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Immunomodulatory Role of Mycobacterial PE/PPE Family of Proteins
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Mycobacterium tubeulosis(M.tb) is an adept pathogen possessing unique strategies to exploit and corrupt the very core
defense systems designed to curb its own survival and multiplication. Comparative analysis of mycobacterial genomes
indicate that the pathogenic mycobacterium have acquired a multitude of genes which play important roles in modulating
protective host-cell signaling that are triggered in response to an infd¢tenefore, defining the “set of genes” expressed

by intracellular pathogens as well as understanding modulations of host-signaling pathways during infection is extremely
crucial to devise successful clinical intervention against the development of didemseique PE/PPE proteins, which
constitute about 10% of coding capacity ottvgenome, owing to their high abundance and expansion in pathogenic
mycobacterial species warrants a better understanding of their role in mycobacterial pathdgenB&4?PE families

have been thought to play important roles in generating antigenic variation and immune Altasiagh a comprehensive
understanding of their role is yet to be fully understood, gimgevidence supports a role of PE/PPE proteins at multiple
levels of infectious proces$his review delineates the importance of these proteins in the modulation of macrophage
immune eflector responses, as well as importance of these proteins in clinical manifestaliBns of
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Introduction few novel/efective anti-mycobacterial drugs or
vaccines are available, hence there is an escalating
need for the development of new therapeutic agents
to combaffB(Snider and La Montagne, 1994).

More than 100 years after Kochdiscovery
tuberculosis (TB) still remains a major threat tohuman
existence.TB is one of the potential causes of
mortality around the world, killing about two million Mycobacterium has evolved highly
people annuallyApproximately one-third of the  sophisticated mechanisms like blocking phagosomal
world’s population is asymptomatically infected with maturation, preventing apoptosis, limiting the
M.tb, the main causative agent of this disedge. activation of mitogen-activated protein kinase
exceedingly resistant cell wall, opportunistic (MAPK) pathways in macrophages and suppressing
switching over to latency and arfiefent adaption  the antibacterial immune response enabling it to
to the hostile environment of phagocytic cells makesinvade, replicate and colonize the host tissues
M.tba very successful pathogen (Andersen andsuccessfully (Fig. 1). One of the important
Doherty 2005).The emegence of multiple drug- mycobacterial survival strategies for intracellular
resistant (MDR) and extremely drug resistant (XDR) survival is exploitation of host-cell signaling
strains severely compromise traditional drug-basedpathways (Kouét al, 2004). Mycobacterial survival
intervention. Except Bedaquiline which has been in the context of the host environment exemplifies a
recently approved as part of combination therapy tocomplex interplay between mycobacterial survival
treat adults with MDR pulmonafyB by FDA, very strategies and the consequent host responses to
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Fig. 1. An overview of the mechanisms employed by the M.tb for subverting macrophage signaling and effector functions. Macrophages are
both sentinelsand thefir st line of defenseagainst M.tb and bacilli, which have acquired numerousstrategiesto perturb the macrophage
signaling to favor its survival in macrophages asillustrated in figure. (AP-1, Activator protein; NF-kB, Nuclear factor kappa B, IkB,
Inhibitor of NF-KB; MAPK, Mitogen activated protein kinase; MAPKK, MAPK kinase; MAPKKK, MAPKK kinase; TLRs, Tall like
receptors, ROI, Reactive oxygen intermediates; RNI, Reactive nitrogen inter mediates)

infection.The host responses to infection begin with strategy of survival by expressing virulence factors
the identification of a foreign invader through the etc. challenges formidable defenses of the host
use of innate immune surveillance systems, whichimmune systemTherefore, defining the “set of
alert the body to an infection and induce a suite of genes” expressed by intracellular pathogens as well
inflammatory cytokines that ultimately shape the as understanding modulations of host-signaling
adaptive arm of immune response. Our understandingoathways during infection is extremely crucial to
of the mechanisms of interaction between devise successful infection that will prevent the
mycobacteria and host cells, and of consequentdevelopment of disease.

changes that are induced by mycobacteria in the host

signaling machinetyis still incomplete. With the completion of genomic sequence of

M.tbH37Ry, there have been extensive attempts to
Comparative analysis of mycobacterial identify the mycobacterial components vital for
genomes indicate that the pathogenic mycobacteriumestablishment of infection (Cole, 1999; Cole ef al
have acquired a multitude of genes which play 1998).The PE/PPE family of proteins that constitute
important roles to modulate the host-cell signaling 10% of the total coding capacity of the mycobacterial
that are triggered in response to an infectibime genome, on account of its unique presence in
interaction between the pathogen and the host ispathogenic mycobacterium merit a better
actually a dynamic confrontation where the micrebe’ understanding of its role in overall pathogenesis
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associated with tuberculosis disease (Cole, 1999)has been reviewed by Sampson (Sampsoi)Z2lte

This review provides an overview of the possible role pe andppe genes are mostly arranged in a unique
of PE/PPE proteins in immunity against tuberculosis regulon with the pgenes located always upstream
with emphasis on their immune-modulatory action to the ppe genes and scattered throughout the genome
and potential involvement in mycobacterial (Tundupet al., 2006)A total of 40 such pe/ppgene

subversion of the host immune response. operons exist and 22 of these exclusively corgain
ppegene pairs. Sonee andppegenes are found to
PE/PPE Genomics be associated withsx regions that encode hge

VIl or ESX secretion system$he mycobacterium

The names PE and PPE are derived from the motif§yenomes encode up to five of these transport systems.
Pro-Glu (PE) (positions 8, 9) and Pro-Pro-Glu (PPE) These clusters are conserved among various
(pos!tlons 8-10) found in _most cases near the N'pathogenic mycobacteria (Gey van Pittetsal,
terminus conserved domains dfdland 180 amino 2006).peandppegenes have not been identified yet

acid residues respectivelyhere are about 100 i, any non-mycobacterial species, not even in closely
members of the PE familyhereas the PPE protein ¢|ated bacteria such as Nodiafarcinica (Ishikawa

family comprises 70 memberge@'aig etal 1999). ot a1, 2004). Surprisinglyalthoughppe genes are
The proteins can be classified into subgroups,yigely present in pathogenic mycobacteria, such as
consisting of members with highly variable length \1 5viunand M. marinum the non-pathogenic
and sequence features (Fig. ZJhe PE_PGRS  ghaciegM. smegmationspicuously lacks these
(polymorphic GC-rich sequence) proteins contain genes (Abdallatet al, 2009).The M. smegmatis
multiple tandem repeats of Gly-Gly-Ala (or a variant genome, which is more than 50%ger than that of
thereof), while the PPE_MPTR (major polymorphic M.tb, contains only 4 putatiygpegenesApparently
tandem repeat) subgroup possess polypeptides thhere is a strong evolutionary selection for PPE
are rich in repeats with the signatden-X-Gly-X- yroteins in the pathogenic mycobacteria (Gey van
Gly-Asn-X-Gly. PE-PGRS and P_PE—MPTR 9€Nes pittius et al, 2006).The most archaic members of
represent some of the most variable regions of thejhage gene families were probably inserted during

M.tb chromosqme and consequently s_pe.culated_ t%the first duplication of the ESX system (ESX-1) and
represent a major source of antigenic variations whichyere subsequently co-duplicated with texgene

Unique and constitute 10% of coding potential of

PPE-SVP Mtb genome

PE alone

PE unique PE unique

PE/PPE genes are exclusively expanded and
Unique C-terminal region Unique C-terminal region ampllﬁed mn pathogemc mycobacterla

PE PGRS PPE PPE MPTR

{i
{i

Shows differential expression under different
~110aa ~180aa microenvironment and in different strains

Association with ESAT-6 (esx) gene cluster

Present in Region of deltions (RD)

(A) (B8)

Fig. 2. Genestructureand distinct characteristics of PE/PPE family of proteinsof M.th. Schematic representation of the gene structure of the
member s of pe/ppe gene family, showing conser ved N-terminal domains, motif positionsand differences between different sub-families
found in the two families respectively (A). A diagrammatic representation depicting the unique characteristics of PE/PPE family of
proteins based on various studies (B)
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clusters, until their recent expansion. ESX-1 and
ESX-5 have been shown to play major roles in the

secretion of PE/PPE proteins and in the virulence of

different pathogenic mycobacteria, such atbnd
M. marinum (Abdallaret al., 2008 Abdallahet al.,
2009).The core machinery of the ESX-1 pathway is

encoded in a genomic locus known as the region of
difference 1 (RD1), which is absent in the attenuated

BCG vaccine strain (Gordoet al, 1999; Guinn et
al., 2004). ESX-1 is involved in the secretion of the
potentT-cellAgs ESA-6 (EsxA) and CFP-10 (EsxB),
which are known to modulafELR2 signaling and
cytokine inhibition (Gacet al., 2004; Pathakt al.,
2007; Pym et aJ 2003; Skjot et a] 2000; $anleyet

al., 2003). Recent|ythe ESX-1/RD1virulence locus
has been shown to promote mycobacterial infection
for local expansion and systemic dissemination
(Davis and Ramakrishnan, 2009). In addition to the
potential role of ESX-1, a study #bdallahet al.
has shown that ESX-5 locus is both necessary an

Differential Expression of pe/ppe Genes

There are ample evidences available to support
differential expression of members of the PE/PPE
family between dierent strains of M.tljFlores and
Espitia, 2003) as well as under fHfent
environmental and experimental conditionegkuil
et al, 2004) A study of diferential expression of pe/
ppe genes between MahdM. bovisreveal that these
genes are highly upregulated in Matbcompared to
M. bovis suggesting thape/ppegenes might be
important in determining host preference and
specificity during evolution (Rehreet al, 2007).
Furthermore, diverent regulation ope/ppegenes
in genotypically diverse clinical isolates and within
individual strains has been also reported (Delegu
al.,, 2006; Gao et al., 2005; Rinét al., 2007).
Differential regulation ofpe and ppe genes was
observed under 15 d@rent conditions, hinting at
iverse functions of these proteins undefedént
tages of disease (Dheenadhayaltal, 2006b).

sufficient to produce functional secretion machinery Many PE/PPE proteins are up-regulated during stress

for PE and PPE proteins in M. maringi&bdallah et
al., 2008). Howeversecretion of PE/PPE protein by

ESX-5is not generalized phenomenon as some of PE

PPE proteins carry functional N-terminal signal
peptide cleavage sites, facilitating their secretion/
localization via other mechanisms such asShe
dependent export pathway (Maletal, 2007).This

is emphasized byeseral studies showing cell-wall
localization of PE/PPE proteins M. smegmatis,
which lacks the ESX-5 region (Casciofebal,
2007; Chaturvedi et g12010; Delogtet al, 2004;
Sampsoret al, 2001). Some PE/PPEs may be actively

condition and upon macrophage infection in host
?issue, suggesting a role in bacterial survival and
ntracellular survival respectively during
mycobacterial infection (Betts et.aR002; Haan et
al., 2003;Voskuilet al, 2004). Expression levels of

a subset of pe/ppeenes are altered in regulatory and
other mutants of Mb (Goldstoneet al., 2009;
Vallecillo and Espitia, 2009Valters et al 2006).
Using anin vivo expression technology approach,
which identified macrophage-specific gene
expression, Srivastava et al. (2007) found one of the
pe/ppegenes, rv3097c (PE_PGRS63), to be the most

secreted or pggsively shed from the bacterium imohighly expressed gene as early as 24 h post infection
the host cell milieu, and could even be released from(Srivastava et al 2007).The promoters of several

host cells via exosomes (Balajfi al, 2007).Thus,
they are ideally positioned to interact with the host
immune system and have important consequences o
the outcome of infection (Sampson, 2DSructure-

other pe/ppgenes (rv0977, rv1361c, rv1840c) were
up-regulated in THP-1 macrophages (Dubnau.et al
2002). In a transposon site hybridizatiormra$H)

assay a microarray-based technique, mutations in

based predictions based on crystal structure of PE25{hree genes belonging to the PE/PPE family (rv1807,
PPEA41 protein pair showed considerable resemblancgy3872, rv3873) had growth-attenuatingesits

to the CFP-10/ESP6 complex (8onget al, 2006).
Based on the close genomic, evolutionary and
functional links between pe/pmgenes and thesx

(Sassetti and Rubin, 2003). Failure of mutations in
other pe/ppegenes to produce a phenotype can
probably be attributed to functional redundancy of

gene clusters, PE/PPE proteins might potentially bethese genes. Recentllge genes for PE13 and PPE18

important virulence factors.

have been shown to be part of the rv0485 regulon,
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which encodes a putative transcription regulatory activated protein (MAP) kinase, (leading to the
protein. Mutation studies indicate that Rv0485 is activation of nuclear factor kappa B (MB) and the
required for M.thvirulence (Goldstonet al., 2009).  induction of cytokines and chemokines, which play
Some of the PE/PPE family proteins like R88c, critical role in triggering the adaptive immunity
Rv2430c display stronger immuno reactivity against against pathogenéQuesniauxet al., 2004).
the sera obtained from patients with clinically active RemarkablyTLRs recognize diverse range of
TB and could distinguisiiB patients fronM. bovis microbial ligands, which are structurally and
BCG-vaccinated healthy controls, indicating that biochemically distinct, by just utilizing a conserved
probably these proteins are highly expressed duringset of LRR motifsTLRs may recognize such varied
active pathogenesis of M.(Choudhanet al., 2003; molecules possibly by mechanisms involving
Khan et al, 2008). Interestinglyanalysis of Mb diversification of LRR motifs, cooperative
proteome in the lungs of guinea-pigs revealed thatinteractions between dgrentTLRs, and or the use
PE/PPE proteins are the third most abundant categoryf non-TLR coreceptors or other accessory molecules
and showed the most consistent expression duringWestet al., 2006)Thein vitro studies indicate that
infection. The PE-PGRS53/54, and PE-PGRS56/57, M.tbis recognized by severBLRs, includingTLR2/
and PPE38 proteins were found to be amongst thel/6, TLR9, and possibly alsbLR4 (Heldwein and
ten most dominant proteins at 90 days post infectionFenton, 2002; Quesniaux et,&004) A central role
(Kruh et al, 2010).These findings are suggestive of for TLR2 in M.tbrecognition and protection has been
diverse functional roles played by PE/PPE family of prominently documented (Brightbdt al, 1999; Feng
proteins at dierent stages of disease. et al, 2003; Meangt al, 1999; Underhillet al,
1999). Numerous studies in vtandin vivo have
Role of Pattern Recognition Receptors in shown that whole mycobacteria or mycobacterial
Recognition of M.tb components act as agonists TaRs (Bafica et al
2005; Paiet al, 2004; Quesniauet al, 2004;

The activation of both innate and the acquired |
Yoshimura et a] 1999).

immune response to M.infection depends on a &

degree on recognition of M.ts a pathogen by the TLR2-mediated immune activation of
pattern-recognition receptors (PRRs) sucfodsike macrophages, plays an important role in early defense
receptors (TLRs) (Qureshi and Medzhit2003) All against invading Mb through production of various

known TLRs in mammals are type-I integral cytokines, reactive oxygen, direct bactericidé&ef
membrane glycoproteins containing an extracellular or by the induction of apoptosis (Heldwein and
domain with leucine-rich repeats (LRRs) responsible Fenton, 2002). Classica)l[JLR2 is recognized as a
for ligand recognition and a cytoplasmioll/  principal inducer of the pro-inflammatory signal, like
Interleukin-I receptor homology (TIR) domain TNF-a, during infection with M.tqUnderhill et al,
required for initiating signaling cascades (Lee and 1999).TLR2 in association witfLR1 andTLRS6,
Kim, 2007). Detection of microbial ligands ByRs ~ mediates responses to mycobacterial lipoproteins,
leads to the initiation of inflammatory cytokines |ipomannan, arabinose-capped lipoarabinomannan
(Aderem and Ulevitch, 2000; Janeway and (ara-LAM) and phosphatidyhycinositol mannoside
Medzhitoy 2002). M.this known to activate at least (PIM) (Quesniaux et al., 2004JLR activation by
two different families of pattern recognition mycobacterial productsot only leads to the synthesis
receptorsTLR and the Nods (Ferwer@aal, 2005).  of pro-inflammatory cytokines includinfNF-a and
TLRs initiate signal transduction by the binding of |L-12, but also to the production of nitric oxide, a
adaptor protein MyD88 (myeloid dérentiation  metabolite with potent anti-mycobacterial activity in
protein 88) to th@R domain ofTLRs, followed by mice(Brightbill et al, 1999; MacMickinget al, 1997;

the recruitment of IL-1 receptor associated kinasespecoraet al, 2006; Underhillet al., 1999).The
(IRAK), TNF receptor associated factor (TRAF) 6, mycobacterial cell wall contains a number of pro-
TGFa activated protein kinase 1AR1), mitogen-  inflammatoryTLR2 ligands, including lipoproteins,



1060

Shiny Nair

glycolipids, mycolylarabinogalactan—peptidoglycan antigen presentation and also blocks macrophage
complex (the cell wall core structure), lipids, and responsiveness to IFN{Fultonet al, 2004; Gehring

LAM (Berrington and Hawn, 2007)Various
mycobacterial glycolipids and lipoproteinsafile 1)
and proteins (@ble 2) have been individually
demonstrated to be involved in activatimgR-

et al., 2004; Noss et al., 2001; Pai et al., 200dng

et al, 2001). Surprisinglyin TLR2 deficient mice,
though the ability to inducéhl immune response is
not compromised, an exaggerated immunopathology

dependent signaling cascades and innate immunén response to Mhis exhibited (Bhatt and Salgame,

responses.

Interestingly though TLR2 have been
implicated in recognition of majority of M.llgands
and known to induce pro-inflammatory responses,

2007).Thus, the Mbis thought to hijack th€LR2-
induced signaling to modulate thefesftorAPC
functions of the macrophages or DCs for its own
benefit. Ligation of TLR2 by variousM.tb

TLR2 signaling has been also implicated in

modulation of phagocyte functiontuslies have
shown that engagement DER2 with M.tb ligands

induces inhibition of macrophage MHC class I

components inhibits antigen presentation, pro-
inflammatory responses and induces apoptosis, thus
compromising innate immune responses to
mycobacterial infection (Fortune et al., 2004; Palma

et al, 2009). RecentlyM. marinumPPE38 protein

Tablel: TLR ligands(lipids) of mycobacterium and their physiological role

Mycobacterial TLR Ligands Species Pattern M odulation of References
Recognition  immuneresponse
receptors
Glycolipids
Ara LAM (lipoarabinomannan) M. smegmatis TLR2 (Heldwein and Fenton, 2002;

PILAMs (phosphoinositide LAM) M.

smegmatis TLR2

Secretion of pro-inflammatory
cytokines likeTNF-a, IL-8 or

IL-12

Vignal et al., 2003Wieland
et al., 2004)

(Heldwein and Fenton, 2002)

PIM, (Dimannoside) M. bovis TLR2 (Joneset al, 2001)
PIM, (hexamannoside) M. bovis TLR2 (Gilleron et al., 2003)
ManLAM (mannosyl) M. tubeculosis,Mannose Stimulate IL-10 induction & (Quesniaux edl., 2004)
M. bovis, receptor inhibits the production of
M. kansasii DC-SIGN IL-12 & TNF-a
Lipoprotein
LprG M. tubeculosis, TLR2, TLR1, Inhibits class Il MHC (MHC-II) (Drageet al., 2009;
M. bovis CD14 expression andg processing. GehringAJ, 2003)
Short term exposure leads to
TNF-a secretion in macrophages
Acylated LprA M. tubeculosis, TLR2,TLR1 (Drageet al., 2009;
M. bovis and CD36 Pecora et aJ 2006)
LpgH (19-kDa protein ) M. tubeculosis, TLR2, CD14 Inhibits class Il MHC (MHC-II) (Aliprantiset al., 1999;
M. bovis expression andg processing.  Brightbill et al,, 1999;

38-kDa glycolipoprotein (PhoS1M. tubeculosis TLR2 and

TLR4

Short term exposure leads to

Noss et al.2001)

TNF-a secretion in macrophages

TNF-a and IL-6 expression.

(Junget al, 2006)
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Table2: TLR ligands (Proteins) of Mycobacterium and their physiological role

Mycobacterial TLR Ligands Species Pattern M odulation of References
Recognition  immuneresponse
receptors
Proteins
PE_PGRS33 (Rv1818c) M. tubeculosis TLR2 Induction of apoptosis through (Basu et al.2007)
induction of TNF-a
ESAT-6 M. tubeculosis TLR2 Inhibition of pro-inflammatory (Pathak et al 2007)
responses
HSP65 (Heat Shock Protein) M. tuberulosis TLR2 (Bulut et al, 2005)
HSP70 M. tubeculosis TLR2 Pro-inflammatory responses  (Bulut et al, 2005)
HSP60 M. tubeculosis TLR2, TLR4  Stimulates IL-10 vialLR2 (Khanet al, 2008a)
signaling
Soluble tuberculosis factor (STF)M. tubeculosis TLR2 Induction of Pro-inflammatory (Means et a| 1999)
responses

was shown to trigger extensive inflammatory expression of complete PE_PGRS33 protein in the
responses in macrophages and arrest MHC class hon-pathogenic fast-growing M. smegmatgers
processing and presentationvia its interaction with better survival advantage in infected macrophages

TLR2 (Wanget al., 2013) cultures and mice, rather than a parental strain or a
strain expressing only the PE domain of the protein
Diverse Functional Role of PE/PPE Proteins (Dheenadhayalan et.a006a).The PE domain of

Various studies suggest a role of PE/PPE proteins inPE—PGRSSS was found to be necessary for sub-

, . X . cellular localization, while the PGRS domain is
subverting critical innate immune pathways by .
) . ) : shown to affect the bacterial shape and colony
interfering with various host components (Sampson,
2011). The most widely supported theory suggests morphology (Deloguet al, 2004). Furthera
L y supp o y gg transposon insertion mutation in the PE_PGRS33 of
the involvement of these proteins in generation of

L . . . a M. bovis BCG strain showed reduced survival in
antigenic variation due to highly polymorphic nature macronhages and dispersed arowth in liquid media
of their C-terminal domains (Banu et al., 2002; phag P g d

Delogu and Brennan, 200Their roles in modulation (Brennan et al,, 2001PE_PGRS33 has also been

. . shown to elicifNF-a prodiction in macrophages in
of macrophage function have also been prec“CtedaTLRZ-de endent manner and deletions within the
(Banu et al, 2002; Brennan and Delogu, 2002; Cole P

et al, 1998: Delogu and Brennan, 200T)vo M. PGRS domain (simulating those occurring in clinical

. . strdns) was shown to attenuate fidF-a-inducing
marinumorthologues of the PE.—PGRS sgbfqmny ability of PE_ PGRS33 (Basu et al., 2007). Several
have been shown to be essential for replication in

. . other studies have confirmed the role of PE/PPE
macrophages as well as persistence in granulomas

(Ramakrishnaret al, 2000).A DNA vaccine proteins in facilitatingn vivosurvival of Mtb (Mehta

construct based on the PE_PGRS region of proteinet al, 2006; Rengarajan et.a005; Singfet al,

Rv1818c (PE_PGRS33) was able to ablate the2008).

cellular immune response by influencing the antigen Other diverse potential functions of the
processing and presentation (Delogu and Brennanmembers of these families have been also reported.
2001).A follow-up study by Dheenadhayalan and For example, Rodriguez and colleagues have found
coworkers further strengthen the hypothesis thatthat the ppegene Rv2123 (PPE37) is up-regulated
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under low iron conditions, leading to a speculation in vitro (Talaatet al, 2004) While enzymatic activity
that this gene may encode a siderophore involved inis not predicted to be a general feature of the PE/PPE
iron uptake (Rodriguez et.all999; Rodrigueet al, proteins, enzymatic functions have been assigned to
2002).Another member of the PE_PGRS family 3 PE proteins: PE_PGRShas been reported to be a
Rv1759c fvag22 was shown to possess fibronectin functional phosphoglyceratemutase (Chatunetdi
binding capacityindicating an important role in host al., 2010; Mishraet al,, 2008), both PE_PGRS63
pathogen interactions (Abou-Zeaitlal., 1991; Espitia  (LipY (Mishraet al,, 2008)) and PELL(LipX(Deb et

et al, 1999).An M. aviumPPE protein (Rv1787/ al., 2006), have shown to demonstrate lipase activity
PPE25 orthologue), expressed only in macrophagesThe latter two proteins may therefore play a role in
was shown to influence macrophage vacuole enegy provision during infectionAvailable data
acidification, phagosome-lysosome fusion and therefore indicates that selected PE/PPE family
replication in macrophage and found to be associatednembers play important roles in subverting innate
with virulence in mice (Léet al, 2005). Recentjgome immune responses, and together with other bacterial
of the PE/PPE family members have also beenmediators, may assist the pathogen in establishing
implicated in the modulation of vacuole acidification itself within the host. Once this has occurred, PE/
(Jhaet al, 2010; Liet al., 2005; gwartet al, 2005). PPEs may then contribute to processes, which allow
A high-throughput analysis of K. bovisBCG the pathogen to persist within host tissu€ke
tranposon mutant library identified fope_pgrs  observation that PE_PGRS proteins bear some
mutants (pe_pgrs5, 28, 44, 59) and three ppe_mptresemblance to the Epstein-Barr virus nuclear antigen
mutants (ppe_mptrl0, 16, 21) that were enriched in(EBVNA) gave rise to speculation that, akin to the
acidified phagosome#. more recent study showed EBVNA, the PE_PGRS proteins may inhibit antigen
that an M.tbppe54 transposon mutant was impaired processing (Colet al., 1998)This has subsequently

in its ability to arrest phagosome maturation and been demonstrated for PE_PGRS33 (Brennan and
trafficked rapidly into acidified compartments Delogu, 2002) and PE_PGRS17 (Koh et al., 2009a),
(Brodin et al., 2010)Additional data supporting the supporting the idea that these proteins may assist the
notion that members of the PPE gene family may beimmune evasion by limiting antigen presentation,
involved in disease pathogenesisis a study that showshereby preventing recognition and killing the
that a transposon mutant of the e Rv3018c  mycobacteria-infected host cells. Recently PPE2
(PPEA46) had attenuated growth in macrophagesprotein, which was shown to display strong and
(Camachoet al, 1999). Sassettt al, further  specific immune-reactivity against sera from active
confirmed role of two PPE'Rv1807/PPE31 and tuberculosis, was also found be involved in down-
Rv3873/PPE68 and one PE Rv3872/PE35 fOfregu|ation of NO production in activated
mycobacterial growtn vivoduring infection of mice  macrophages (Bhat al, 2013).

(Sassetti and Rubin, 2003#dditionally, Jain and

coworkers identified three PE_PGRS genes (Rv0977/  All these studies provide clues that the PE/PPE
PE_PGRS16, Rv0978¢/PE_PGRS17 and Rv0980cProteins may play distinct, but complementary roles
PE_PGRS18) and two PPE genes (Rv1801/PPE2®S the infection progresses, acting in concert to
and Rv3021c/PPE47) that were up-regulated by affacilitate the adaptation to hostile host environment.
least 8-fold in human brain microvascular Members of these families may be critical mediators
endothelial-cell-associatell. tubeculosisand  Of host responses, which ultimately determine the
showed that at least Rv0980c and Rv1801 areoutcome of infection. Howevedetailed molecular
potentially required for endothelial-cell invasion and/ mechanisms by which the PE/PPE proteins can favour
or intracellular survival of the bacilli (Jaiet al, bacterial survival inside the host are not knowhus,
2006). InterestinglyTalaatet al identified the same  identification and characterization of the PE/PPE
PE_PGRSJenes, i.eRv0977, Rv0978andRv0980c  proteins that may play role iM. tuberculosis

to form part of a so-called vivo-expressedenomic  Virulence are extremely important for understanding
island that was highly expressed only in \aval not  the mechanism of pathogenesis in tuberculosis.
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Hijacking of TLR2 and Th1-Th2 Differentiation response occurs during M.infection, higher

by Mycobacterial PE/PPE Proteins production ofTh1 cytokines does not in itself assure
_ _ _ . _ protection againstB. In contrast, a weak type 2

Innate immunity relies on the ability of immune cells response evoked by K. has been shown to be

to recognize microbial products that .dIStIngUISh sufiicient to undermine the ifacy of Th1 mediated
classes of pathogens through germ-line encoded

it i ; PR " immunity (Rook et al 2005). In fact M.tthas been
pattern recognition recep ors ( _lRl)e recognition spown to promote an environment characterized by
of microbial products alerts the immune system to

tani diat ; ter the infecti Th2 cytokines like IL-10 and IL-4 during infection
mountan |.mme ate respoqse °°‘?”” er .e INTECton ith expression offh2 cytokines (Almeida et al.,
Another important function of innate immune

. o o 2009; Rook, 2007). Indeed, this appears true in studies
response is the activation and coordination of an

daptive i hich all | lasti showing that anti-PPD cell response in infected
a ap. |.ve.|mmur!e response, which alows long-iasting patients is biased towards the2 type and explains
specific immunity (Hofimann et al, 2006; Janeway

: " . _ the occurrence of specific IgE antibody in human
and Medzhlj[oy2002)._ Upon recognltlon of microbial tuberculosis (Wsher et al, 1999) Therefore, it seems
products, information regarding the nature of

: . : o ) that failure to resolve infection in susceptible
invading microoganism is translated to instruct individuals is a consequence oftbistrategy to skew
proper diferentiation off-helper cells, thus ensuring Thi response f6h2, by expression a2 cytokines
elicitation of appropriate immune response to ﬁghtaAnti-mycobacter,iaI protective immunity is

particu!ar pathogerThe ability t_o a(_:quire protective dominantly mediated by tHeh1 T cell response and
immunity depends on the activation of correct type since macrophage induced IL-12 strongly regulate

of response, and several diseases are known to b hi response while IL-10 production from

caused by. an _alteratlon of thid1/Th2 ba_lance, macrophages not only perturb thiel response but
tUberCUIOS',S being one of.thgm (Re a'"“bs"”gef . also bias the immune response towards the non-
2h004)r;A unique chara(r:]terlgtlg ?‘f m_y coZac-terlun;]-lsh protectiveTh2 type, mycobacterial strategy at every
that they can cause ¢ ronic.In _ectlon uning whic step is likely to perturb the macrophage IL-12/IL-10
Th1/Th2 /Fcell balance is a critical determinant of balance to subsequently establisfite response
persistence in the host (Mukhopadhy2§07). This hypothesis is supported by the observation that,

Efficient control of microbial infection not onl virulent clinical strains of Mb are proficient at
y stimulating high levels of IL-10 in the

requires immune activation upon pathogen invasion,.

: L immunosuppressive etiology of M.(Mancaet al
but also demands generation of appropriate immune bP 9y ( ’

L . 2005). Similarly IL-10 transgenic mice are shown to
response. Successful elimination oftiMbacteria . .. .
: . . ) reactivate latent tuberculosis infectionuieret al,
depends mainly on the interactions between infected

naciophages i anen-spedesls Kautman (202, S50 getome i apresson ot of
and Flesch, 1988). Immunity td.tb depends on P 9 y

robust Thl cell-mediated response while divulge that M.tlis a poor inducer of the expression

susceptibility is associated willh2 response (Rook of IL-12 p40 (Rlaatet al, 2004).Therefore, the

regulation of a decision of protection versus survival
et al., 2001)Among the several factors that regulate gu . P
N o . against tuberculosis is very much dependent on the
naiveT cell polarization and development iftblor

Th2 cell, the cytokines produced by activated production of IL-12 and IL-10 from macrophages.

. Understanding the regulation of IL-12 and IL-10
macrophages and dendritic cells (DC) have the mOStbaIance in mgacrophgges during mycobacterial
influential role (Netea et gl2005).The generation

of host protectiv@hl cells depends on IL-12 secreted L:Egﬂg?] it:rL:]SS hgldesr:grqmcngﬁl n fnorzzrsgitn:rlin;
by macrophage; on the contrary IL-10 from P 9 g my

macrophages inhibit§h1 cells and promotes M.tb pathogenesis.
infection (Giacomini et al., 2001; Higgiret al., M.tb alters its gene expression radically during
2009). Although excessive production dthl the course of infection and these antigens midétaf
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the nature of immune response drastically in a chronicmolecular basis of PPE18 interaction WittR2 was
infection. Therefore, it can be assumed that PPE investigated.The in silico docking analyses and
proteins which show dirential expression under mutation experiments indicated that PPE18
different environmental stimuli may be involved in specifically interacts with LRR1-15 domain of the
corrupting protective immune responses by various TLR2 and this site of interaction wasfdifent from
mechanisms, one of them being the inductiofhd that of a synthetic lipopeptide Pg@8K, known to
cytokinesWith this perspective, we characterized the activate ERK 1/2anfiNF-a induction or from PPE16
role of PPE18 (RV196) a representative PPE family that induces pro-inflammatory signaling (Bhat et al
of protein to diferentially modulate macrophage 2012b).The issues why and holl.R2 recognize a
cytokine profiles. Previous studies revealed that diverse array of microbial ligands and induce distinct
PPE18 is a non-secretory protein expressed duringcytokine signaling in macrophages are indeed
infection, exclusively present in species belonging enigmatic. It is hence fascinating to envision the
to M.tbcomplex (Dillon et al, 1999)and genetically mechanisms that guide the variegation of immunity
linked to ESA6 gene cluster (Gey van Pittius et al., in response to diérent ligands ofTLR2. The
2006). PPE18 showed higher expression in lsb inferences from this study provides a novel
compared to BCG (Rehren et al., 2007) and whenperspective to the notion that binding offeient
administered as a DN&accine in mice, &brded ligands to diferent yet overlapping sites on the ecto-
protection against challenges with aerosolizetbM. domain ofTLR2 may have impact on the assembly
(Skeiky et al, 2004).These observations, prompted of the intracellular multi-protein signaling complex,
us to consider PPE18 to be potential virulence factor which in turn translates into dérential cytokine
involved in pathogenesis of M. We found that  signaling. Plausiblyrecognition of diferent pathogen
PPE18 is surface-exposed, interacts wittR2 associated molecular patternA[PPs) by TLR2
receptor on macrophages and regulates cytokinghrough specific LRR domains may underlie the
secretion in macrophages to induce IL-10 with very functional specificity ofTLR2 in production of
little activation of pro-inflammatory cytokines (Nair unique signaling which provideARIP tailored

et al, 2009). Induction of IL-10 was found to be immune response. It appears that downstrEaR?2
dependent oMLR2 mediated activation of p38 signaling cascades could be either pro- or anti-
MAPK. PPE18 was found to inhibit IL-12p40 in inflammatory depending interaction of the specific
macrophages in response to PPD and LPS; skew thégand with TLR2 (Re and 8ominger 2004).
anti-PPDT-cell response towardBh2- type with However the mechanisms that dictate whether a
increase in IL-5 and decrease in IFlgfpduction in  TLR2-triggered cascade will swing towards pro-
a T-cell activation assayPPE18 protein was found inflammatory or anti-inflammatory response is not
to taget p38MAPK-SOCS3-Rel signaling to down well understood. One of the determining factors could
regulate the IL-12/TNF pro-inflammatory responses be whetheLR2 ligands of mycobacteria trigger a
(Nair et al, 2011). Further studies usiq@pel8 genetic  downstream p38 MAPK or ERK 1/2 activation, since
knock out Mtb strain revealed that lack of PPE18 activation of ERK 1/2 mostly leads to the induction
leads to attenuation of Mb.in mice with reduced of TNF-a, whereagactivation of p38 MAPK is found
infection burden in lung, liver and spleen and betterto be essential for IL-10 induction (Reilired al.,
survival rates compared to mice infected with the 2002).As we have shown with PPE18, downstream
wild-type M.tbstrain (Bhatt al, 2012a)The anti- TLR2 signaling cascades could be either pro- or anti-
inflammatory efects of PPE18 throughLR2 are in inflammatory depending interaction of the specific
contrast to thenduction of pro-inflammatory ligand withTLR2 (Nair et al, 2009). Recent|ywe
cytokines such aBNF-a by the known mycobacterial have shown that Mb heat shock protein 60
TLR2 ligandg(Basuet al, 2007; Jo, 2008; Underhill  (Mtbhsp60, Cpn60.1, and Rv3417c) interacts with
et al, 1999).Therefore, to get an insight into the both TLR2 andTLR4 recepbrs, but its interaction
mechanisms underlining this apparent contradiction, with TLR2 leads to clathrin-dependent endocytosis



Immunomodulator Role of Mycobacterial PE/PPE Family ofdeeins 1065

resulting in an increased production of interleukin of humoral responses. Several PE/PPE proteins have
(IL)-10 and activated p38 MAPK. However been shown to be potent B-cell antigens and serve as
induction of pro-inflammatory cytokines such as sero-diagnostics markers (Sampson,120Mostly,
TNF-a by Mtbhsp60 required its sequesiva to the the members of PE_PGRS and PPE_MPTR families
membrane either througFLR2 or TLR4, resulting possessing highly repetitive domains are found to
in activation of ERK1/2 signaling cascades (Parveenelicit antibody responses (Chakhaiyar et aD04;

et al, 2013). Similarly PPE32, PE5-PE4 and PE15- Delogu and Brennan, 2001; Kadt al., 2009b).
PPE20 and PE35 and PPE68 were also shown tdelogu and Brennan were the first to dissect
manipulate the host cytokine, via alterationof the immunogenic domains of PE/PPE proteiiibey
MAPK signaling pathways (Wari et al, 2014; found that in case of PE_PGRS33, the N-terminal
Tiwari et al, 2012).Thus, the capacity for distinct part of protein, induced cell-mediated immunity in
M.tb agonists to dictate these MAPK signaling an animal model. In contrast, the C-terminal PGRS
cascades downstream ©ER2 could provide an  domain was not able to induce any cellular response,
additional means for the bacilli to modulate although it was found to be a good B-cell antigen
macrophage-ééctor responses. and was recognized by sera frdvh tuberculosis
challenged mice (Delogu and Brennan, 2001).
Concomitant to these results, other studies have
shown that glycine and asparagine repeat domains
are preferentially recognized in comparison to the
PE-only versions (Koh et al2009b).

AKin to our study on PPE18, recent reports now
show a similar role of other PE/PPE proteins as well
as ESA-6 in subverting the normal macrophage
innate immune response, by inhibiting the
macrophage inflammatory responses HyR2
signaling (Denget al, 2014; Pathalet al, 2007; Cell-mediated immunity conferred by CD4+T
Tiwari et al,, 2014;Tiwari et al, 2012), surmising  cells is critical for controlling M.tlinfection (Bhatt
thatpe/ppegenes being in close proximity with esat- and Salgame, 2007). Hence, defining the repertoire
6 like genes constitute the pathogenf@refduring of M.tb T cell antigen is central for vaccine
evolution to cluster together and then indudeatbrs development. Published traditional as well as latest
important for virulence and pathogenesishof proteome-wide antigen screens have reported the
tuberculosis Because of their importance in detection ability of PE/PPE proteins as majorgats of human
and containment of mycobacterium, pathogenic immune response (Kunnatledyudhan and Porcelli,
mycobacterium may tgetTLR2 signaling as amode 2013).Among the antigens identified by the peptide
of immune evasionThe evolutionary pressure for library screening for CD4%F cells responses around
the expansion of the PE/PPE family in pathogenic 45% were from the PE/PPE familthough they
mycobacterium may be to supprdddfk2-mediated  constitute less than 5% of open reading frané.ds
innate immunity proteome. ldentification of PE/PPE proteins as

prominent antigenic tgets of CD4+4T cells in these
Humoral and Cell-mediated |mmune Response studies of the immune-proteome is consistent with
Against PE/PPE Proteins other more tageted analysis showing that these

proteins are recognized at multiple stages of infection
It is being increasingly appreciated that humoral and in diferent disease states in mycobacteria
immune responses accompanied by cellular immuneinfected human and cattleqidermeieet al, 2012).
response is important for controlling tiv.tb Immuno-dominance of PE/PPE proteins igyély
infection. Mycobacteria-specific antibodies have attributed to the presence of cross-reactive epitopes,
been shown to influence mycobacterial disseminationwhich are shared by multiple homologous family
and modulate potentially detrimental inflammatory membersThis point is more appreciated in studies
tissue responses (Bosibal., 2000; Maglione etal  showing that both the level and frequencyTagell
2007). PE/PPE family members on account of beingresponse to PE/PPE proteins were greater to peptide
either secreted or surface exposed are knowetsar pools, representing more conserved N-terminal
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regions, than to the pools representing other regionglevelopment of diseasgnalysis of the Mb genome

of the proteins (drdermeier et a] 2012). sequence revealed presence of two unique gene
families PE/PPE, found to be exclusively present and
expanded in pathogenic mycobacteriuihmough
some clues exist attributing PE/PPE family of protein
to immunogenicity and antigenic diversitietailed

T-cell expression cloning has been successfully
exploited to identifyT-cell immunogens in Mb
sensitized individuals (Dillon et 2l11999), like the

|dﬁ_ntr|]f|_cat|on %f t:(; poRtﬂegz-/cell fgtllgen I\éltb39a, ¢ characterization of physiological relevance during
which 1S encoded by ppelo. In SUDSEqUENt . co tion still remains elusive. Nevertheless, some

work, this gntlgen h?.S beep evaluatgd as part of thPTnteresting themes are ergarg alluding to immune-
poly-protein subunit vaccine candidate, Mtb72f

) modulatory potential of these proteins, important in
g‘e”rOLf[_X'FToelﬁia al, 201?{ Redgcbi a:.I:\ iOF?IS/)ﬁPE establishing and maintenance of mycobacterial
0 ec_ Ively all these results indicate tha , infection. Furtherintegrated studies on identifying

proteins are worthy of further evaluation as

tentiall tect " tor inclusion i the interaction partners and host pathways/processes
poten |a.y Pro eg V€ antigens for inclusion ih new targeted by PE/PPE family of proteins will provide
TB vaccine candidates.

crucial insights towards our understanding of
mycobacterial survival inside the host and to uncover
novel aspects of host cell biolagyltimately, such

The major challenge in rational design of novel drug INSights might help us in designing new drugs to
targets to tuberculosis, is our indidient control TB.

understanding of the complex interplay between
macrophages and M. Understanding modulations
in host-signaling pathways during infection withtM.  The work was primarily carried out in the laboratory
is therefore extremely important to increase our of Dr. Sangita Mukhopadhayay at Centre for DNA
knowledge of pathogenic mechanisms that result inFingerprinting and Diagnostics, Hyderabad, India.

Conclusions
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