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Abstract

Background: Ever since its discovery the mycobacterial proline-proline-glutamic acid (PPE) family of proteins has generated
a huge amount of interest. Understanding the role of these proteins in the pathogenesis of Mycobacterium tuberculosis
(Mtb) is important. We have demonstrated earlier that the PPE18 protein of Mtb induces IL-10 production in macrophages
with subsequent downregulation of pro-inflammatory cytokines like IL-12 and TNF-a and favors a T-helper (Th) 2-type of
immune response.

Methodology/Principal Findings: Using a ppe18 genetic knock-out Mtb strain, we have now carried out infection studies in
mice to understand the role of PPE18 in Mtb virulence. The studies reveal that lack of PPE18 leads to attenuation of Mtb
in vivo. Mice infected with the ppe18 deleted strain have reduced infection burden in lung, liver and spleen and have better
survival rates compared to mice infected with the wild-type Mtb strain.

Conclusions/Significance: Taken together our data suggest that PPE18 could be a crucial virulence factor for intracellular
survival of Mtb.

Citation: Bhat KH, Ahmed A, Kumar S, Sharma P, Mukhopadhyay S (2012) Role of PPE18 Protein in Intracellular Survival and Pathogenicity of Mycobacterium
tuberculosis in Mice. PLoS ONE 7(12): e52601. doi:10.1371/journal.pone.0052601

Editor: Suresh Yenugu, University of Hyderabad, India
Received November 22, 2011; Accepted November 19, 2012; Published December 28, 2012

Copyright: © 2012 Bhat et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by the grants (BT/PR/7890/MED/14/1171/2006 and BT/01/COE/07/02) from Department of Biotechnology (DBT), Government
of India and a core grant to Centre for DNA Fingerprinting and Diagnostics (CDFD), India by DBT. This work was also supported by research fellowship to KHB
from the Council of Scientific and Industrial Research (CSIR), India and by DBT Research Associateship in Biotechnology and Life Sciences to AA from the
Department of Biotechnology (DBT), Government of India. The funders had no role in study design, data collection and analysis, decision to publish, or

preparation of the manuscript.

* E-mail: sangita@cdfd.org.in; sangitacdfd@gmail.com

9 These authors contributed equally to this work.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Tuberculosis (TB), both pulmonary and extrapulmonary, is a
major global health concern. According to the World Health
Organization, 1.3 million people died of tuberculosis in 2008 and
34% of the victims were from South-East Asia. Also, one third of
the world population is infected with Mtb asymptomatically. TB
also accounts for 32% of deaths among AIDS afflicted individuals
[1]. Mtb is a highly successful pathogen. It has developed several
efficient strategies to survive and replicate in the macrophage, its
primary host cell [2]. These strategies include prevention of fusion
of phagosome and lysosome, deterrence of phagosome acidifica-
tion, expression of virulence proteins, protection from reactive
oxygen species (ROS), inhibition of protective cytokines like
interleukin (IL)-12, tumor necrosis factor (TNF)-o, evasion of
antigen presentation [3-6] and inhibition of apoptosis [7]. Mtb
turns down the T helper (Th) 1-type immune response which is
beneficial to the host and up-regulates Th2-type cytokines which
are anti-inflammatory and helpful for its survival [8]. The bacilli
with the help of these mechanisms live inside a human host,
sometimes for years together. Some of these mechanisms are well
understood while others remain to be comprehended. Under-

PLOS ONE | www.plosone.org

standing the host-pathogen interactions during Mtb infection will
help immensely in combating the menace of tuberculosis
worldwide.

The acid rich proline-glutamic acid (PE)/PPE family of proteins
is exclusive to mycobacteria. Unraveling of the Mtb genome
revealed that 10% of its coding ability is devoted to the PE and
PPE families, comprising of 99 and 68 members respectively
[9,10]. There is a gradual expansion of PE/PPE proteins from
non-pathogenic to pathogenic mycobacteria [11]. PE and PPE
family members are characterized by the presence of conserved
proline-glutamic acid or proline-proline-glutamic acid motifs of
110 and 180 amino acids respectively at the N-terminal region
[9,12]. The C-terminal region is found to be highly variable [13].
Depending upon the presence of characteristic repeats, the PE and
PPE families can be divided into subfamilies [11]. The PE_PGRS
and PPE_MPTR subfamilies have long stretches of GC rich
repeats which are believed to be the hotspots for recombination
events and other mutations. This leads to a great deal of sequence
variation and polymorphism in these proteins [14]. There is also
speculation that this high variability may contribute to the
antigenic variation that helps the pathogen to evade host
protective immune responses [15]. Not much information is
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available about the exact patho-physiological role of PE/PPE
proteins. However, there is evidence to suggest that they are up-
regulated during stress conditions and may hence facilitate
bacterial survival during infection [16,17]. Also, it has been found
that PE/PPE proteins modulate macrophage protective functions,
cytokine secretion, apoptosis and necrosis of host cells [16,18-20].

PPE18 (Rv1196), also known as Mtb39a, a member of the PPE
family, is expressed more in Mtb as compared to Mycobacterium
bowis [21]. Previous work by us documents that PPE18 binds to the
toll like receptor (TLR) 2 on macrophages, and via activation of
the p38 mitogen activated protein kinase (MAPK) pathway, it up-
regulates IL-10 cytokine production. Also, its interaction with
TLR2 leads to phosphorylation of the suppressor of cytokine
signaling (SOCS) 3 protein which then physically interacts with
the IxBo-nuclear factor (NF)-kB/c-rel complex. This interaction
prevents the nuclear translocation of p50 and p65 NF-kB and c-rel
transcription factors. As a consequence, there is a downregulation
of transcription of NF-kB-regulated genes like IL-12 and TNF-a.
Thus, PPE18 was found to selectively downregulate the proin-
flammatory and Thl-type immune response [5,22]. At the same
time, it increases secretion of IL-10 [22] which favors a Th2-type
response. Also, our previous work reveals that macrophages
infected with Mtb strain lacking PPE18 produce less IL-10 and
more IL-12 p40 compared to those infected with wild-type Mtb
strain. Interestingly, PPE18 was shown to skew the anti-PPD Thl
response towards the Th2-type in T cells isolated from PBMCs
from BCG vaccinated individuals [22]. To understand the role of
PPE18 in Mtb virulence @ vivo, in the present study, the ppel8
knock-out (KO) strain was used in a murine model of Mtb
infection. Our studies revealed that mice infected with ppel8 KO
bacteria had lower bacterial load, less tissue pathology and
improved survival rates compared to mice infected with wild-type
(WT) bacteria. These data reveal that PPE18 probably plays an
important role in the survival and multiplication of Mtb bacilli
during infection.

Materials and Methods

Bacterial Strains

The Mtb ppel8 knock-out (KO) strain (ppe/8 null mutant;
mutant ID 1440, MT1234) and its corresponding wild-type (W'T)
strain (CDC1551) were obtained from Colorado State University
(as part of National Institutes of Health National Institutes of
Health NIAID Contract No. HHSN266200400091C entitled,
“Tuberculosis Vaccine Testing and Research Materials”). The M.
tuberculosis strains were grown in Difco Middlebrook 7H9 broth
(BD Biosciences, Sparks, MD, USA) supplemented with 0.2%
glycerol (Sigma-Aldrich, St. Louis, MO), 0.5% Tween 80 (Sigma-
Aldrich), and 10% oleic acid albumin dextrose complex (OADC,
BD Biosciences) in a biosafety level 3 (BSL-3) facility at
International Centre for Genetic Engineering and Biotechnology
(ICGEB), New Delhi, India.

Mouse Infections

Four to six weeks old C57Bl1/6 mice of either sex were kept in
individually ventilated cages in a BSL-3 animal house at ICGEB,
New Delhi. Animal experiments were conducted at the animal
house facility of ICGEB, New Delhi, India according to the
guidelines of the Institutional Animal Ethics Committee. Mice
were infected with 1x10% of WT or ppel8 KO Mitb strain by
aerosol route using the Madison Aerosol Chamber (University of
Wisconsin, Madison, WI) pre-calibrated to deliver small inocula of
bacilli (delivering about 80-130 bacilli of both the strains per lung
of animal sacrificed at day one as assessed by killing two mice 24
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hours after exposure to aerosol and plating the lungs homogenates
on nutrient 7HI11 agar and counting CFU after a 21 days
incubation at 37°C).

Infection Burden in Organs

Bacterial loads in lung, liver, and spleen were evaluated at
different time points after aerosol infection with W'T or ppel 8 KO
Mtb to follow the course of infection. For this, lung, liver and
spleen were aseptically removed from euthanized animals from
each group. Organs were homogenized in sterile saline containing
0.05% Tween 80 (Sigma-Aldrich). Serial dilutions of homogenized
organs were plated on 7HI11 plates supplemented with 10%
OADC (BD Biosciences). Plates were incubated at 37°C and
colonies were counted after 21 days.

Histopathology

Lung, liver and spleen of mice infected by aerosol route with
either WT or ppel 8§ KO Mtb strain were aseptically removed from
cuthanized animals and were fixed in 10% formalin and then
embedded in paraffin wax. Sections were then stained with
hematoxylin and eosin (H&E) stain for visualizing mammalian
cells. Sections were visualized under an Olympus CX21 micro-
scope (Olympus, Japan). Also, microphotographs were taken using
an Olympus DP72 CCD camera attached to the microscope.
DP2-BSW software was used for image analysis.

Statistical Analysis

Data analysis was performed using the Student’s ¢ test,
considering P values <0.05 to be significant. Values are presented
as mean bacterial count = standard error of the mean (SEM) of 5
animals per group per time point [23,24].

Results

PPE18 Confers a Growth Advantage to Mtb in vivo in a

Mouse Model of Infection

To assess the role of PPE18 in growth of Mth w vivo, C57Bl/6
mice were infected with either WT or ppel8 KO strains of Mtb via
the aerosol route and the bacterial burden was estimated in lung,
liver and spleen of infected animals at 3 different time points (3
weeks, 6 weeks and 9 weeks) after infection. The aerosol infection
deposited 80-130 colony forming units (CFUs) per lung (as
assessed by counting CFUs in two infected mice per Mtb strain at
day 1 post infection) Infection through aerosol deposits Mtb
directly into the lungs and hence considered to be closest to
physiological mode of infection. Lungs being the primary site of
infection showed maximum CFUs at all the time points examined
(Figure 1). In mouse model upon infection, bacteria are known to
disseminate from lungs to liver and spleen [25]. It has been shown
that in mice infected with a low dose of Mtb by aerosol route,
bacterial numbers increase steadily with time to reach a peak at
about 3 weeks and thereafter may decrease considerably [26,27]
when the host cell-mediated immune responses are high [25,28-
30]. Similarly, we also observed a steady rise in the bacterial load
in all the organs till 3 weeks after aerosol infection and then a
decrease at 6 weeks and 9 weeks post infection. Interestingly, we
found that the number of ppel/8 KO bacteria remained signifi-
cantly less in all the organs at almost all the time points
investigated (Figure 1). In the lungs of ppel/§ KO-infected mice,
the mean bacterial counts (£ SEM) were significantly lower at 3
weeks post infection as compared to those of infected with WT
Mtb strain and this trend continued to later time points also (6
weeks and 9 weeks) (Figure 1A). Similar observations were made in
liver (Figure 1B) as well as in spleen (Figure 1C). These data

December 2012 | Volume 7 | Issue 12 | e52601



indicate that the ppel/8 KO strain probably failed to multiply as
robustly as the wild-type strain during the acute phase of infection
in vivo. PPE18 has previously been reported to be non-essential for
bacterial growth  vitro [31]. Our results indicate that PPE18
probably plays a role in replication and survival of Mtb i vivo and
therefore, may be a candidate virulent factor.

Mice Infected with ppe18 KO Strain Show a Reduced
Degree of Inflammation and Tissue Damage as

Compared to mice Infected with WT Mtb Strain

Aerosol infection deposits Mtb directly in the lungs where their
numbers slowly increase reaching a peak at about 3 weeks post
infection. This is also the time when the influx of immune cells into
the lungs is very high [28-30]. From the lungs the infection
disseminates to liver and spleen. It has been reported that upon
initiation of infection, bacteria in the lungs are lodged in the
alveolar macrophages, myeloid dendritic cells (DCs) and neutro-
phils which form the first line of defense [25]. T cells first get
activated in the draining lymph node and then migrate to the
lungs about 14-21 days post infection [32]. In mice, the immune
cells (macrophages and lymphocytes) are not arranged in the form
of well defined granulomas that are observed in humans. It has
also been observed that the immune response in the mouse model
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is often exaggerated and contributes to the aggravated tissue
pathology resulting in death of the host even though the bacterial
numbers are not significantly high [25]. Therefore, we examined
the tissue damage in lung, liver and spleen in mice infected with
WT and ppel8 KO Mtb strains wm vivo by histopathological
analyses. The extent of inflammation and tissue damage due to
infection as seen in the hematoxylin and eosin (H&E) stained
sections of lung and liver from mice infected with WT Mtb was
found to be markedly pronounced (Figures 2 and 3, left panel)
than that observed in mice infected with the ppel8 KO Mtb
(Figures 2 and 3, right panel). The lungs of animals infected with
WT or ppel8 KO strains of Mtb became infiltrated with
lymphocytes and macrophages at later time points after aerosol
infection. However, the infiltration and lesions were more severe
in mice infected with WT Mtb. Mice infected with ppe/8 KO had
more intact alveolar spaces while mice infected with WT Mtb
almost had none, especially at 21 and 60 weeks post infection
(Figure 2). The lesions and tissue damage observed in the WT
Mitb-infected animals were graded 4 (marked with 51-75% tissue
affected) and 5 (severe with 76-100% tissue affected) and that in
the ppel 8 KO-infected animals were graded 3 (moderate with 26—
50% tissue affected), 60 weeks post infection (Figure 2). A similar
trend was observed in the liver. The lesions observed in liver were,
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Figure 1. Infection burden in mice infected with wild-type (WT) or ppe78 knock-out (KO) Mtb strain. C57BL/6 mice were infected
aerogenically with a low dose (1x108) of either WT or ppe18 KO strains of Mtb. At different time points post infection, mice were sacrificed and CFU
counts were measured in lung (A), liver (B) and spleen (C). Data are mean = SEM of results for five mice per group for each time point.

doi:10.1371/journal.pone.0052601.g001
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however, less severe compared to those in the lungs. Small foci of
lymphocytic infiltration began to appear 3 weeks post infection in
WT-infected mice (Figure 3). The foci were better observed at a
magnification of 100X (Figure S1). The lesions became more
numerous by 60 weeks post infection (Figure 3). Liver sections
from ppel 8 KO-infected mice seemed normal at 3 and 21 weeks
post infection and this correlated well with low CFU counts in the
liver (Figure 1B), mild lymphocytic infiltration was observed in
livers of ppel 8 KO-infected mice only at 60 weeks post infection
(Figure 3). Effect of infection was not observed in spleen of both
WT- and ppel8 KO Mtb infected mice sacrificed at 3 weeks.
Histiocytosis or accumulation of macrophages in spleen was
observed at 21 and 60 weeks post infection in mice infected with
WT Mtb strain (Figure 4), however, the spleen tissue structure of
ppel 8 KO strain-infected mice appeared to be normal (Figure 4).
Our observations from the histological slides indicated that in
comparison to the WT, the ppel8 KO strain elicited a reduced and
delayed inflammatory response in lung, liver and spleen of the
infected mice.

Infection with ppe18 KO Strain of Mtb Exhibits Reduced
Tuberculosis Induced Fatality

To reckon the total effect of in vivo growth and inflammation,
survival of mice infected with WT and ppel8 KO strains of Mtb
was monitored over a prolonged period of time. No deaths were
registered in the group of mice infected with the ppel/8 KO strain
during the entire study period of 60 weeks. However, in the group
of mice infected with the WT Mtb, survival rate had dropped to
25% 60 weeks post infection (Figure 5). Also, mice infected with
ppel8 KO strain visibly appeared healthier. The percentage
increase in the weight of mice infected with ppel/8 KO strain 9
weeks after infection was 55+2% compared to the 31.9%5%
increase in the weight of mice infected with the WT strain (Figure

S2).

Discussion

The virulence of Mtb is complicated and multifaceted. Earlier
in vitro studies by us had indicated that PPE18 might aid in
virulence of Mtb by favoring the non-protective anti-inflammatory
Th2-type response and downregulating the protective pro-
inflammatory and/or Thl-type immune response [5,22]. The
present infection studies in a mouse model have indeed revealed
that deletion of PPE18 reduces the capacity of Mth to multiply
in vivo. Both in vitro [5,22] and in vive studies thus point to the fact
that PPE18 probably plays an important role in the virulence of
Mtb.

It is documented that immunity to Mtb in host depends on
robust Thl-type T cell response while Th2-type response leads to
enhanced susceptibility to mycobacterial infection [33]. Among
the several factors that regulate T cell polarization and Th1/Th2
development, the cytokines produced by the activated macro-
phages have the most influential role [34,35]. IL-12 [36-39] and
TNF-a [40,41] cytokines are known to trigger the anti-mycobac-
terial protective Thl-type immune response [38,42,43]. In
contrast, IL-10 cytokine not only perturbs the Thl response but
also polarizes the T-cell immune response towards the non-
protective Th2-type and promotes Mtb survival inside the host
[44-48]. IL-10 has been shown to be linked with the ability of Mtb
to evade immune responses and mediate long-term infections in
the lungs [49]. Thus, mycobacterial strategy at every step is likely
to perturb the macrophage IL-12/IL-10 balance to subsequently
establish a Th2-type response. This hypothesis is supported by the
observation that pathogenic Mtb bacteria have evolved mecha-
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nisms to suppress IL-12 and TNF-o production [50-53]. On the
other hand, virulent clinical strains of Mtb are found to be
proficient at stimulating high levels of IL-10 and inducing
immunosuppression in the host [54,55]. Interestingly, IL-10
transgenic mice re-activate latent tuberculosis infection and
overproduction of IL-10 causes increase in susceptibility to
mycobacterial infection [56]. Also, in patients with active TB
infection, the anti-PPD Thl T cell responses are found to be
downregulated [57,58]. All these findings indicate an important
role of the IL-12/TNF-o and IL-10 balance in the regulation of
Mitb infection and disease progression; however, the mechanisms
by which the bacilli influence these signaling pathways to favor
their long-term survival and persistence inside the host are not well
understood.

Previous work by us reveals that PPE18 is a TLR2 ligand and its
binding to TLR2 results in activation of p38 MAPK, which leads
to secretion of higher levels of IL-10 [22]. At the same time, this
interaction also inhibits LPS-mediated IL-12 p40 and TNI-o
induction involving the p38 MAPK-SOCS3-NF-kB/c-rel signal-
ing pathway [5]. Thus, it appears that PPE18 probably plays a key
role in regulating the Th1/Th2 cytokine balance, which in turn
can influence bacterial persistence and multiplication inside the
host [59,60]. We have also documented earlier that the anti-PPD
T cell response is skewed towards the Th2-type by PPEI8 in T
cells isolated from PBMCs from the BCG-vaccinated individuals,
and an important role of IL-10 in the downregulation of anti-PPD
Thl response by PPE18 [22]. Thus, how much of the PPE18-
induced modulation of the immune response could directly
contribute to Mtb virulence i viwo seemed an interesting and
logical issue to be looked at. In the present study, we observed that
absence of ppel 8 in Mtb resulted in a marked decrease of virulence
with low bacterial counts and reduced pathology in the lung, liver
and spleen when compared with the WT strain in a murine model.
Also we observed absence of mortality in mice infected with ppel 8
KO strain compared to mice infected with CDC1551 wild-type
strain. Thus we predict that deletion of ppel 8 impairs the ability of
the bacilli to induce a favorable anti-inflammatory immune
environment. Although the precise mechanism of the reduced
virulence of ppel & knock-out strain is unclear, this could be due to
the fact that in the absence of PPELS, probably a better protective
immune response (especially Thl) is generated which augurs well
for the host [61-63]. It is also possible that PPE18 targets other
immune effecter molecules that lie downstream of the SOCS3-NF-
kB signaling cascade that has previously been shown to be affected
by binding of PPE18 to TLR2 [5] to downregulate anti-
mycobacterial protective immune responses. The exact reason
for low numbers of ppel 8 knock-out Mtb strain in vivo needs to be
further investigated.

The aerosol model of Mth infection in mice fails to give rise to
the classical granulomas in the lungs that are typically observed in
people suffering from tuberculosis. The infected mice usually show
loose aggregates of macrophages and lymphocytes that infiltrate
into the lungs upon infection [64]. Such aggregates were also
observed in our studies. These clusters of immune cells were seen
to appear earlier in the lungs of mice infected with the WT Mtb
strain. On the other hand, we observed fewer CFUs in mice
infected with the ppe/8 KO Mtb strain, that resulted in delayed
onset of lung, liver and spleen pathology as compared to the WT
Mitb strain. This is well reflected in the absence of mortality in
mice infected with ppel8 KO strain whereas mice infected with
WT Mtb strain failed to survive beyond 60 weeks. Within the
localized environment of the granulomas, the immune cells
regulate bacterial multiplication and thus control the spread of
infection within the lungs and to other organs [65]. Various studies
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Figure 2. Histopathology of lungs from mice infected with wild-type (WT) or ppe78knock-out (KO) Mtb strain. Lung sections from mice
following infection with either WT (left panel) or ppel8 KO (right panel) strains of Mtb were stained with hematoxylin and eosin (H&E) stain at
different time points post infection. Photographs of representative sections from 2 mice visualized at 40X magnification are shown.

doi:10.1371/journal.pone.0052601.g002

have indicated that even though the bacterial replication slows
down after 34 weeks of infection, the infected mice might
eventually die as a result of organ damage caused by the bacteria
[29,66]. We observed that the number of WT bacteria after
aerosol infection increased at 3 weeks from day 1 and then
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decreased when examined at 6 weeks and 9 weeks time point.
However, in these mice, we observed exacerbated lung as well as
liver and spleen pathology at later time points (21 weeks and 60
weeks) which was associated with increased mortality. The
decrease in CFU counts in WT-infected mice at later time points
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Figure 3. Histopathology of livers from mice infected with wild-type (WT) or ppe78 knock-out (KO) Mtb strain. Liver sections from mice
infected with either WT (left panel) or ppe18 KO (right panel) strains of Mtb were stained with hematoxylin and eosin (H&E) at different time points
post infection. Photographs of representative sections from 2 mice visualized at 40X magnification are shown. Arrows indicate the sites of

lymphocytic infiltration.
doi:10.1371/journal.pone.0052601.g003

like 6 weeks and 9 weeks compared to 3 weeks time point post
infection as observed in our study could be due to induction of an
effective immune response, thereby keeping the intracellular
bacterial load down. However, at all the time points studied,
tissue pathology was found to be much less severe in mice infected
with ppel 8 KO strain explaining the absence of mortality in these
animals.

Mycobacterial virulence factors are defined as the traits that
cause disease progression in host. The CFU load, histopathology
and survival of the host after bacterial infection determine the
degree of virulence. The growth of Mtb inside a host is an
important indicator of virulence. Thus, observed low CFU counts
of ppel8 KO Mtb strain in mice and longer survival of the mice
infected with ppel 8 KO strain could possibly mean that PPE18 is a
virulence factor of Mtb. Correlations between reduced pathology
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accompanied by improved survival of the host have been made
earlier in studies using Mtb strains deficient in mce operons [67]
and the serine/threonine kinase PknG [68]. In both these studies,
multiplication of the knock-out strains was found to be compro-
mised in vivo. Similarly, mice infected with AsigC mutant had CFU
counts in the lung homogenates one log unit lower than the wild-
type CDC1551 and AsigC complemented mutant groups at day
28 and this observation persisted up to day 120 [69]. AsigC
mutant-infected mice show milder lung pathology and remained
healthy and alive for an extended time in comparison to the
CDC1551 and AsigC  complemented mutant groups [69].
Interestingly, AsigC mutant strain also proliferated poorly in
guinea pig models [69]. Similar results were also observed when
guinea pigs and mice were infected with Mth AdosR mutant strain
[70] or with Mtb strain harboring several sigma factor mutants
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Figure 4. Histopathology of spleens from mice infected with wild-type (WT) or ppe78 knock-out (KO) Mtb strain. Spleen sections from
mice infected with either WT (left panel) or ppe18 KO (right panel) strains of Mtb were stained with hematoxylin and eosin (H&E) at different time
points post infection. Photographs of representative sections visualized at 200X magnification are shown. Arrows indicate the sites of macrophage

infiltration.
doi:10.1371/journal.pone.0052601.g004
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Figure 5. Survival of mice infected with wild-type (WT) or ppe78
knock-out (KO) Mtb strain. Survival of C57BL/6 mice following a
low-dose aerosol infection with either WT or ppel8 KO strains of Mtb
was monitored for 420 days post infection. The starting number of mice
in each group was 8.

doi:10.1371/journal.pone.0052601.g005
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[71]. All these observations indicate that poorer bacterial growth
and reduced lung pathology in animal models can contribute to
prolonged host survival upon infection with mutant Mtb strains
[27,67-75].

The PPE family comprises of 69 acid-rich members. PPE
proteins such as PPE44 (Rv2770c), Rv2608, Rv1168c, Rv2430c
etc have been found to elicit potent B and T cell responses [76—
79]. Interestingly, Rv0485, the transcriptional regulator of the
pel3/ppel8 pair has been shown to be a virulence factor in a
murine model of Mtb infection [17]. Our studies, however, focus
directly on the role of PPE18 in Mtb virulence. This study specially
gains relevance because PPE18 is a component of Mtb72f, a Mtb
subunit vaccine which is currently in clinical trials [80]. Therefore,
it becomes imperative to study and understand the function of
PPE18 in Mth virulence. PPE18 is thought to be present on the
bacterial surface [22,81]. Results presented in this study highlight
the important role of PPE18 in replication and survival of Mth
in vivo. Absence of PPE18 perhaps slows down the rate of bacterial
replication in vivo. Therefore, antibodies and other therapeutic
strategies that target the PPE18 protein might help in controlling
Mitb infection in a better way.
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Supporting Information

Figure S1 Histopathology of liver of mice infected with either
wild-type (WT) or ppel8 KO M. tuberculosis strain at higher
magnification. H&E-stained liver sections from W' (left panel)
and ppel8 KO (right panel) strain infected mice were observed at
100X magnification. Arrows indicate the sites of lymphocytic
infiltration.

(TIF)

Figure S2 Effect of M. tuberculosis wild-type (WT) or ppel8
KO infection on weight of mice. Weight of mice was taken 9 weeks
after they were infected with either WT or ppel8 KO strains of M.
tuberculosis. The percentage increase in weight was calculated
with respect to the average weight of 4-6 weeks old uninfected
mice. Data shown is mean = SEM for a total of 12 mice.

(TIF)

References

1. Raviglione MC, Snider DE Jr, Kochi A (1995) Global epidemiology of
tuberculosis. Morbidity and mortality of a worldwide epidemic. JAMA 273:
220-226.

2. Russell DG (2011) Mycobacterium tuberculosis and the intimate discourse of a
chronic infection. Immunol Rev 240: 252-268.

3. Baena A, Porcelli SA (2009) Evasion and subversion of antigen presentation by
Mycobacterium tuberculosis. Tissue Antigens 74: 189-204.

4. Meena LS, Rajni (2010) Survival mechanisms of pathogenic Mycobacterium

tuberculosis H37Rv. FEBS J 277: 2416-2427.

. Nair S, Pandey AD, Mukhopadhyay S (2011) The PPEI8 protein of
Mycobacterium tuberculosis inhibits NF-kB/rel-mediated proinflammatory cytokine
production by upregulating and phosphorylating suppressor of cytokine
signaling 3 protein. J Immunol 186: 5413-5424.

6. Tischler AD, McKinney JD (2010) Contrasting persistence strategies in
Salmonella and Mycobacterium. Curr Opin Microbiol 13: 93-99.

7. Keane J, Remold HG, Kornfeld H (2000) Virulent Mycobacterium tuberculosis
strains evade apoptosis of infected alveolar macrophages. J Immunol 164: 2016
2020.

8. Jozefowski S, Sobota A, Kwiatkowska K (2008) How Mycobacterium tuberculosis
subverts host immune responses. Bioessays 30: 943-954.

9. Cole ST, Brosch R, Parkhill J, Garnier T, Churcher C, et al. (1998) Deciphering
the biology of Mycobacterium tuberculosis from the complete genome sequence.
Nature 393: 537-544.

10. Voskuil MI, Schnappinger D, Rutherford R, Liu Y, Schoolnik GK (2004)
Regulation of the Mycobacterium tuberculosis PE/PPE genes. Tuberculosis (Edinb)
84: 256-262.

11. 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 Evol Biol 6: 95.

12. Mukhopadhyay S, Balaji KN (2011) The PE and PPE proteins of Mycobacterium
tuberculosis. Tuberculosis (Edinb) 91: 441-447.

13. Sampson SL (2011) Mycobacterial PE/PPE proteins at the host-pathogen
interface. Clin Dev Immunol 2011: 497203.

14. McEvoy CR, van Helden PD, Warren RM, Gey van Pittius NC (2009) Evidence
for a rapid rate of molecular evolution at the hypervariable and immunogenic
Mycobacterium tuberculosis PPE38 gene region. BMC Evol Biol 9: 237.

15. Karboul A, Mazza A, Gey van Pittius NC, Ho JL, Brousseau R, et al. (2008)
Frequent homologous recombination events in Mycobacterium tuberculosis PE/PPE
multigene families: potential role in antigenic variability. J Bacteriol 190: 7838
7846.

16. LiY, Miltner E, Wu M, Petrofsky M, Bermudez LE (2005) A Mycobacterium avium
PPE gene is associated with the ability of the bacterium to grow in macrophages
and virulence in mice. Cell Microbiol 7: 539-548.

17. Goldstone RM, Goonesekera SD, Bloom BR, Sampson SL (2009) The
transcriptional regulator Rv0485 modulates the expression of a pe and ppe
gene pair and is required for Mycobacterium tuberculosis virulence. Infect Immun
77: 4654-4667.

18. Balaji KN, Goyal G, Narayana Y, Srinivas M, Chaturvedi R, et al. (2007)
Apoptosis triggered by Rv1818c, a PE family gene from Mycobacterium tuberculosts
is regulated by mitochondrial intermediates in T cells. Microbes Infect 9: 271
281.

19. Basu S, Pathak SK, Banerjee A, Pathak S, Bhattacharyya A, et al. (2007)
Execution of macrophage apoptosis by PE_PGRS33 of Mycobacterium tuberculosis
is mediated by Toll-like receptor 2-dependent release of tumor necrosis factor-o.
J Biol Chem 282: 1039-1050.

20. Dheenadhayalan V, Delogu G, Brennan MJ (2006) Expression of the PE_PGRS
33 protein in Mycobacterium smegmatis triggers necrosis in macrophages and
enhanced mycobacterial survival. Microbes Infect 8: 262-272.

o

PLOS ONE | www.plosone.org

Role of PPE18 Protein in M. tuberculosis Virulence

Acknowledgments

We acknowledge the gift of mutant strain (JHU ID 1440, M'T1234) and the
WT strain (CDC1551) of M. tuberculosis from Dr. Karen Dobos of the
Colorado State University, Ft. Collins, CO through the National Institutes
of Health-NIAID Contract entitled “Tuberculosis Vaccine Testing &
Research Materials”. We thank Dr. J. Gowrishankar, CDFD, India and
Prof. V.S. Chauhan, ICGEB, India for kind help and support. The animal
infection studies and determination of CFU counts were carried out at the
Department of Biotechnology (DBT), Govt. of India-funded National
Facility for Tuberculosis Research at ICGEB, New Delhi.

Author Contributions

Conceived and designed the experiments: PS SM. Performed the
experiments: KHB AA SK. Analyzed the data: AA KHB PS SM.
Contributed reagents/materials/analysis tools: SK PS SM. Wrote the
paper: AA KHB SM.

21. Rehren G, Walters S, Fontan P, Smith I, Zarraga AM (2007) Differential gene
expression between Mycobacterium bovis and Mycobacterium tuberculosis. Tuberculosis
(Edinb) 87: 347-359.

22. Nair S, Ramaswamy PA, Ghosh S, Joshi DC, Pathak N, et al. (2009) The PPE18
of Mycobacterium tuberculosis interacts with TLR2 and activates IL-10 induction in
macrophage. J Immunol 183: 6269-6281.

23. Shang S, Ordway D, Henao-Tamayo M, Bai X, Oberley-Deegan R, et al.
(2011) Cigarette smoke increases susceptibility to tuberculosis-evidence from
in vivo and in vitro models. J Infect Dis 203: 1240-1248.

24. Rosas-Taraco AG, Higgins DM, Sanchez-Campillo J, Lee EJ, Orme IM, et al.
(2009) Intrapulmonary delivery of XCLl-targeting small interfering RNA in
mice chronically infected with Mycobacterium tuberculosis. Am J Respir Cell Mol
Biol 41: 136-145.

25. Flynn JL (2006) Lessons from experimental Mycobacterium tuberculosis infections.
Microbes Infect 8: 1179-1188.

26. Li W, Huang H, Hua W, Ben S, Liu H, et al. (2012) Neonatal revaccination with
Bacillus Calmette-Guerin elicits improved, early protection against Mycobacterium
tuberculosis in mice. Vaccine 30: 3223-3230.

27. Lazar-Molnar E, Chen B, Sweeney KA, Wang EJ, Liu W, et al. (2010)
Programmed death-1 (PD-1)-deficient mice are extraordinarily sensitive to
tuberculosis. Proc Natl Acad Sci U S A 107: 13402-13407.

28. Lazarevic V, Nolt D, Flynn JL (2005) Long-term control of Mycobacterium
tuberculosis infection is mediated by dynamic immune responses. J Immunol 175:
1107-1117.

29. Dharmadhikari AS, Nardell EA (2008) What animal models teach humans
about tuberculosis. Am J Respir Cell Mol Biol 39: 503-508.

30. Kang DD, Lin Y, Moreno JR, Randall TD, Khader SA (2011) Profiling early
lung immune responses in the mouse model of tuberculosis. PLoS One 6:
el6161.

31. Sassetti CM, Boyd DH, Rubin EJ (2003) Genes required for mycobacterial
growth defined by high density mutagenesis. Mol Microbiol 48: 77-84.

32. Cooper AM (2009) T cells in mycobacterial infection and disease. Curr Opin
Immunol 21: 378-384.

33. Rook GA, Seah G, Ustianowski A (2001) M. tuberculosis: immunology and
vaccination. Eur Respir J 17: 537-557.

34. Netea MG, Van der Meer JW, Sutmuller RP, Adema GJ, Kullberg BJ (2005)
From the Thl/Th2 paradigm towards a Toll-like receptor/T-helper bias.
Antimicrob Agents Chemother 49: 3991-3996.

35. Mukhopadhyay S, Nair S, Hasnain SE (2007) Nitric oxide: friendly rivalry in
tuberculosis. Curr Signal Transduct Ther 2: 121-128.

36. Flynn JL, Chan J (2001) Immunology of tuberculosis. Annu Rev Immunol 19:
93-129.

37. Orme IM, Cooper AM (1999) Cytokine/chemokine cascades in immunity to
tuberculosis. Immunol Today 20: 307-312.

38. Ottenhoff TH, Verreck FA, Lichtenauer-Kaligis EG, Hoeve MA, Sanal O, et al.
(2002) Genetics, cytokines and human infectious disease: lessons from weakly
pathogenic mycobacteria and salmonellae. Nat Genet 32: 97-105.

39. van Crevel R, Ottenhoff TH, van der Meer JW (2002) Innate immunity to
Mycobacterium tuberculosis. Clin Microbiol Rev 15: 294-309.

40. Roach DR, Bean AG, Demangel C, France MP, Briscoe H, et al. (2002) TNF
regulates chemokine induction essential for cell recruitment, granuloma
formation, and clearance of mycobacterial infection. J Immunol 168: 4620
4627.

41. Senaldi G, Yin S, Shaklee CL, Piguet PF, Mak TW, et al. (1996) Corynebacterium
paroum- and Mycobacterium bovis bacillus Calmette-Guerin-induced granuloma
formation is inhibited in TNF receptor I (TNF-RI) knockout mice and by
treatment with soluble TNF-RI. J Immunol 157: 5022-5026.

42. Giacomini E, Iona E, Ferroni L, Micettinen M, Fattorini L, et al. (2001) Infection
of human macrophages and dendritic cells with Mycobacterium tuberculosis induces

December 2012 | Volume 7 | Issue 12 | e52601



43.

44.

45.

46.

47.

48.

49.

50.

51.

53.

54.

56.

57.

59.

60.

61.

62.

a differential cytokine gene expression that modulates T cell response. ] Immunol
166: 7033-7041.

Nau GJ, Richmond JF, Schlesinger A, Jennings EG, Lander ES, et al. (2002)
Human macrophage activation programs induced by bacterial pathogens. Proc
Natl Acad Sci U S A 99: 1503-1508.

Beamer GL, Flaherty DK, Assogba BD, Stromberg P, Gonzalez-Juarrero M, et
al. (2008) Interleukin-10 promotes Mycobacterium tuberculosis disease progression in
CBA/J mice. ] Immunol 181: 5545-5550.

Murray PJ, Young RA (1999) Increased antimycobacterial immunity in
interleukin-10-deficient mice. Infect Immun 67: 3087-3095.

Higgins DM, Sanchez-Campillo J, Rosas-Taraco AG, Lee EJ, Orme IM, et al.
(2009) Lack of IL-10 alters inflammatory and immune responses during
pulmonary Mycobacterium tuberculosis infection. Tuberculosis (Edinb) 89: 149-157.
Redford PS, Boonstra A, Read S, Pitt J, Graham C, et al. (2010) Enhanced
protection to Mycobacterium tuberculosts infection in IL-10-deficient mice is
accompanied by early and enhanced Th1 responses in the lung. Eur J Immunol
40: 2200-2210.

Redpath S, Ghazal P, Gascoigne NR (2001) Hijacking and exploitation of IL-10
by intracellular pathogens. Trends Microbiol 9: 86-92.

Redford PS, Murray PJ, O’Garra A (2011) The role of IL-10 in immune
regulation during M. tuberculosis infection. Mucosal Immunol 4: 261-270.
Beltan E, Horgen L, Rastogi N (2000) Secretion of cytokines by human
macrophages upon infection by pathogenic and non-pathogenic mycobacteria.
Microb Pathog 28: 313-318.

Falcone V, Bassey EB, Toniolo A, Conaldi PG, Collins FM (1994) Differential
release of tumor necrosis factor-o. from murine peritoneal macrophages
stimulated with virulent and avirulent species of mycobacteria. FEMS Immunol
Med Microbiol 8: 225-232.

. Koul A, Herget T, Klebl B, Ullrich A (2004) Interplay between mycobacteria

and host signalling pathways. Nat Rev Microbiol 2: 189-202.

Talaat AM, Lyons R, Howard ST, Johnston SA (2004) The temporal expression
profile of Mycobacterium tuberculosis infection in mice. Proc Natl Acad Sci U S A
101: 4602-4607.

Ellner JJ (2010) Immunoregulation in TB: observations and implications. Clin

Transl Sci 3: 23-28.

. Manca C, Tsenova L, Freeman S, Barczak AK, Tovey M, et al. (2005)

Hypervirulent M. tuberculosis W/Beijing strains upregulate type I IFNs and
increase expression of negative regulators of the Jak-Stat pathway. J Interferon
Cytokine Res 25: 694-701.

Feng CG, Kullberg MC, Jankovic D, Cheever AW, Caspar P, ct al. (2002)
Transgenic mice expressing human interleukin-10 in the antigen-presenting cell
compartment show increased susceptibility to infection with Mycobacterium avium
associated with decreased macrophage effector function and apoptosis. Infect
Immun 70: 6672-6679.

Baliko Z, Szereday L, Szekeres-Bartho J (1998) Th2 biased immune response in
cases with active Mycobacterium tuberculosis infection and tuberculin anergy. FEMS
Immunol Med Microbiol 22: 199-204.

. Wilsher ML, Hagan C, Prestidge R, Wells AU, Murison G (1999) Human

in vitro immune responses to Mycobacterium tuberculosis. Tuber Lung Dis 79: 371~
377.

Hernandez-Pando R, Orozco H, Aguilar D (2009) Factors that deregulate the
protective immune response in tuberculosis. Arch Immunol Ther Exp (Warsz)
57: 355-367.

Rook G (2001) Thl- or Th2-cell commitment during infectious disease: an
oversimplification? Trends Immunol 22: 481-482.

Cooper AM, Dalton DK, Stewart TA, Griffin JP, Russell DG, et al. (1993)
Disseminated tuberculosis in interferon-y gene-disrupted mice. ] Exp Med 178:
2243-2247.

Flynn JL, Chan J, Triebold KJ, Dalton DK, Stewart TA, et al. (1993) An
essential role for interferon-y in resistance to Mycobacterium tuberculosis infection.

J Exp Med 178: 2249-2254.

PLOS ONE | www.plosone.org

63.

64.

66.

67.

68.

69.

70.

71.

72.

76.

77.

78.

79.

80.

81.

Role of PPE18 Protein in M. tuberculosis Virulence

Wang J, Wakeham J, Harkness R, Xing Z (1999) Macrophages are a significant
source of type 1 cytokines during mycobacterial infection. J Clin Invest 103:
1023-1029.

Dorhoi A, Reece ST, Kaufmann SH (2011) For better or for worse: the immune
response against Mycobactertum tuberculosis balances pathology and protection.
Immunol Rev 240: 235-251.

Scott HM, Flynn JL (2002) Mycobacterium tuberculosis in chemokine receptor 2-
deficient mice: influence of dose on disease progression. Infect Immun 70: 5946
5954.

Rhoades ER, Frank AA, Orme IM (1997) Progression of chronic pulmonary
tuberculosis in mice aerogenically infected with virulent Mycobacterium tuberculosts.
Tuber Lung Dis 78: 57-66.

Gioffre A, Infante E, Aguilar D, Santangelo MP, Klepp L, et al. (2005) Mutation
in mce operons attenuates Mycobacterium tuberculosis virulence. Microbes Infect 7:
325-334.

Cowley S, Ko M, Pick N, Chow R, Downing KJ, et al. (2004) The Mycobacterium
tuberculosis protein serine/threonine kinase PknG is linked to cellular glutamate/
glutamine levels and is important for growth in vivo. Mol Microbiol 52: 1691
1702.

Abdul-Majid KB, Ly LH, Converse PJ, Geiman DE, McMurray DN, et al.
(2008) Altered cellular infiltration and cytokine levels during early Mycobacterium
tuberculosis sigC. mutant infection are associated with late-stage disease
attenuation and milder immunopathology in mice. BMC Microbiol 8: 151.
Converse PJ, Karakousis PC, Klinkenberg LG, Kesavan AK, Ly LH, et al.
(2009) Role of the dosR-dosS two-component regulatory system in Mycobacterium
tuberculosis virulence in three animal models. Infect Immun 77: 1230-1237.
Karls RK, Guarner J, McMurray DN, Birkness KA, Quinn FD (2006)
Examination of Mycobacterium tuberculosis sigma factor mutants using low-dose
aerosol infection of guinea pigs suggests a role for SigC in pathogenesis.
Microbiology 152: 1591-1600.

Smith I (2003) Mycobacterium tuberculosis Pathogenesis and molecular determinants
of virulence. Clin Microbiol Rev 16: 463-496.

. Mukhopadhyay S, Nair S, Ghosh S (2012) Pathogenesis in tuberculosis:

transcriptomic approaches to unraveling virulence mechanisms and finding new
drug targets. FEMS Microbiol Rev 36: 463-485.

Sambandamurthy VK, Wang X, Chen B, Russell RG, Derrick S, et al. (2002) A
pantothenate auxotroph of Mycobacterium tuberculosis is highly attenuated and
protects mice against tuberculosis. Nat Med 8: 1171-1174.

. Martin C, Williams A, Hernandez-Pando R, Cardona PJ, Gormley E, et al.

(2006) The live Mycobacterium tuberculosis phoP mutant strain is more attenuated
than BCG and confers protective immunity against tuberculosis in mice and
guinea pigs. Vaccine 24: 3408-3419.

Chakhaiyar P, Nagalakshmi Y, Aruna B, Murthy KJ, Katoch VM, et al. (2004)
Regions of high antigenicity within the hypothetical PPE major polymorphic
tandem repeat open-reading frame, Rv2608, show a differential humoral
response and a low T cell response in various categories of patients with
tuberculosis. J Infect Dis 190: 1237-1244.

Choudhary RK, Mukhopadhyay S, Chakhaiyar P, Sharma N, Murthy K]J, et al.
(2003) PPE antigen Rv2430c of Mycobacterium tuberculosis induces a strong B-cell
response. Infect Immun 71: 6338-6343.

Khan N, Alam K, Nair S, Valluri VL, Murthy KJ, et al. (2008) Association of
strong immune responses to PPE protein Rv1168c with active tuberculosis. Clin
Vaccine Immunol 15: 974-980.

Romano M, Rindi L, Korf H, Bonanni D, Adnet PY, et al. (2008)
Immunogenicity and protective efficacy of tuberculosis subunit vaccines
expressing PPE44 (Rv2770c). Vaccine 26: 6053-6063.

McNamara LA, He Y, Yang Z (2010) Using epitope predictions to evaluate
efficacy and population coverage of the Mtb72f vaccine for tuberculosis. BMC
Immunol 11: 18.

Dillon DC, Alderson MR, Day CH, Lewinsohn DM, Coler R, et al. (1999)
Molecular characterization and human T-cell responses to a member of a novel
Mycobacterium tuberculosis mtb39 gene family. Infect Immun 67: 2941-2950.

December 2012 | Volume 7 | Issue 12 | e52601



