Neelsen staining and electron microscopy. Be-
fore every infection experiment, normal Mtb and 
CWD-Mtb were grown to mid-log phase. Bacteria 
were harvested at this point and resuspended in 
Dulbecco’s modified eagle medium (DMEM) medium 
supplemented with 10% fetal bovine serum (complete 
medium). Following this, bacteria were dispersed to 

prevent bacillary clumping and single bacterium 
suspension was used for subsequent infection. The 
adequacy of dispersion was checked by acid-fast 
staining. 

Infection of cell line and determination of 
bacterial load 

Macrophage-like cell line RAW264.7 cells were 
maintained in complete DMEM medium at 37℃ with 
5% CO2. Cells were infected with either CWD-Mtb or 
normal Mtb at a multiplicity of infection (MOI) of 10:1 
(bacteria: macrophages) for 4 h. Extracellular bacteria 
were then removed by washing three times with 
pre-warmed DMEM medium. Mtb-infected cells were 
then harvested for bacterial load enumeration analy-
sis. Briefly, cells were lysed by sonication and serial 
10-fold dilutions of total cell lysates were plated on 
either Middlebrook 7H9 semisolid medium (Difco 
BD, Franklin Lakes, NJ) for CWD-Mtb growth or 
Middlebrook 7H10 solid medium (Difco BD, Franklin 
Lakes, NJ) for normal Mtb growth at 37℃. Colonies 
were counted after either 5 days of incubation for 
CWD-Mtb growth or 30 days for normal-Mtb growth. 

RNA isolation and microarray analysis of gene 
expression 

Total RNA was isolated from CWD-Mtb or 
normal Mtb infected RAW264.7 cells with Trizol rea-
gent. RNA quality and quantity were determined 
using NanoDrop Specthophotometer (ND-1000, 
Nanodrop Technologies) and RNA integrity was 
evaluated by electrophoresis. Only RNA samples with 
high quality were used for further microarray analy-
sis. mRNA was then purified from total RNA after 
removal of rRNA (mRNA-ONLY™ Eukaryotic 
mRNA Isolation Kit, Epicentre). Then, each sample 
was amplified, transcribed into fluorescent cRNA and 
hybridized onto a Mouse RNA Array v2.0 (8 x 60K, 
Arraystar), which contained 25,376 probes targeting 
protein-coding transcripts. Arrays were scanned by 
an Agilent Scanner G2505B and acquired array images 
were analyzed by an Agilent Feature Extraction soft-
ware (version 10.7.3.1). Quantile normalization and 
subsequent data processing were performed using a 
GeneSpring GX v11.5.1 software package (Agilent 
Technologies). Expression of GAPDH (glyceralde-
hyde phosphate dehydrogenase) was used as an in-
ternal control. Genes with at least two fold changes in 
the expression level and FDR (false discovery 
rate)<0.05 were deemed to be differentially expressed. 
Hierarchical clustering was performed based on 
Pearson’s correlation for differentially expressed 
mRNAs.  
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Primary macrophages harvest and infection 
Female mice (8-12 weeks) were anesthetized, 6 

ml RPMI 1640 was injected into the intraperitoneal 
space of each mouse, and mice were gently agitated 
for 5 min. Peritoneal cavity cells were then harvested, 
placed into a plastic petri dish, and then incubated at 
37°C for 4 h. Each plate was washed until all red 
blood cells, fibroblasts, and other cellular debris were 
removed. Primary macrophages were collected by 
scraping the plate into 10 ml PBS, pelleted by cen-
trifugation, and washed for three times. Harvested 
macrophages were resuspended and incubated in 
RPMI 1640 medium at 37℃ with 5% CO2. Cells were 
infected with either CWD-Mtb or normal Mtb as de-
scribed above. After 24 hrs following infection, cells 
were collected. All procedures were approved by the 
Animal Care and Use Committees of Weifang Medical 
University. 

Quantitative real time RT-PCR (qRT-PCR) 
analysis  

We randomly selected four genes to validate the 
correctness and confidence of microarray data by 
qRT-PCR. Total RNA was isolated from infected 
RAW264.7 cells and primary macrophages, respec-
tively. cDNA was amplified with gene specific pri-
mers (sequences available on request). The threshold 
cycle (Ct) is defined as the fractional cycle number at 
which the fluorescence exceeds the fixed threshold. 
The relative gene expression was calculated using the 
2-ΔΔCt method and presented as fold-change after 
normalization to endogenous GAPDH control. 
RT-qPCR reaction for each sample was run in tripli-
cate. 

Measurement of nitric oxide (NO) 
RAW264.7 cells and primary macrophages were 

infected with Mtb as described above, respectively. 
After 24 hrs following infection, dissolved nitrite 
production in culture supernatants were measured 
using Griess reagent (Beyotime Biotech, China) ac-
cording to the manufacturer’s instructions. Briefly, 50 
μl of each culture supernatants from a 24-well plate 
was mixed with 50 μl of Griess reagent I and 50 μl of 
Griess reagent II and incubated for 3 min at room 
temperature in the dark. Absorbance at 540 nm was 
measured with a spectrophotometer. Each experiment 
was repeated in triplicate using samples from three 
independent experiments. 

Gene ontology and Kyoto encyclopedia of 
genes and genomes functional enrichment 
analysis for differentially dxpressed genes 

Gene ontology (GO) analysis was used to assess 
functional categories of the differentially expressed 

mRNAs. Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis was used to determine in-
volved biological pathways of the differentially ex-
pressed mRNAs. GO category and signaling pathway 
were considered statistically significant only if a 
P-value was less than 0.05. 

Statistical analysis 
Data were presented as mean ± standard devia-

tion (SD). ANOVA test or student’s t test was used for 
statistical analysis. P < 0.05 was considered statisti-
cally significant. 

Results 
Evaluation of bacillary load in infected mac-
rophages 

CWD-Mtb induced by nutrient starvation stress 
was loss of acid-fastness under light microscopy and 
was bounded only by a single unit membrane under 
electron microscopy (Figure 1). To assess the effect of 
loss of cell wall on bacterial load in macrophages, 
uptake of Mtb was determined at 4 hrs post CWD-Mtb 
or normal Mtb infection by CFU (colony forming 
units) assay. Data showed that there was no signifi-
cant difference in total bacillary load between 
CWD-Mtb group and normal Mtb group (data not 
shown). 

Gene expression variations between 
CWD-Mtb and normal Mtb infected cells 

The result of hierarchical clustering showed a 
distinguishable gene expression profiling between 
different groups (Figure 2). In order to identify the 
most significant candidates, mRNAs with at least 
two-fold expression changes were selected for further 
statistical analysis. Compared with uninfected control 
group, 3,041mRNAs (1,526 of them increase) were 
deregulated in CWD-Mtb group and 2,505 mRNAs 
(1,180 of them increase) were differentially expressed 
in normal-Mtb group, respectively. Morever, com-
pared with normal-Mtb group, 2,598 mRNAs (1,261 of 
them increase) were deregulated in CWD-Mtb group 
(FDR < 0.05) (Figure 2). The relative changes in gene 
expression between CWD-Mtb and normal Mtb group 
ranged from a 43.4-fold up-regulation to a 44.4-fold 
down-regulation and detailed information of these 
genes was provided in Supplementary Material: Table 
S1. The 10 most obviously up-regulated genes were 
Nnat (43.4 fold), Bcan (30.0 fold), 2810007J24Rik (28.7 
fold), Lrrc57 (27.5 fold), Dcaf12l1 (23.2 fold), Hmgxb4 
(22.5 fold), Myh8 (20.8 fold), Cbfa2t2 (20.8 fold), Trim7 
(20.6 fold), Gngt1 (18.3 fold), Dedd (18.2 fold), and the 
10 most significantly down-regulated genes were 
Adra1a (-44.5 fold), Ch25h (-38.2 fold), Slc1a2 (-35.7 
fold), Synpo2l (-35.4 fold), Tril (-35.1 fold), Gsdmc 
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(-34.6 fold), Pla2g12b (-34.5 fold), Cytl1(-31.3 fold), 
Prph (-28.3 fold), chr1 (-23.7 fold) and IL-11 (-23.1 
fold) in CWD-Mtb group compared with normal Mtb 
group. In addition, NOS2 and Lyz2 were reduced in 
CWD-Mtb group compared with normal Mtb group. 
About cytokines and chemokines, microarray analysis 
demonstrated that levels of IL-6, IL-33, IL-1α, IL-1β, 
IFN-β, IFN-α, Ccl5, Ccl7 and Cxcl3 were increased, 
while TGF-β, IFN-γ, Tnfaip8, IL-11, IL-13, IL-31, Traf2 
and Ccl17 were decreased in CWD-Mtb group com-
pared with normal Mtb group. Atg9b, Atg10 and 
Mapt were up-regulated, while Acta1 and Acta2 were 
down-regulated in CWD-Mtb group compared with 
normal Mtb group. Moreover, many differentially 
expressed genes were involved in host lipid metabo-
lism, among which, Stard5, Plscr4, Plscr3, Stard8, 
Stard13, Igf2, Lipa and Lipg were increased, while 
Pla2g12b, Acsl1, Pltp, Erlin1, Ppargc1b, Igfbp7, Igfbp4 
and Igf1 were down-regulated in CWD-Mtb group 
compared with normal Mtb group.  

Validation of microarray data via qPCR in 
RAW264.7 cells and primary macrophages 

To validate the microarray results, expression 
levels of 4 genes were randomly selected for further 
confirmation by qRT-PCR, including NOS2 (macro-
phage activation-related gene), IL-11 (pro-inflamma-

tory cytokine gene), Mapt (cell adhesion and tissue 
remodeling gene) and Lipg (host lipid metabolism 
gene). Gene expression data were presented as fold 
changes. Increased expression of Mapt and Lipg as 
well as decreased levels of NOS2 and IL-11 were 
found in CWD-Mtb infected RAW264.7 cells com-
pared with wild Mtb infected ones (Figure 3A). Our 
qRT-PCR results were consistent with the microarray 
data. Similar results of Mapt, NOS2 and IL-11 were 
observed in primary macrophages, however, there 
was no difference for Lipg expression (Figure 3B).  

NO production by Mtb infected macrophages 
Highly activated macrophages have been shown 

to produce NO which is important for the control of 
mycobacterial infection. To determine the degree of 
cell activation following either CWD-Mtb or normal 
Mtb infection, we measured NO accumulation in 
culture supernatants of RAW264.7 cells and primary 
macrophages, respectively. Level of NO was lower in 
CWD-Mtb infected RAW264.7 cells compared with 
normal Mtb infected ones (Figure 4A). Similar results 
were also observed in primary macrophages (Figure 
4B). The data indicated that, compared with normal 
Mtb, CWD-Mtb induced macrophages production of 
lower level of anti-microbial mediators. 

 

 
Figure 1. CWD-Mtb. A. Light microscopy of Mtb. H37Rv × 1000. B. Transmission electron microscopy of Mtb H37Rv. Bars = 400.00 nm. (a) CWD-Mtb; (b) normal 
Mtb with cell wall. 
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Figure 2. Hierarchical clustering shows a distinguishable gene expression 
profiling in RAW264.7 cells among groups. 

 

 
Figure 3. Validation of mRNAs expression by qRT-PCR in RAW264.7 cells (A) 
and primary macrophages (B). Four mRNAs were randomly selected to confirm 
the microarray data. After normalization to endogenous control GAPDH, data 
were presented as mean ± SD and obtained average value for each mRNA was 
used for statistics. In CWD-Mtb infected RAW264.7 cells, Mapt and Lipg were 
increased, while NOS2 and IL-11 were decreased than those in normal Mtb 
infected ones (A). Our qRT-PCR results were consistent with the microarray 
data. Except no difference of Lipg expression, similar results of Mapt, NOS2 and 
IL-11 were observed in primary macrophages (B). *P < 0.05 compared with 
normal Mtb group. 

 
 

 
Figure 4. Production of NO by Mtb-infected RAW264.7 cells (A) and primary macrophages (B). Culture supernatants of cells infected with CWD-Mtb or normal 
Mtb were collected at 24 hpi and level of NO was measured using Griess reagent. Production of NO was down-regulated in CWD-Mtb infected RAW264.7 cells 
compared with normal Mtb infected ones (A). Similar results were also observed in primary macrophages (B). Each value indicated the mean ± SD and was rep-
resentative of results obtained from 3 independent experiments. *P<0.05 vs. normal Mtb. 
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KEGG with Pathway Annotation 
To gain insight into the cellular and molecular 

functions of Mtb-induced host genes, differentially 
expressed genes from microarray analysis were sub-
jected to functional categorization. Up-regulated 
genes in CWD-Mtb group compared with normal Mtb 
group were mainly involved in nitrogen metabolism, 
cytokine-cytokine receptor interaction, NOD-like re-
ceptor signaling pathway and cytosolic DNA-sensing 
pathway, while down-regulated genes were mainly 
involved in MAPK signaling pathway, focal adhesion, 

pathways in cancer, calcium signaling pathway and 
ECM-receptor interaction (Figure 5). 

GO Classification 
In the three main categories (biological process, 

cellular component and molecular function) of the GO 
classification, ncRNA metabolic process and 
MAPKKK cascade, cytokine activity and DNA bind-
ing, nucleolus and cytoskeleton were dominant, re-
spectively (Table 1, Table 2 and Table 3). 

 
Figure 5. KEGG pathway analysis based on down-regulated mRNAs (A) and up-regulated mRNAs (B) in CWD-Mtb group versus normal Mtb group. Enrichment 
Score value equals -log10 (P value). Enrichment provides a measure of the functional significance: the enrichment increases, the corresponding function becomes more 
specific. KEGG: Kyoto Encyclopedia of Genes and Genomes; P<0.05 were considered statistically significant. 

 

Table 1. GO process analysis based on the differentially expressed mRNAs 

BP term (up-regulated genes)  P value BP term (down-regulated genes) P value 
ncRNA metabolic process  1.3E-4 MAPKKK cascade  1.6E-5 
pseudouridine synthesis  5.9E-4 transcription  3.2E-5 
ribosome biogenesis  2.2E-3 RNA metabolic process  3.9E-5 
ncRNA processing  2.3E-3 cell growth  7.5E-5 
translation  7.2E-3 regulation of biosynthetic process 1.8E-4 
RNA modification  1.0E-2 regulation of nitrogen metabolic process 2.4E-4 
rRNA processing  1.1E-2 regulation of cell proliferation 2.4E-4 
rRNA metabolic process  1.2E-2 phosphorus metabolic process 2.9E-4 
nucleoside monophosphate catabolic process  1.3E-2 chromatin organization 3.8E-4 
ribonucleoprotein complex biogenesis  1.4E-2 regulation of cell size 3.9E-4 
tRNA metabolic process  1.5E-2 regulation of cell death 1.7E-3 
central nervous system projection neuron axonogenesis  2.3E-2 T cell homeostasis 4.2E-3 
acute-phase response  2.9E-2 cytoskeleton organization 4.6E-3 
ruffle organization  3.1E-2 regulation of membrane potential 7.6E-3 
respiratory system process  4.4E-2 regulation of metal ion transport 9.4E-3 
neurotransmitter transport  4.4E-2 regulation of lipid biosynthetic process 1.0E-2 
  negative regulation of T cell activation 1.5E-2 
  negative regulation of leukocyte activation 1.7E-2 
  regulation of apoptosis 3.2E-2 
  B cell lineage commitment 3.5E-2 
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  negative regulation of defense response 3.7E-2 
  negative regulation of immune system process 4.8E-2 
  cell migration 4.8E-2 
  membrane invagination 4.9E-2 
  endocytosis 4.9E-2 
BP: biological process; up-regulated genes: CWD-Mtb compared to normal Mtb; down-regulated genes: CWD-Mtb compared to normal Mtb. 

 

Table 2. GO Function analysis based on the differentially expressed mRNAs. 

MF term (up-regulated genes) P value MF term (down-regulated genes) P value 
cytokine activity 6.0E-4 DNA binding  1.3E-4 
pseudouridine synthase activity  3.6E-3 transcription factor binding  4.0E-4 
3-beta-hydroxy-delta5-steroid dehydrogenase activity  1.2E-2 transcription regulator activity  4.2E-4 
neurotransmitter binding  2.6E-2 transcription activator activity  5.7E-4 
neurotransmitter receptor activity  2.6E-2 enzyme binding  7.4E-4 
receptor inhibitor activity  2.9E-2 cytoskeletal protein binding  1.2E-3 
organic acid:sodium symporter activity  3.4E-2 enzyme activator activity  2.6E-3 
interleukin-1 receptor binding  3.5E-2 protein kinase binding  5.2E-3 
N-acyltransferase activity  3.6E-2 chromatin binding  1.0E-2 
acetylglucosaminyltransferase activity  4.2E-2 protein dimerization activity  1.1E-2 
intramolecular transferase activity  4.5E-2 GTPase activator activity  1.1E-2 
solute:sodium symporter activity  4.6E-2 protein homodimerization activity  1.2E-2 
  transcription factor activity  1.5E-2 
  adrenoceptor activity  1.6E-2 
  kinase binding  1.9E-2 
  protein kinase activity  2.1E-2 
  zinc ion binding  2.4E-2 
  nucleotide binding  3.1E-2 
  protein serine/threonine kinase activity  3.2E-2 
  phosphoprotein phosphatase activity  3.4E-2 
  structural constituent of cytoskeleton  3.5E-2 
  RNA binding  3.5E-2 
  activin receptor activity  3.6E-2 
  growth factor activity  3.6E-2 
  phosphatase regulator activity  4.0E-2 
  lipase activity  4.2E-2 
  ligand-dependent nuclear receptor transcription coactivator activity  4.2E-2 
  protein heterodimerization activity  4.6E-2 
MF: molecular function; up-regulated genes: CWD-Mtb compared to normal Mtb; down-regulated genes: CWD-Mtb compared to normal Mtb. 

 

Table 3. GO Component analysis based on the differentially expressed mRNAs. 

CC term (up-regulated genes) P value CC term (down-regulated genes) P value 
nucleolus  5.8E-3 cytoskeleton  1.2E-4 
extracellular space  6.9E-3 adherens junction  9.3E-4 
nuclear lumen 9.4E-3 plasma membrane  2.0E-3 
endoplasmic reticulum  9.5E-3 intracellular non-membrane-bounded organelle  2.1E-3 
non-membrane-bounded organelle  2.0E-2 non-membrane-bounded organelle  2.1E-3 
intracellular non-membrane-bounded organelle  2.0E-2 contractile fiber part  2.7E-3 
membrane-enclosed lumen  2.6E-2 cytoskeletal part  3.1E-3 
nucleoplasm part  2.7E-2 cell projection  3.2E-3 
intracellular organelle lumen  2.8E-2 dendrite  3.7E-3 
nucleoplasm  2.8E-2 anchoring junction  4.4E-3 
organelle lumen  2.9E-2 chromosome  5.0E-3 
  contractile fiber  6.4E-3 
  chromatin  7.8E-3 
  myofibril  1.1E-2 
  nucleosome  1.5E-2 
  membrane-bounded vesicle  1.5E-2 
  protein-DNA complex  1.9E-2 
  cell projection part  2.1E-2 
  cytoplasmic membrane-bounded vesicle  3.0E-2 
  secretory granule  3.2E-2 
  nuclear periphery  3.3E-2 
  cell-substrate adherens junction  3.6E-2 
  endomembrane system  4.1E-2 
  cell junction  4.6E-2 
CC: cellular component; up-regulated genes: CWD-Mtb compared to normal Mtb; down-regulated genes: CWD-Mtb compared to normal Mtb. 



Int. J. Biol. Sci. 2015, Vol. 11 
 

 
http://www.ijbs.com 

29 

Discussion 
Despite the long history in TB research, the ef-

fects of CWD-Mtb on host still remain obscure. Much 
research is required towards understanding the in-
terplay between CWD-Mtb and host cells, which is 
helpful for the development of novel therapies and 
vaccines.  

In the present study, gene expression patterns of 
RAW264.7 cells infected with two forms of Mtb were 
detected, with an emphasis on analysis of the re-
sponse elicited by CWD-forms of the bacterium. The 
global transcriptome of Mtb-infected cells showed 
distinct patterns of gene expression. The differentially 
expressed genes can be grouped into 12 kinds of sig-
naling pathways. In the study, we mainly focused 
more in highlighting the potential physiological rele-
vance of groups of genes that have been suggested to 
be associated with Mtb infection. 

Macrophages activation plays important roles in 
the defence against intracellular Mtb infection [12]. 
NOS2, a marker of macrophage activation [13], was 
reduced in CWD-Mtb infected cells compared with 
normal Mtb infected ones. Production of NO by 
macrophages expressing NOS2 is a key protective 
mechanism against mycobacteria [14], which can me-
diate mycobacterial killing by direct toxicity and in-
direct interference with Mtb virulence determinants 
[15,16], was decreased in CWD-Mtb group compared 
with normal Mtb group. Lyz2, one of anti-microbial 
agents [17], was also down-regulated in CWD-Mtb 
infected macrophages compared with normal Mtb 
infected ones. Our findings indicated that, compared 
to normal Mtb, CWD-Mtb infected macrophages were 
less effectively activated and less activated macro-
phages produced lower levels of anti-microbial me-
diators and thus imposed a less hostile intracellular 
environment on CWD-Mtb. This may explain the 
findings that CWD-forms predominated in the my-
cobacteria from clinical specimens from TB patients. 

Pro-inflammatory cytokines are required for ef-
fective protection against Mtb infection [18]. Distinct 
Mtb strains could induce macrophages to produce 
different pro-inflammatory cytokine profiles [19,20]. 
In the study, IL-6, IL-33, IL-1α, IL-1β, IFN-β, IFNa7, 
TGF-β, IFN-γ, Tnfaip8, IL-11, IL-13, IL-31 as well as 
Traf2 were deregulated between CWD-Mtb and nor-
mal Mtb group. The data indicated that we might pay 
more attention to regulating these cytokines to effec-
tively control Mtb infection.  

Prevention of phagolysosome maturation is one 
mechanism by which Mtb is able to establish and 
maintain infection in macrophages [21, 22]. Delivery 
inhibition of vacuolar H+-ATPases to phagosome may 
be the main reason for delay of phagosome matura-

tion [23]. Our results showed that some H+ trans-
porting-related genes were found to be deregulated, 
among which, Atpbd4, Atp5j2, Atp5h and Atp2b2 
were up-regulated, whereas Atp2b4, Atp2b1, Atp2a3 
and Atp13a4 were down-regulated in CWD-Mtb 
group compared with normal Mtb group. Further 
functional studies of these genes may be helpful to 
increase understanding of the mechanisms involved 
in macrophages-Mtb interactions. Actin is required for 
efficient recycling and maturation of endosomes [24, 
25] and disruption of actin results in the inhibition of 
phagolysosome maturation [26,27]. Our results 
showed that acta1 and acta2 were down-regulated in 
CWD-Mtb group compared with normal Mtb group. 
The data suggested that, compared to normal Mtb, 
CWD-Mtb might create a more favorable intracellular 

environment for survival by inhibition of phago-
some-endosome interactions.  

Autophagy has recently been identified as an 
effective way to restrict Mtb survival in infected 
macrophages [28]. Autophagosome formation is reg-
ulated by a family of evolutionally conserved au-
tophagy-related (Atg) genes [29]. It has been reported 
that Atg9 is required for autophagy although its 
function is unknown [30]. More autophagosomes are 
formed in cells over-expressing Atg9; conversely, 
there are fewer autophagosomes seen in cells with 
reduced Atg9 [31]. It is reported that Atg10 is in-
volved in autophagy-mediated immunity against in-
tracellular pathogens such as virus [32] and Mtb [33]. 
Our results showed that Atg9b and Atg10 were 
up-regulated in CWD-Mtb group compared with 
normal Mtb group. These results suggest that there 
were differential autophagy responses between 
CWD-Mtb and normal Mtb infection, although roles of 
the autophagy genes are almost completely unknown 
in TB infection. 

Deregulations of macrophage lipid metabolism 
have been reported in TB disease [34-36]. Macro-
phages infected with Mtb are induced accumulation 
of lipid droplets, which are required for intracellular 
Mtb growth [37]. The present study showed that some 
lipid metabolism-related genes were differentially 
expressed in CWD-Mtb group compared with normal 
Mtb group. StarD5 and Plscr3 were up-regulated, 
whereas Pla2g12b and Acsl1 were down-regulated in 
CWD-Mtb group compared with normal Mtb group. 
These findings suggested that the lipid metabolism 
related genes above mentioned may play important 
roles in Mtb-macrophages interactions and an-
tituberculosis therapy may be targeting lipid metabo-
lism, although their functions and mechanisms re-
sponsible for regulation of them in TB remain poorly 
defined.  

Taken together, our findings showed that dif-
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ferential macrophage responses were induced by 
CWD-Mtb and normal Mtb infection, which may me-
diate two distinct infection outcomes. The study sug-
gest that Mtb-macrophage interactions are very com-
plex and the results provide evidence for further un-
derstanding of pathogenesis of CWD-Mtb, which may 
be helpful in improving strategies to eliminate intra-
cellular CWD-Mtb. Further large and functional 
studies are needed to confirm our findings. 
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