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A B S T R A C T   

Mycobacterium tuberculosis has thrived in parallel with humans for millennia, and despite our efforts, 
M. tuberculosis continues to plague us, currently infecting a third of the world’s population. The success of 
M. tuberculosis has recently been attributed, in part, to the PE-PPE family; a unique collection of 168 proteins 
fundamentally involved in the pathogenesis of M. tuberculosis. The PE-PPE family proteins have been at the 
forefront of intense research efforts since their discovery in 1998 and whilst our knowledge and understanding 
has significantly advanced over the last two decades, many important questions remain to be elucidated. 

This review consolidates and examines the vast body of existing literature regarding the PE-PPE family pro
teins, with respect to the latest developments in elucidating their evolution, structure, subcellular localisation, 
function, and immunogenicity. This review also highlights significant inconsistencies and contradictions within 
the field. Additionally, possible explanations for these knowledge gaps are explored. Lastly, this review poses 
many important questions, which need to be addressed to complete our understanding of the PE-PPE family, as 
well as highlighting the challenges associated with studying this enigmatic family of proteins. 

Further research into the PE-PPE family, together with technological advancements in genomics and prote
omics, will undoubtedly improve our understanding of the pathogenesis of M. tuberculosis, as well as identify key 
targets/candidates for the development of novel drugs, diagnostics, and vaccines.   

1. Introduction 

Tuberculosis (TB) is a disease caused by Mycobacterium tuberculosis 
(M. tuberculosis), which currently infects a third of the world’s popula
tion. According to the World Health Organisation’s (WHO) Global 
Tuberculosis Report 2022, ~10.6 million people became newly infected 
with TB in 2021 (~9.9 million in 2020). The WHO also reported ~1.4 
million TB deaths (~1.3 million in 2020) and an additional ~187,000 
deaths in those co-infected with human immunodeficiency virus 1 (HIV- 
1) (~214,000 in 2020), thereby bringing figures back up to those seen in 
2017. The COVID-19 pandemic reduced the capacity of healthcare ser
vices to provide care due to the overwhelming number of COVID-19 
cases, as well as the capacity of patients to seek care due to lockdowns 
and the risk of COVID-19 infection. As a result, the COVID-19 pandemic 
has reversed years of progress in reducing the disease burden of TB 

(World Health Organization, 2022). The United Nations Sustainable 
Development Goals and WHO EndTB Strategy targets for 2030 include 
an 80 % reduction in TB incidence and a 90 % reduction in TB deaths 
compared to 2015, as well as a reduction in catastrophic financial costs 
(World Health Organisation, 2015). However, the current numbers 
suggest that these targets are unlikely to be achieved without significant 
innovation (World Health Organization, 2022). This should include a 
treatment regimen that is simpler and shorter, a vaccine that reduces the 
risk of infection and reactivation of the disease, and a diagnostic test that 
is rapid, accurate and suitable for use at the point of care. In addition, 
addressing non-specific issues such as poverty will also help achieve the 
targets for 2030. 

The success and complexity of M. tuberculosis lie within its genome, 
which was first published in 1998 and found to contain 4,411,529 base 
pairs and ~4000 genes (Cole et al., 1998). Amongst the ~4000 genes, a 
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novel collection of 168 genes were identified and designated the PE-PPE 
family. These genes were found to account for ~7–10 % of the 
M. tuberculosis genome coding capacity, thereby highlighting their sig
nificance and a potential source of targets/candidates for the develop
ment of novel drugs, diagnostics, and vaccines (Cole et al., 1998; 
Fishbein et al., 2015). PE-PPE family members have captivated re
searchers since their discovery and whilst our knowledge of this family 
has evolved and advanced tremendously, many important questions 
remain unanswered regarding their biological significance. 

2. General characteristics of the PE-PPE family 

Members of the PE-PPE family were designated based on the pres
ence of either a conserved proline-glutamic acid (PE) or proline-proline- 
glutamic acid (PPE) motif, within the highly conserved N-terminal 
domain of the protein, which is ~100 or ~180 residues long, respec
tively. Whilst the N-terminal domains are conserved within each family, 
they are not homologous. In contrast, the C-terminal domains of these 
proteins are highly variable, both in terms of their sequence and length 
(Cole et al., 1998). 

The N-terminal domain of PE proteins is ~100 amino acids in length 
and adopts a helix-turn-helix conformation. The PE residues are located 
within the N-terminal domain. The YXXXD/E type VII secretion signal is 
also located within the N-terminal domain, which is required for 
recognition by the type VII secretion system and its secretion over the 
inner mycobacterial membrane. These features are exclusive to PE 
proteins (Fig. 1a) (Strong et al., 2006; Daleke et al., 2012a). 

The N-terminal region of PPE proteins is ~180 amino acids in length 
and adopts a helical bundle-like conformation. The PPE residues are 
located within the N-terminal region. The WxG motif is located within 
the second and third α-helix of the N-terminal region. In addition, the 
hydrophobic tip or hh motif is located within the 4th and 5th α-helix of 
the N-terminal region. These features are exclusive to PPE proteins 
(Fig. 1b) (Strong et al., 2006; Poulsen et al., 2014). 

3. Classification of the PE-PPE family 

Given the significant amount of diversity within each family, mem
bers of each family can be further classified into sub-families based on 
their highly unique and variable C-terminal domains (Fig. 2) (Cole et al., 
1998; Gey Van Pittius et al., 2006). The PE family can first be classified 
into the PE and PE-Polymorphic GC-Rich (PE-PGRS) sub-families. The 
PE-PGRS sub-family is the largest and accounts for 65 out of the 99 PE 
members. These members have a guanine and cytosine (GC) content of 
~80 % and are rich in repeats of Gly-Gly-Ala/Gly-Gly-Asn. These 
members are also large in size, with some members reaching up to 1400 
amino acids in length. Given these characteristics, the PE-PGRS mem
bers are prone to recombination events and are highly variable (Poulet 
and Cole, 1995; Cole et al., 1998; Gey Van Pittius et al., 2006). The PE 
family can also be classified into 5 sub-lineages based on phylogeny (Gey 
Van Pittius et al., 2006). Sub-lineages I and II are the smallest sub- 
lineages and consist of the ancestral PE members, with PE34 and PE35 
belonging to I and PE5 and PE15 belonging to II. Sub-lineage III consists 
of PE22, PE25 and PE36. Sub-lineage IV contains the PE members 
secreted via the ESX-5 type VII secretion system. Sub-lineage V includes 
the PE-PGRS sub-family, as well as several other PE members that have 
unique C-terminal domains, such as lipases (Daleke et al., 2011). 

The PPE family is classified into the PPE and PPE-Major Polymorphic 
Tandem Repeat (PPE-MPTR) sub-families. Members of the PPE-MPTR 
sub-family contain many repeats of an Asn-X-Gly-X-Gly-Asn-X-Gly 
motif. PPE-MPTR members are also significantly large, especially for 
secreted proteins, with lengths of over 3000 amino acids (Hermans 
et al., 1992; Cole et al., 1998; Gey Van Pittius et al., 2006). The PPE 
family can also be classified into 5 sub-lineages based on phylogeny (Gey 
Van Pittius et al., 2006). Sub-lineage I consists of PPE68. Sub-lineage II 
contains the 10 PPE-PPW members, characterized by the presence of a 
conserved PxxPxxW motif within their C-terminal domains. Sub-lineage 
III consists of PPE36, PPE41, PPE57, PPE58, PPE59 and PPE69. Sub- 
lineage IV is the largest sub-group, which contains 26 PPE-SVP mem
bers; these members are designated based on the presence of a conserved 

Fig. 1a. General Structure of the PE Family Members. The N-terminal re
gions of proline-glutamic acid (PE) proteins are ~100 amino acids in length and 
adopt an antiparallel helix-turn-helix conformation, as shown in yellow. The PE 
residues are shown in orange. The YXXXD/E type VII secretion signal is shown 
in red (PDB = 4KXR; Daleke et al., 2012a; Korotkova et al., 2014). (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

Fig. 1b. General Structure of the PPE Family Members. The N-terminal 
regions of proline-proline-glutamic acid (PPE) proteins are ~180 amino acids in 
length and adopt a helical bundle-like conformation consisting of 5 α-helices, as 
shown in cyan. The PPE residues are shown in blue. The WxG motif is located 
within the 2nd and 3rd α-helices, as shown in light grey. The hydrophobic tip or 
hh motif is located within the 4th and 5th α-helices, as shown in green (PDB =
4KXR; Poulsen et al., 2014; Korotkova et al., 2014). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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GxxSVPxxW motif within their C-terminal domains. Sub-lineage V 
contains the PPE-MPTR sub-family members. 

4. Evolution of the PE-PPE family 

M. tuberculosis has undergone reductive evolution in order to remove 
genes that are not essential for survival, whilst preserving and expand
ing genes that are essential for its niche. The pressure reflected by 
reductive evolution has allowed M. tuberculosis to refine its genome 
without compromising its virulence (Ahmed et al., 2008). However, the 
PE-PPE family has greatly expanded and is therefore a unique exception 
to this (Gey Van Pittius et al., 2006; Singh et al., 2014). Additionally, 
since the PE-PPE family accounts for ~7–10 % of the M. tuberculosis 
genome coding capacity, it suggests that these genes have an important 
role in the evolution of the pathogenesis of M. tuberculosis (Cole et al., 
1998; Fishbein et al., 2015). 

PE-PPE genes are exclusive to the Mycobacteria genus. Genes with 
some degree of homology to the PE-PPE family have been identified in 
closely related bacteria, such as Nocardia farcinia and Streptomyces 
avermitilis; however, this was due to the non-specific alignment of re
petitive regions. The identified genes also lack the conserved N-terminal 
PE-PPE domains, as well as the distinguishable PE-PPE motifs (Ikeda 
et al., 2003; Ishikawa et al., 2004; Gey Van Pittius et al., 2006). Whilst 
PE-PPE genes have been found in both pathogenic and saprophytic 
Mycobacteria, comparative genomic analysis has shown that PE-PPE 
genes are mainly present within the pathogenic and slow-growing spe
cies of Mycobacteria. The highest number of PE-PPE genes are found 
within the M. tuberculosis complex, as well as other Mycobacteria such as 
M. leprae, M. marinum, and M. avium (Gey Van Pittius et al., 2006; 
McGuire et al., 2012). This indicates a favourable evolutionary selection 
for these genes specifically within the pathogenic species of Mycobac
teria. This also indicates that the expansion of the PE-PPE family within 
the pathogenic species of Mycobacteria is involved in the adaptation 
toward a pathogenic and intracellular lifestyle (Cole et al., 1998; Fish
bein et al., 2015). However, the presence of PE-PPE genes within both 

pathogenic and saprophytic Mycobacteria suggests that the PE-PPE 
family are also important for general survival and growth (Gey Van 
Pittius et al., 2006; Fishbein et al., 2015). Interestingly, the pathogenic 
and obligate species M. leprae, which has undergone massive reductive 
evolution, was found to contain a very limited number of PE-PPE genes. 
The PE-PPE genes belonging to both M. tuberculosis and M. leprae are 
PE15-PPE20 (ML_0538-9), PE13-PPE18 (ML_1053 and ML_1182), PE5 
(ML_2534c), PPE1 (ML_1991), PPE2 (ML_1828c) and PPE68 
(ML_0051c). The PE-PPE genes that endured the extensive reductive 
evolution of M. leprae may be a set of essential genes required for sur
vival within humans (Cole et al., 2001; Gey Van Pittius et al., 2006; 
McGuire et al., 2012). 

The PE-PPE gene families have been closely associated with the 
ESAT-6 cluster regions (ESX), which encode the type VII secretion sys
tems (Gey Van Pittius et al., 2001). The ESX regions are considered to be 
derived from a precursor plasmid found in fast-growing Mycobacteria, 
which contained virulence factors capable of interacting with the host 
macrophage (Dumas et al., 2016; Newton Foot et al., 2016). Phyloge
netic evidence suggests that the PE-PPE gene families expanded by 
multiple gene duplication events of the closely associated ESX regions. 
As the ESX regions were duplicated, the closely linked PE-PPE genes 
were also co-duplicated (Fig. 3). As PE-PPE genes have co-evolved with 
the ESX regions, it is also likely that these genes are functionally inter
twined. There are 5 ESX regions in M. tuberculosis; however, there are 
variable numbers of ESX regions in other Mycobacteria such as 
M. smegmatis, which only has 3 ESX regions (ESX-4, 1 and 3) (Gey Van 
Pittius et al., 2006; Karboul et al., 2006). The ancestral ESX cluster re
gion is ESX-4 (Rv3444c-Rv3450c), which was duplicated to create ESX-1 
(Rv3866-Rv3883c), ESX-3 (Rv0282-Rv0292), ESX-2 (Rv3884c- 
Rv3895c), and lastly ESX-5 (Rv1782-Rv1798). Interestingly, the ances
tral ESX cluster region ESX-4 does not contain any PE-PPE genes, and 
therefore, these genes must have first integrated into ESX-1 and then 
expanded during the subsequent gene duplication events (Gey Van Pit
tius et al., 2001; Gey Van Pittius et al., 2006). The PE-PPE genes 
belonging to ESX-1, PE35 (Rv3872) and PPE68 (Rv3873), are therefore 

Fig. 2. Classification of the PE-PPE Family. A schematic representation of the members belonging to each of the proline-glutamic acid (PE)-proline-proline- 
glutamic acid (PPE) sub-families, including their conserved N-terminal regions and distinct C-terminal regions/motifs, as well as their respective positions and 
lengths (Gey Van Pittius et al., 2006). 
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the progenitors of all PE-PPE genes (Gey Van Pittius et al., 2001). Whilst 
these progenitor PE-PPE proteins do contain the conserved N-terminal 
PE and PPE domains, they do not contain any long, unique, or repetitive 
C-terminal domains, as found in PE-PPE proteins belonging to the more 
recent ESX cluster regions, such as ESX-5 (Gey Van Pittius et al., 2006). 
After the primary duplication events involving the entire ESX cluster 
region, secondary duplication events seem to have taken place involving 
single or paired PE-PPE genes from the newly duplicated ESX cluster 
region, in order to further expand the family. This occurrence has been 
largely observed in ESX-5, which gave rise to the PPE-SVP sub-family of 
genes that were independently duplicated from the rest of the genome 
(Gey Van Pittius et al., 2006). Additional events such as single nucleo
tide polymorphisms (SNPs), insertions, deletions, homologous recom
bination, and transposable insertion elements also likely contributed to 
the expansion and evolution of the PE-PPE genes, as well as generating 
variation and the emergence of unique PE-PPE sub-families (Karboul 
et al., 2008; McEvoy et al., 2009; Pérez-Lago et al., 2011; McEvoy et al., 
2012; Phelan et al., 2016). It should be noted that whilst PE-PPE genes 
appear to be scattered throughout the genome, their arrangement is not 
completely random. Most of the PE-PPE genes are organized into op
erons, consisting of a PE gene followed by a PPE gene. This is believed to 
allow for strategic and orchestrated regulation (Tundup et al., 2006). 

5. Structure of the PE-PPE family proteins 

The first structural insight into PE-PPE proteins was provided by 

Fig. 3. Evolutionary History of the PE-PPE Family. A diagrammatic representation of the evolutionary history of the proline-glutamic acid (PE)-proline-proline- 
glutamic acid (PPE) family. The ancestral ESAT-6 cluster region (ESX)-4 (Rv3444c-Rv3450c) was first duplicated to create ESX-1 (Rv3866-Rv3883c). As the ancestral 
ESX cluster region ESX-4 does not contain any PE-PPE genes, they must have first integrated into ESX-1. The PE-PPE genes belonging to ESX-1 (PE35 [Rv3872] and 
PPE68 [Rv3873]) are therefore the progenitors of all PE-PPE genes. The PE-PPE genes were then further expanded during the subsequent ESX cluster region 
duplication events to create ESX-3 (Rv0282-Rv0292), ESX-2 (Rv3884c-Rv3895c), and lastly ESX-5 (Rv1782-Rv1798). After the primary duplication events involving 
the entire ESX cluster regions, secondary duplication events then took place involving PE-PPE genes from the newly duplicated ESX cluster region, in order to further 
expand the family (Gey Van Pittius et al., 2001; Gey Van Pittius et al., 2006). Abbreviations: polymorphic GC-rich (PE-PGRS); major polymorphic tandem 
repeat (MPTR). 

Fig. 4a. Structure of the PE25-PPE41 Heterodimer. The two-helix bundle of 
the proline-glutamic acid (PE) protein (yellow) interacts with alpha-helices 2 
and 3 of the proline-proline-glutamic acid (PPE) protein (cyan) to form a four- 
helix bundle and establish a stable heterodimer conformation. This brings the 
conserved WxG (light grey) and YxxxD/E (red) motifs in close proximity, thus 
forming the potential composite recognition structure for ESAT-6 cluster region 
(ESX) type VII secretion (PDB = 4KXR; Daleke et al., 2012a; Poulsen et al., 
2014; Korotkova et al., 2014). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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Strong et al. (2006) who solved the crystal structure of the PE-PPE 
protein pair, PE25-PPE41 (Fig. 4a). This revealed the individual struc
tures of a PE and PPE protein, which interact via their conserved N- 
terminal domains in order to form a PE-PPE heterodimer. The PE motif 
of the 99-residue long PE25 is located at residues 8–9; residues 8–37 and 
45–84 each form an α-helix, which are antiparallel and connected via a 
loop formed by residues 38–44. PPE41 is 194 amino acids in length. The 
PPE motif is located at residues 7–9. PPE41 consists of 5 α-helices. 
α-helix 2 (residues 21–53) and 3 (residues 58–103) are antiparallel and 
responsible for interacting and stabilising the two-helix bundle 
belonging to its cognate PE protein PE25, via several hydrophobic and 
steric interactions. PE-PPE proteins appear to form a heterodimer con
sisting of one PE protein and one PPE protein. The PE protein consists of 
a two-helix bundle, and the PPE protein consists of 5 α-helices. The two 
helix-bundle of the PE protein interacts with α-helices 2 and 3 of the PPE 
protein to form a four-helix bundle and establish a stable heterodimeric 
conformation, which also brings together their WxG and YxxxD/E mo
tifs, thus likely forming a composite recognition structure to allow for 
ESX type VII secretion (Daleke et al., 2012a; Poulsen et al., 2014). Due to 
the homology, sequence similarities and conservation of the N-terminal 
domains of PE-PPE proteins, it is expected that most PE-PPE pairs will 
adopt this structural arrangement (Strong et al., 2006; Ekiert and Cox, 
2014; Korotkova et al., 2014; Chen et al., 2017). It should be noted that 
the PE-PPE heterodimer structure is highly reminiscent of the hetero
dimers formed by Esx proteins, such as EsxA-EsxB, otherwise known as 
ESAT-6-CPF-10 (Renshaw et al., 2005). ESX-1 secretion-associated 
proteins (Esp) such as EspB, are also similar to the PE-PPE heterodimer 
(Solomonson et al., 2015). Thus, the helix-bundle and composite 
recognition structure are shared features amongst ESX type VII secretion 
substrates (Ates et al., 2015a). 

Interestingly, the PE25-PPE41 heterodimer was later shown to 
interact with the cytosolic chaperone, ESX secretion-associated protein 
G (EspG)-5 (Fig. 4b) (Ekiert and Cox, 2014; Korotkova et al., 2014). 
EspG5 was shown to interact exclusively with PPE41, specifically with 

its hydrophobic tip located between α-helices 4 and 5. This hydrophobic 
tip, otherwise known as the hh motif, is conserved amongst all PPE 
proteins. EspG prevents PE-PPE heterodimer aggregation by binding and 
shielding the PPE hydrophobic tip. EspG is also required for the correct 
folding of PE-PPE heterodimers, as well as for stabilising and keeping the 
complex in a secretion-competent state. Given the conservation of the 
hydrophobic tip in PPE proteins, the PE-PPE-EspG heterotrimer is 
currently considered the most physiologically relevant structure, as 
supported by the recently solved crystal structure of the PE8-PPE15- 
EspG5 heterotrimer (Chen et al., 2017). As a follow-up of the PE25- 
PPE41-EspG5 and PE8-PPE15-EspG5 crystal structures belonging to 
ESX-5, Williamson and colleagues recently solved the crystal structure of 
the PE5-PPE4-EspG3 heterotrimer, which belongs to ESX-3 (Williamson 
et al., 2020). In the three-dimensional structure, EspG3 seemed to bind 
exclusively to the hydrophobic tip of PPE4, similarly to that of the PE- 
PPE-EspG5 structures. However, EspG3 interacted with PPE4 at a 
significantly different angle compared to the EspG5 interactions 
observed with PPE15 or PPE41. Therefore, every ESX secretion system 
likely has a unique shape complementarity between its EspG chaperone 
and cognate PE-PPE heterodimer. The crystal structure also revealed 
that the hydrophobic tip of PPE4 was more extended, which may be an 
exclusive feature of ESX-3-associated PPE proteins, thereby aiding in 
distinguishing between cognate and non-cognate PE-PPE heterodimers. 
A comparison between the EspG crystal structures has revealed that the 
C-terminal helical domain of EspG3 is dynamic and capable of opening 
and closing like a hinge, which accommodates slight variations in the 
PPE hydrophobic tip and/or releases the PE-PPE heterodimer at the ESX 
type VII secretion system, with energy input potentially from the ESX- 
component and ATPase, EccA (Ekiert and Cox, 2014). 

Interestingly, there are examples of other PE-PPE pairings that do not 
conform to the conclusions drawn from the crystal structures. For 
example, the co-operonic pair PE9 and PE10 have been shown to 
interact with one another and localise to the cell surface together 
(Tiwari et al., 2015). This example raises many questions: i) why are 
these two genes arranged as a PE-PE operon instead of a PE-PPE operon? 
ii) how do the two interact, given that they are both PE proteins? iii) how 
are they secreted given they are not able to form the composite recog
nition structure? and iv) how are they stable given that they are not able 
to bind to the cytosolic chaperone EspG? It is therefore likely that there 
are other PE-PPE protein arrangements other than the PE-PPE-EspG 
heterotrimer, that some PE-PPE proteins are stable without a partner 
and/or the cytosolic chaperone EspG, and that there are other possible 
routes of secretion for PE-PPE proteins. The heterotrimeric arrangement 
may also be imperfect given the large discrepancy in the number of PE 
(99) and PPE (69) proteins, as it would be impossible for every PE 
protein to have an exclusive cognate PPE protein (Cole et al., 1998). 
Therefore, there are likely to be numerous possible combinations of PE- 
PPE proteins, perhaps depending on the stage of the infection and/or the 
immune response mounted by the host (De Martino et al., 2019). This 
notion seems compatible with the reductive evolution of M. tuberculosis, 
as this strategy would allow M. tuberculosis to efficiently utilize novel PE- 
PPE pairs to increase its functional repertoire from a reduced selection of 
proteins (Veyrier et al., 2011). The disordered regions observed within 
members of the PE-PPE family may also increase its functional reper
toire, thus further offsetting the potentially negative effects of reductive 
evolution. Disordered regions may achieve this by accommodating 
various partners with slight structural differences, or by giving multiple 
functions to a single protein, otherwise known as moonlighting (Ahmad 
et al., 2019). Whilst it is believed that sub-lineage IV PPE-SVP proteins 
are co-transcribed along with a sub-lineage IV PE protein, it is possible 
that there are transient PE partners instead, which are able to bind to a 
specific collection of PPE proteins (Gey Van Pittius et al., 2006). For 
example, PPE51 has been recently shown to interact with PE19; how
ever, their genomic locations would not allow for the pair to be co- 
transcribed (Gey Van Pittius et al., 2006; Wang et al., 2020). Given 
that the PE domain is often responsible for cell surface localisation, it is 

Fig. 4b. Structure of the PE25-PPE41-EspG Heterotrimer. The two-helix 
bundle of the proline-glutamic acid (PE) protein (yellow) interacts with 
alpha-helices 2 and 3 of the proline-proline-glutamic acid (PPE) protein (cyan) 
to form a four-helix bundle and establish a stable heterodimer conformation. 
This brings the conserved WxG (light grey) and YxxxD/E (red) motifs in close 
proximity, thus forming the potential composite recognition structure for ESAT- 
6 cluster region (ESX) type VII secretion. The PPE protein region shown in green 
is the hydrophobic tip or hh motif, which interacts with the cytosolic chap
erone, ESX secretion-associated protein G (EspG) shown in magenta, in order to 
stabilise the complex in a secretion-competent state (PDB = 4KXR; Daleke et al., 
2012a; Poulsen et al., 2014; Korotkova et al., 2014). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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likely that the PE protein is able to deliver PPE proteins, or even other PE 
proteins, to the cell surface and then dissociate, allowing them to 
perform independent functions (Cascioferro et al., 2007; Ramakrishnan 
et al., 2015), as reported in the case of heterodimer ESAT-6-CPF-10 at 
low pH (de Jonge et al., 2007; Ma et al., 2015). 

It will be interesting to assess the structures of PE-PPE proteins with 
longer and unique C-terminal domains. For example, the crystal struc
ture of PE25-PPE41 includes a 99 amino acid PE protein and a 194 
amino acid PPE protein, which are not longer than the highly conserved 
N-terminal PE-PPE domains (Strong et al., 2006; Ekiert and Cox, 2014; 
Korotkova et al., 2014). Solving the structures of PE-PPE proteins 
belonging to the most recent sub-lineage V (PE-PGRS and PPE-MPTR) 
will also be interesting, as they may offer further insights into the evo
lution of the PE-PPE family (Gey Van Pittius et al., 2006). A couple of 
questions also need to be answered: Are these proteins or protein com
plexes able to form higher-order structures? Does the variability within 
PE and PPE proteins deliberately impact their structure–function re
lationships? (Phelan et al., 2016; Hakim and Yang, 2021). 

6. Subcellular localisations and secretion of the PE-PPE family 
proteins 

PE-PPE proteins have been assigned a diverse range of functions and 
whilst some of their functions require them to be surface-bound, others 
require them to be secreted (Sampson, 2011). Therefore, understanding 
the subcellular localisation of a given PE-PPE protein may provide in
sights into its function (Fig. 5). Regardless of their final subcellular 
localisation, PE-PPE proteins first need to transit through the inner 
mycobacterial membrane via their cognate ESX type VII secretion 

system (Abdallah et al., 2006; Abdallah et al., 2007). ESX-1 has been 
shown to secrete PPE68 (Sani et al., 2010). ESX-3 secretes the PPE-PPW 
members, PPE4 and PPE20, as well as their respective cognate partners 
PE5 and PE15 (Tufariello et al., 2016). Given the homologous nature of 
the sub-family, perhaps all PPE-PPW proteins and their cognate PE 
partners rely on ESX-3 secretion (Siegrist et al., 2009). ESX-5 has been 
shown to secrete PE18, PE19, PPE25, PPE26 and PPE27, as well as the 
sub-lineage IV and V PE-PPE proteins (Abdallah et al., 2009; Bottai et al., 
2012; Ates et al., 2015b). 

The cytosolic chaperone EspG binds to the PE-PPE heterodimer via 
the hydrophobic tip or hh motif of the PPE protein in order to stabilise 
the complex in a secretion-competent state. Since there are unique EspG 
homologs for each ESX secretion system, the ESX-specific EspG chap
erone proteins are also responsible for delivering the correct PE-PPE 
heterodimer to its cognate ESX secretion system (Daleke et al., 
2012b). Interestingly, it is the hydrophobic tip or hh motif of the PPE 
protein that confers secretion system specificity. Replacing the hydro
phobic tip or hh motif of PPE68 with that of PPE18 was sufficient to re- 
route the protein from ESX-1 to ESX-5 (Phan et al., 2017). ESX secretion 
system specificity is also determined by unique shape complementarity 
between the EspG chaperone protein and its cognate hydrophobic tip or 
hh motif, which may also be structurally different in PPE proteins 
belonging to different ESX systems (Williamson et al., 2020). Therefore, 
whilst ESX-specific EspG chaperone proteins are responsible for deliv
ering the PE-PPE heterodimer to their cognate ESX secretion system, it is 
the PPE protein, specifically the hydrophobic tip or hh motif, which 
ultimately confers secretion system specificity. Thus, the sequence of the 
hydrophobic tip or hh motif of a PPE protein could be used to predict its 
cognate ESX secretion system. A recent study has suggested that the 

Fig. 5. Secretion and Subcellular Localisations of the PE-PPE Family. A diagrammatic representation of a cross-section of M. tuberculosis cell wall, depicting the 
secretion and subcellular localisation of the proline-glutamic acid (PE)-proline-proline-glutamic acid (PPE) family proteins. PE-PPE proteins first need to transit 
through the inner mycobacterial membrane via their cognate ESAT-6 cluster region (ESX) type VII secretion system. The classical Sec pathway may also be involved 
in the secretion of PE-PPE proteins. The arrows indicate the movement of PE-PPE family proteins through the mycobacterial strata, towards their final positions. 
Abbreviations: polymorphic GC-rich (PE-PGRS); major polymorphic tandem repeat (MPTR); ESX secretion-associated protein G (EspG). 
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linker 2 domain of the secretory system component EccC5, also mediates 
the secretion of specific PE and PPE proteins via ESX-5 (Bunduc et al., 
2020). 

Interestingly, some ESX-5-dependent PE-PPE proteins also depend 
on other PE-PPE proteins for their secretion. The PPE-SVP protein, 
PPE38, is essential for the secretion of all PPE-MPTR and PE-PGRS 
proteins (Ates et al., 2018a; Ates et al., 2018b). Since PPE-MPTR and 
PE-PGRS proteins are part of sub-lineage V, it is worthwhile to investi
gate whether PPE38 is also essential for other ESX-5 dependent PE-PPE 
proteins, such as the sub-lineage IV PE-PPE proteins (Abdallah et al., 
2009; Ates et al., 2015b), and whether other PE-PPE proteins play 
similar roles to PPE38 for the other ESX secretion systems. The loss of 
PPE-MPTR and PE-PGRS secretion due to a defective PPE38 has been 
associated with a hypervirulent phenotype of M. tuberculosis (Ates et al., 
2018a; Ates et al., 2018b). A disrupted EspG5 in M. marinum also 
resulted in a hypervirulent phenotype in an adult zebrafish infection 
model (Weerdenburg et al., 2012). Since loss of ESX-5 secretion is fatal 
for pathogenic strains (Di Luca et al., 2012; Ates et al., 2015b), the 
increased virulence observed suggests that PPE-MTPR and PE-PGRS 
proteins are virulence attenuating and not essential for M. tuberculosis, 
whilst the remaining ESX-5 PE-PPE proteins are essential for 
M. tuberculosis. In addition, the EspG5 disruption data suggests that the 
essential ESX-5 PE-PPE proteins may not require the cytosolic chaperone 
protein EspG and that EspG is not essential for all PE-PPE proteins 
(Daleke et al., 2012b). 

In addition to the ESX secretion systems, the classical Sec pathway 
may also be involved in the secretion of PE-PPE proteins. Sec pathway 
signal sequences have been found to be cleaved in several PE-PPE pro
teins, indicating that they may be secreted via the classical Sec pathway 
as an alternative secretion pathway (De Souza et al., 2011). 

7. Functions of the PE-PPE family proteins 

Initially, the PE-PPE family due to its polymorphic and repetitive 
nature was considered a source of genetic and antigenic variation in 
M. tuberculosis (Cole et al., 1998). However, PE-PPE proteins have since 
been assigned a wide range of diverse roles, which are discussed below. 

7.1. Interaction with and modulation of immune cells 

Toll-like receptors (TLRs) are pattern recognition receptors (PRRs) of 
the innate immune system and recognise pathogen-associated molecular 
patterns (PAMPs) of various pathogens, including M. tuberculosis. TLR 
recognition of PAMPs results in the activation of pro-inflammatory 
signalling pathways (Vijay, 2018). PE-PPE family members have been 
observed to modulate the host immune response by interacting with 
TLRs. 

PE-PGRS11 and PE-PGRS17 bind to TLR2, resulting in the matura
tion of dendritic cells (DCs), as well as an enhancement in their ability to 
stimulate the proliferation and secretion of cytokines from cluster of 
differentiation (CD)4+ T-cells (Bansal et al., 2010a). PPE34 also stimu
lates the maturation of DCs in a TLR2-dependent manner. PPE34- 
matured DCs secrete interleukin (IL)-10 in addition to promoting the 
secretion of IL-4, IL-5, and IL-10 from CD4+ T-cells, thereby skewing the 
immune response in favour of Th2 cellular immunity. PPE34-induced 
Th2 cellular immunity is associated with increased expression of 
cyclooxygenase-2 (COX-2) in DCs (Bansal et al., 2010b). PPE26 binds to 
TLR2, resulting in macrophage activation, as well as enhanced expres
sion of co-stimulatory molecules (CD80 and CD86) and major histo
compatibility complex (MHC) molecules (class I and II). Additionally, 
macrophages activated by PPE26 showed upregulated expression of C-X- 
C chemokine receptor 3 (CXCR3), as well as the secretion of interferon- 
gamma (IFN-ɣ) and IL-2 in naïve CD4+ T-cells, indicating PPE26- 
induced Th1 polarisation (Su et al., 2015). PPE57 binds to TLR2 
resulting in macrophage activation and enhanced expression of the cell 
surface markers CD40, CD80, CD86 and MHC class II molecules. 

Furthermore, PPE57-stimulated macrophages also polarise naïve CD4+

T-cells to upregulate CXCR3 expression, as well as increase IFN-ɣ and IL- 
2 secretion, indicating a Th1 polarisation (Xu et al., 2015). PPE60 binds 
to TLR2 resulting in DC maturation and enhanced expression of CD80, 
CD86 and MHC I and II. PPE60-stimulated DCs polarise naïve CD4+ T- 
cells to increase the secretion of IFN-ɣ, IL-2 and IL-17A, thus potenti
ating the Th1/ Th17 immune responses (Su et al., 2018). Similarly, PE27 
has been shown to induce DC maturation via mitogen-activated protein 
kinase (MAPK) and nuclear factor kappa B (NF-κB) signalling pathways, 
eventually leading to Th1 polarisation. PE27 also induced memory T-cell 
responses that produced IFN-ɣ in M. tuberculosis-infected mice (Kim 
et al., 2016). PPE39 appears to enhance DC maturation via TLR4- 
mediated MAPK and NF-κB signalling, in addition to promoting Th1 
polarisation that coincided with increased T-box protein expression in T- 
cells (T-BET) (Choi et al., 2019). 

M. tuberculosis is able to utilise the immunogenic PE-PPE family 
proteins to modulate both the innate and adaptive immune responses. 
Interestingly, the PE-PPE family proteins are able to elicit both Th1 and 
Th2 responses through various interactions and pathways. Th1 responses 
are typically essential for intracellular pathogens whereas Th2 responses 
are beneficial against extracellular pathogens. However, a balance be
tween the two is essential for the successful clearance of a pathogen and 
to restrict excessive Th1-induced tissue damage. Given that 
M. tuberculosis is an intracellular pathogen, Th1 responses are critical for 
its clearance, and therefore, it would seem counterintuitive for 
M. tuberculosis to use PE-PPE family proteins to elicit the Th1 response. 
Therefore, it could be hypothesised that the PE-PPE family proteins that 
induce a Th1 response function as an immunological “smoke screen”. 
During the initial stage of infection, M. tuberculosis may express these 
immunogenic proteins in order to elicit a Th1 immune response against 
these “smoke screen” proteins. During the subsequent stage of infection, 
M. tuberculosis may then cease the expression of these immunogenic 
proteins and express other important functional proteins. As the host 
immune response will be primed against the “smoke screen” proteins, 
which are no longer expressed, it allows M. tuberculosis and its important 
functional proteins to establish infection within the host safely. The 
“smoke screen” proteins, therefore, hide M. tuberculosis in plain sight 
from the host immune response, thereby allowing for the successful 
establishment of an infection within the host. Once this stage has passed, 
PE-PPE proteins that induce a Th2 response or dampen the Th1 response 
may then play a role in maintaining immune evasion. 

7.2. Modulation of inflammatory responses 

The inflammatory response is an initial immune response against 
invading pathogens such as M. tuberculosis and is also involved in the 
subsequent activation and shaping of the adaptive immune response. 
Cytokines such as IL-1, IL-6, and tumour necrosis factor-alpha (TNF-α) 
are pro-inflammatory, whereas anti-inflammatory cytokines such as IL- 
10 and transforming growth factor-beta (TGF-β) regulate or dampen the 
inflammatory response (Mogensen, 2009). A consequence of PE-PPE- 
induced TLR recognition is modulation of the inflammatory response, 
as outlined below. 

7.2.1. Pro-inflammatory response triggered by PE-PPE family members 
M. smegmatis heterologously expressing PPE44 has been shown to 

increase the expression and secretion of pro-inflammatory cytokines IL- 
6 and IL-12p40 in THP-1 macrophages, via the p38, extracellular signal- 
regulated kinase 1/2 (ERK) and NF-κB signalling axis (Yu et al., 2017). 
Both purified PE-PGRS33 and M. smegmatis heterologously expressing 
PE-PGRS33 increase TNF-α production in RAW 264.7 macrophages, via 
the apoptosis signal-regulating kinase 1 (ASK1), p38 and c-Jun N-ter
minal kinase (JNK) signalling pathways (Basu et al., 2007). Purified 
PPE26 and PPE57 increase IL-6, IL-12p40 and TNF-α release in 
RAW264.7 macrophages, via the MAPK and NF-κB signalling pathways 
(Su et al., 2015; Xu et al., 2015). Purified PPE60 increases IL-1β, IL-6, IL- 
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12p70, IL-23p19 and TNF-α production in DCs, via activation of p38, 
JNK and NF-κB signalling pathways (Su et al., 2018). M. smegmatis 
heterologously expressing PE13 increases IL-6 and IL-1β via the p38, 
ERK and NF-κB signalling axis in THP-1 macrophages. In addition, PE13 
was also found to decrease the secretion of the suppressor of cytokine 
signalling 3 (SOCS3), which has an important role in the regulation of 
pro-inflammatory response (Li et al., 2016). An M. marinum PPE38 
mutant showed significantly lower levels of IL-6 and TNF-α in THP-1 
macrophages compared to the wild-type. M. smegmatis heterologously 
expressing PPE38 induced higher levels of IL-6 and TNF-α, thereby 
validating the pro-inflammatory effects of PPE38 (Dong et al., 2011). 
The PGRS domain of PE-PGRS5 induces higher levels of IL-12 and TNF-α 
in THP-1 macrophages treated with purified protein or recombinant 
M. smegmatis (Sharma et al., 2020; Sharma et al., 2021b). Purified PE27 
promotes the secretion of IL-1β, IL-6, IL-12p70 and TNF-α in DCs via 
MAPK and NF-κB signalling (Kim et al., 2016). PE4 increased levels of 
IL-2, IL-6, and TNF-α in splenocytes of mice immunised with purified 
PE4 compared to PBS-injected mice. (Singh et al., 2012). Purified PE6 
seems to increase the secretion of IL-6, IL-12, and TNF-α in RAW264.7 
macrophages via TLR4 interaction and NF-κB signalling (Sharma et al., 
2021a). 

7.2.2. Anti-inflammatory responses triggered by PE-PPE family members 
M. smegmatis heterologously expressing PE5 and PE15 appears to 

enhance the expression and secretion of anti-inflammatory cytokine IL- 
10 whilst also downregulating the secretion of pro-inflammatory cyto
kine IL-12 in THP-1 macrophages (Tiwari et al., 2012). PE31 heterolo
gously expressed in M. smegmatis increases anti-inflammatory cytokine 
IL-10, whilst also decreasing pro-inflammatory cytokines IL-6 and IL- 
12p40 in THP-1 macrophages via the NF-κB signalling pathway (Ali 
et al., 2020). THP-1 macrophages stimulated with purified PE35-PPE68 
showed increased IL-10 secretion as a result of TLR2 interaction, as well 
as p38 and EKR1/2 MAPK activation (Tiwari et al., 2014). Interestingly, 
the pair were also shown to increase monocyte chemo-attractant protein 
1 (MCP-1), which is a chemo-attractant for monocytes/lymphocytes and 
therefore, essential for the granulomatous response (Lu et al., 1998). 
M. smegmatis heterologously expressing PPE37 decreases IL-1β, IL-6, IL- 
12p70, and TNF-α production in peritoneal exudate macrophages, via 
lower activation of NF-κB, MAPK, ERK and p38 signalling pathways 
(Daim et al., 2011). PE-PGRS41 increased anti-inflammatory cytokine 
IL-10 and decreased pro-inflammatory cytokines IL-1β, IL-6, and TNF-α 
in recombinant M. smegmatis infected THP-1 macrophages (Deng et al., 
2017). RAW264.7 macrophages treated with purified PE32-PPE65 
increased IL-10 and decreased IL-6 and TNF-α levels, whilst also 
reducing the number of IFN-ɣ and IL-2 secreting CD4+ and CD8+ T-cells, 
thereby inhibiting the Th1 response (Khubaib et al., 2016). M. smegmatis 
heterologously expressing PE-PGRS30 reduces the production of IL-6, 
IL-12 and TNF-α in THP-1 macrophages however, the mechanisms and 
signalling pathways remain to be identified (Chatrath et al., 2016). THP- 
1 macrophages incubated with purified PPE18 promote the release of IL- 
10 via TLR2-mediated activation of p38 MAPK (Nair et al., 2009). 
Interestingly, PPE18 was later shown to inhibit the production of IL- 
12p40 and TNF-α by blocking the nuclear translocation of transcrip
tion factors p50, p60, c-rel, and NF-κB (Nair et al., 2011). THP-1 mac
rophages infected by M. smegmatis heterologously expressing PE17 
showed increased transcriptional levels of IL-10 and decreased tran
scriptional levels of IL-1β, IL-6 and TNF-α via JNK signalling (Abo- 
Kadoum et al., 2021). 

Interestingly, purified PPE32 enhances both pro-inflammatory (IL-6 
and TNF-α) and anti-inflammatory (IL-10) cytokine production in U937 
macrophages, via the NF-κB and MAPK signalling pathways (Deng et al., 
2014; Deng et al., 2016), suggesting that the PE-PPE family proteins 
have contrasting roles during host interaction. M. tuberculosis may use 
these proteins as a molecular switch by expressing a specific combina
tion in order to induce or fine-tune a specific immune response, perhaps 
depending on the stage of infection. It is therefore essential to elucidate 

the stage of infection at which these proteins are expressed and utilised 
by M. tuberculosis. Therefore, a comprehensive timeline of PE-PPE family 
protein expression and function during infection will be of great value. 
Overall, modulation of the host’s inflammatory response by PE-PPE 
family proteins ultimately favours M. tuberculosis survival within the 
host. 

7.3. Ca2+ binding 

Ca2+ is an essential signalling molecule involved in controlling 
cellular activities and maintaining cellular homeostasis. In addition, 
Ca2+ is also known to be involved in regulating immune cells and pro
cesses during infections with pathogens such as M. tuberculosis (Sharma 
and Meena, 2016). The PE-PPE family proteins have recently been 
implicated in altering Ca2+ signalling. 

Fifty-six out of 61 PE-PGRS proteins contain repeats of the glycine- 
rich motif GGXGXD/NXUX; a nonapeptide sequence predicted to bind 
Ca2+. PE-PGRS33 and PE-PGRS61 bind Ca2+ using the GGXGXD/NXUX 
motif in order to elicit their immunomodulatory effects (Yeruva et al., 
2016). Similarly, the functions of PE-PGRS5, which are TLR4- 
dependent, also seem to be Ca2+-dependent, as Ca2+ stabilises the 
binding between PE-PGRS5 and TLR4 (Sharma et al., 2021b). In addi
tion, Ca2+-dependent PE-PPE proteins such as PE-PGRS5, PE-PGRS33, 
and PE-PGRS61 have been associated with altering the Ca2+ concen
tration within the host cell, which results in compromised Ca2+ signal
ling, leading to inhibited phagosome acidification and maturation, thus 
promoting M. tuberculosis intracellular survival (Sharma and Meena, 
2016). 

7.4. Inhibition of phagolysosome fusion/maturation 

Upon infection with M. tuberculosis, the fusion of phagosomes con
taining M. tuberculosis with lysosomes is a defence strategy used by host 
macrophages to eradicate the intracellular pathogen. Acidification of 
the phagolysosome not only inflicts acid stress on M. tuberculosis, but 
also increases the efficacy of hydrolases, nitric oxides, and reactive ox
ygen species against M. tuberculosis (Stallings and Glickman, 2010). 
However, PE-PPE family proteins subvert this process using various 
mechanisms. 

PE-PGRS30 inhibits phagosome-lysosome fusion within macro
phages, as evidenced by increased lysosomal-associated membrane 
protein 1 (LAMP-1) expression in THP-1 macrophages infected with PE- 
PGRS30-deficient M. tuberculosis (Iantomasi et al., 2011). PPE10 is 
implicated in the control of phagosome acidification; however, the un
derlying mechanisms remain to be elucidated (Stewart et al., 2005). 
M. smegmatis heterologously expressing PE-PGRS62 inhibits phagosome 
maturation in J774A macrophages by blocking the acquisition of Rab7 
and LAMP-1 (Thi et al., 2012). PE-PGRS5 has recently been shown to 
inhibit phagosomal acidification by downregulating the expression of 
late endosomal markers Rab7 and cathepsin D (CTSD) in THP-1 cells 
infected with recombinant M. smegmatis (Sharma et al., 2020; Sharma 
et al., 2021b). 

By utilising these PE-PPE proteins, M. tuberculosis is able to subvert 
this initial host macrophage defence, which would typically eradicate 
intracellular pathogens, in order to establish and persist within its 
preferred intracellular niche. In addition, the PE-PPE-induced subver
sion of phagolysosome fusion/maturation has further implications for 
M. tuberculosis persistence. 

7.5. Inhibition of antigen presentation 

Antigens from intracellular pathogens such as M. tuberculosis are 
degraded and subsequently loaded onto MHC class II molecules, which 
allows CD4+ T-cells to recognise and generate effector and memory T- 
cell responses against the intracellular pathogen (Harding and Boom, 
2010). However, PE-PPE proteins inhibit antigen presentation by 
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preventing the process required to produce antigens, as described below. 
The PGRS domain of PE-PGRS17 reduces antigen presentation by 

protecting the protein from ubiquitin-dependent proteasome proteolysis 
and processing (Koh et al., 2009a). Purified PPE18 was also recently 
shown to inhibit antigen presentation in peritoneal macrophages by 
preventing peptide degradation through disrupting phagolysosome 
acidification (Dolasia et al., 2020). Interestingly, an M. tuberculosis PE- 
PGRS47 mutant showed enhanced MHC class II antigen presentation 
in infected mice, indicating that PE-PGRS47 also inhibits antigen pre
sentation in macrophages (Saini et al., 2016). Phagolysosomes and 
ubiquitin-dependent proteolysis are both essential in the degradation 
and processing of peptides required for antigen presentation (Harding 
and Boom, 2010). Therefore, M. tuberculosis is able to use these PE-PPE 
family proteins in order to inhibit such processes, thereby dampening 
potential T-cell responses, which contribute to M. tuberculosis 
persistence. 

7.6. Stress resistance 

M. tuberculosis is an intracellular pathogen that must endure an 
onslaught of stress responses from the host in order to persist within its 
preferred intracellular niche. Upon infection, M. tuberculosis is con
fronted by stress such as low pH, hypoxia, hydrolases, nitric oxides, 
reactive oxygen species, nutrient starvation, and antimicrobial drugs 
(Stallings and Glickman, 2010). The PE-PPE family proteins have been 
reported to provide resistance against many of these stresses through 
various mechanisms, as discussed below. 

7.6.1. Resisting host-induced stress 
PE4 expression in M. tuberculosis is induced by both acidic and 

hypoxic conditions, highlighting a potential role in resisting host- 
induced stress (Singh et al., 2012). Heterologously expressed PE11 al
ters cell wall lipid content and colony morphology in M. smegmatis, 
which increases its resistance against sodium dodecyl-sulfate (SDS), 
lysozyme, hydrogen peroxide (H2O2), and low pH (Singh et al., 2016). 
M. smegmatis heterologously expressing PE5 and PE15 suppressed 
inducible nitric oxide synthase (iNOS) transcript levels in both J774.1 
and THP-1 infected macrophages (Tiwari et al., 2012). PPE2 also in
hibits nitric oxide production by suppressing iNOS transcription. Green 
fluorescent protein (GFP)-tagged PPE2 was found to achieve this by 
translocating to the nucleus of RAW264.7 macrophages using its nuclear 
localisation signal and interacting with the iNOS promoter via its leucine 
zipper DNA binding motif, evidenced by the binding of purified PPE2 
with oligonucleotides representing the iNOS promoter region (Bhat 
et al., 2017). Surprisingly, PPE2 also inhibits reactive oxygen species 
production in transfected RAW264.7 macrophages via its SRC homology 
3 (SH3) domain, which binds to the nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase complex component p67phox, thereby 
preventing the proper assembly of the NADPH oxidase complex, and 
thus, inhibiting reactive oxygen species production (Srivastava et al., 
2019). Interestingly, J774A macrophages infected with M. smegmatis 
heterologously expressing PE-PGRS62 showed similar levels of iNOS 
transcripts, yet reduced levels of iNOS protein, suggesting that PE- 
PGRS62 also inhibits nitric oxide production, likely at the post- 
transcriptional level, possibly through iNOS translational dysregula
tion or iNOS protein degradation (Thi et al., 2012). Transcriptional 
analysis showed that hypoxia-induced PE-PGRS11 protects against 
oxidative stress by triggering TLR2-dependent expression of both B-Cell 
lymphoma 2 (BCL-2) and COX-2 (Chaturvedi et al., 2010). PE13, a cell 
wall-associated protein that significantly alters colony size and 
morphology, has been shown to increase the survival of recombinant 
M. smegmatis against low pH, diamides, H2O2, and SDS (Li et al., 2016). 
Similarly, cell wall-associated protein, PPE60, which also has roles in 
cell wall integrity and permeability, increases the survival of recombi
nant M. smegmatis against low pH, H2O2, SDS, and diamides (Gong et al., 
2019). Surprisingly, M. smegmatis heterologously expressing PE-PGRS5 

was recently shown to promote stress by inducing nitric oxide produc
tion in RAW264.7 macrophages, in a Ca2+- and TLR4-dependent manner 
(Grover et al., 2018; Sharma et al., 2020; Sharma et al., 2021b). 

Members of the PE-PPE family are evidently upregulated and utilised 
by M. tuberculosis in order to acquire resistance against a variety of 
stresses encountered within the intracellular milieu of the host cell. It is 
also interesting to note that a single member of the PE-PPE family is able 
to provide resistance against two different types of stress via distinct 
mechanisms, such as PPE2 against nitric oxide and reactive oxygen 
species (Srivastava et al., 2019). This observation aligns with the 
reductive evolution of M. tuberculosis, as giving multiple functions to a 
single protein, otherwise known as "moonlighting", would allow 
M. tuberculosis to retain its functional repertoire from a reduced number 
of proteins (Veyrier et al., 2011; Ahmad et al., 2019). It is also inter
esting to observe that different members of the PE-PPE family are able to 
confer resistance against the same stress by using different mechanisms, 
such as PPE2 and PE-PGRS62 against nitric oxide (Thi et al., 2012; Bhat 
et al., 2017). Whilst this observation goes against the reductive evolu
tion of M. tuberculosis, this is perhaps to ensure that M. tuberculosis is able 
to confer resistance and ensure its survival irrespective of deleterious 
mutations or blocked pathways. 

7.6.2. Resisting nutrient starvation stress 
PPE36 and PPE62 are considered essential for haem-iron acquisition. 

In addition, these cell surface proteins have also been shown to bind, 
uptake and utilise haemoglobin, evidenced by the inability of 
M. tuberculosis PPE36 and PPE62 deletion mutants to grow in Hartmans 
de Bond (HdB) minimal media with human haemoglobin or heme as the 
sole iron source (Mitra et al., 2017; Mitra et al., 2019). M. tuberculosis 
PPE37 deletion mutants highlighted PPE37 as an essential protein for 
haem-iron acquisition; however, its exact role is yet to be elucidated 
(Tullius et al., 2019). M. tuberculosis PPE51 mutants showed PPE51 to be 
essential for the acquisition of sugars, including glucose, glycerol, and 
thio-glycoside, as well as other small molecules such as propionamide 
(Korycka-Machała et al., 2020; Wang et al., 2020). Wang and colleagues 
have shown that PE20 and PPE31 are up-regulated and required for 
growth under magnesium-limited conditions, and therefore, essential 
for magnesium acquisition (Wang et al., 2020). 

Nutrient acquisition PE-PPE proteins, such as those previously 
mentioned, are secreted and localised to the cell surface, indicating that 
M. tuberculosis may utilise these proteins to form pore-like nutrient-se
lective channels in order to transport nutrients over the resilient cell wall 
of M. tuberculosis, which is concordant with the earlier findings of Ates 
and colleagues (Ates et al., 2015b). Since the cell wall of M. tuberculosis 
lacks classical porins for transport, PE-PPE family proteins appear to 
provide an effective mechanism to overcome such limitations and ac
quire the nutrients required to survive within the nutrient-limited 
intracellular niche. This concept could also apply to other ESX- 
dependent substrates with similar structures to the PE-PPE family pro
teins. Whilst the evidence suggests that the PE-PPE family proteins 
would allow for the import of nutrients, it could also be hypothesised 
that the pore-like channels formed by PE-PPE family proteins may also 
allow for the export of other molecules. 

7.6.3. Resisting antibiotic and antimicrobial drug stress 
PE11, a cell wall protein with esterase activity, has been shown to 

alter the cell wall lipid content, which increases surface hydrophobicity, 
thereby conferring resistance to several antibiotics and anti-microbial 
drugs including rifampicin, isoniazid, ethambutol, ampicillin, and van
comycin, by preventing penetration through the cell wall (Singh et al., 
2016). Interestingly, gene pairs associated with drug resistance typically 
consist of a known drug target and a PE-PPE family gene. katG-PPE54 
and rpob-PPE54 gene pairs/interactions were identified and associated 
with isoniazid and rifampicin resistance, respectively. Furthermore, 
embA-PPE68 and embB-PPE54 gene pairs/interactions were associated 
with ethambutol resistance (Cui et al., 2016). Single nucleotide 
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polymorphisms (SNPs), insertions and deletions were found to be 
enriched in the PE-PGRS genes belonging to 37 extensively drug- 
resistant (XDR) M. tuberculosis strains. Mutations were notably found 
in PE_PGRS3, PE_PGRS6, PE_PGRS9, PE_PGRS10, PE_PGRS 19, PE_PGRS 
33 and PE_PGRS 49, which highlight their potential role in drug resis
tance (Kanji et al., 2015). Similarly, genetic variation in PPE genes 
PPE18, PPE19, PPE46, and PPE47, were associated with the expansion 
of isoniazid resistance in M. tuberculosis (Hang et al., 2019). Homoplastic 
SNPs, which are associated with conferring drug resistance, were 
recently characterised in 1170 M. tuberculosis strains; ~36% of all ho
moplastic SNPs were found in PE-PPE genes, further highlighting their 
potential role in drug resistance. A novel mutation in PE-PGRS7 was also 
found to confer streptomycin resistance; however, the underlying 
mechanism of resistance requires further investigations (Tantivitayakul 
et al., 2020). 

It is evident that PE-PPE family members are involved in conferring 
resistance against various antimicrobial drugs. However, further 
research is required to elucidate the underlying resistance mechanisms, 
which may also highlight novel drug targets. By extrapolating the pore- 
like molecular/nutrient-selective channel functions of the PE-PPE fam
ily, it may hint toward a possible mechanism of drug resistance; it is 
possible that the PE-PPE family may also function as efflux proteins or, 
as part of an export assembly. 

7.7. Modulation of host cell death pathways 

Apoptosis, necrosis, autophagy, and pyroptosis are different forms of 
cell death, which have been observed during infection with 
M. tuberculosis (Chai et al., 2020). PE-PPE family proteins have been 
observed to modulate these forms of cell death by various mechanisms. 

7.7.1. Apoptosis 
Apoptosis, a form of programmed cell death, is an innate immune 

defence strategy utilised to contain and eradicate infection (Reed, 
2000). Purified PPE32 induces apoptosis in THP-1 macrophages in a 
caspase-3- and caspase-9-dependent manner. PPE32 also promotes 
endoplasmic reticulum stress-related gene expression, which may be 
responsible for PPE32-induced apoptosis (Deng et al., 2016). The puri
fied PGRS domain of PE-PGRS5 induces apoptosis in RAW264.7 mac
rophages in a TLR4- and Ca2+-dependent manner, by localising to the 
endoplasmic reticulum and promoting endoplasmic reticulum stress, 
resulting in caspase-8 activation (Grover et al., 2018; Sharma et al., 
2020; Sharma et al., 2021b). M. smegmatis heterologously expressing 
PE9-PE10 promotes apoptosis in THP-1 macrophages by interacting 
with TLR4 and inducing interferon regulatory transcription factor 3 
(IRF-3) signalling, which leads to the upregulation of pro-apoptotic 
genes bax, bim and bid, as well as caspase-3 cleavage (Tiwari et al., 
2015). Purified PE6 induces apoptosis in RAW264.7 macrophages by 
increasing the production of pro-apoptotic molecules Bax, Cytochrome 
C, and pcMyc. PE6 achieves this by activating both caspase-3 and 
caspase-9, as well as the endoplasmic reticulum-associated unfolding 
protein response (UPR) pathway, which resulted in increased produc
tion of activating transcription factor 6 (ATF6), C/EBP homologous 
protein (CHOP), binding immunoglobulin protein (BiP), eukaryotic 
translation initiation factor 2 alpha (eIF2α), inositol-requiring enzyme 1 
alpha (IRE1α), and calnexin (CANX) (Sharma et al., 2021a). Interest
ingly, PE17-induced apoptosis was recently associated with regulating 
host cell gene expression by reducing H3K9me3 chromatin occupancy, 
which resulted in the activation of pro-apoptotic signalling pathways in 
recombinant M. smegmatis infected THP-1 macrophages (Abo-Kadoum 
et al., 2021). Conversely, PE-PPE proteins such as M. smegmatis heter
ologously expressed PE31 inhibits apoptosis in THP-1 macrophages by 
activating the NF-κB signalling pathway, which induces IL-10 and gua
nylate binding protein 1 (GBP-1) production, thereby inhibiting the 
activation of caspase-3 (Ali et al., 2020). PE-PGRS41 heterologously 
expressed in M. smegmatis showed decreased cleavage of caspase-3 and 

caspase-9 in THP-1 macrophages, thereby inhibiting M. smegmatis 
infection-induced apoptosis (Deng et al., 2017). M. smegmatis heterolo
gously expressing PPE10 inhibits apoptosis in THP-1 macrophages by 
decreasing transcriptional levels of the pro-apoptotic gene Bax, as well 
as decreasing expression levels of caspase-3, caspase-7, and caspase-8 
through the linear ubiquitin chain assembly complex (LUBAC), HOIL- 
1-interacting protein (HOIP), and NF-κB signalling axis (Asaad et al., 
2021). PE-PGRS62 decreases endoplasmic reticulum stress, as well as 
caspase-3 and caspase-9 cleavage, leading to the attenuation of 
apoptosis in recombinant M. smegmatis infected THP-1 macrophages 
(Long et al., 2019). 

7.7.2. Necrosis 
Necrosis, a form of passive cell death, is typically favourable for the 

pathogen and aids in the dissemination of infection (Dobos et al., 2000). 
PE-PGRS33 induces necrosis in macrophages, as evidenced by the 
increased levels of lactate dehydrogenase and nucleosomes in the su
pernatant of murine bone marrow macrophage culture infected with 
recombinant M. smegmatis (Dheenadhayalan et al., 2006). Other PE-PPE 
proteins such as PE11, PPE26, PPE68, and PE25/PPE41, have also been 
associated with the induction of necrosis; however, the underlying 
mechanisms are yet to be fully elucidated (Tundup et al., 2014; Deng 
et al., 2015; Danelishvili et al., 2015; Mi et al., 2017). 

7.7.3. Autophagy 
Autophagy is an innate immune defence strategy that serves to 

degrade and process intracellular pathogens within autophagosomes for 
MHC class II presentation (Gutierrez et al., 2004). M. smegmatis heter
ologously expressing PE-PGRS41 inhibits autophagy in THP-1 macro
phages by blocking autophagy-related protein 8 (ATG-8), which is 
responsible for controlling the expansion and size of precursor auto
phagosomes. PE-PGRS41 also suppresses the conversion of microtubule- 
associated protein light chain 3 (LC3)-I to LC3-II, which is also involved 
in autophagosome formation (Deng et al., 2017). Recently, RAW264.7 
macrophages transfected to express PE-PGRS20 and PE-PGRS47 were 
shown to inhibit autophagy initiation by interacting with and activating 
Rab1A, which leads to mammalian target of rapamycin (mTOR) acti
vation and autophagy inhibition (Strong et al., 2021). Purified PE6 
suppresses the initiation of autophagy in RAW264.7 macrophages by 
promoting inhibitory phosphorylation of Unc-51 like autophagy acti
vating kinase 1 (ULK1), which is responsible for initiating autophago
phore biogenesis. PE6 achieves this by promoting activating 
phosphorylation of mammalian target of rapamycin complex 1 
(mTORC1), which is responsible for the inhibitory phosphorylation of 
ULK1. PE6-inhibited autophagy initiation was also evidenced by 
reduced conversion of microtubule-associated protein light chain 3B 
(LC3B)-I to LC3B-II, and increased accumulation of SQSTM1/p62, which 
is a ubiquitin-binding scaffold protein degraded by autophagy (Sharma 
et al., 2021a). Surprisingly, a PE-PGRS29-deficient M. tuberculosis strain 
showed that PE-PGRS29, a cell surface protein containing a eukaryotic- 
like ubiquitin-associated domain, binds ubiquitin, thus triggering 
ubiquitin-mediated xenophagy and subsequent clearance of 
M. tuberculosis in murine bone marrow-derived macrophages. Whilst 
seeming counterintuitive, this strategy may be used by M. tuberculosis to 
optimise intracellular bacterial loads whilst also restricting host in
flammatory responses (Chai et al., 2019). 

7.7.4. Pyroptosis 
Pyroptosis is a rapid and highly inflammatory form of cell death, 

which is associated with plasma-membrane rupture, as well as the 
release of inflammatory factors and bacilli (Bergsbaken, et al., 2009). 
M. smegmatis heterologously expressing PPE60 promotes pyroptosis in 
THP-1 macrophages in a caspase-, NOD- LRR- and pyrin domain- 
containing protein 3 (NLRP3)-, and gasdermin (GSDM)-dependent 
manner (Gong et al., 2019). More recently, PPE13 was shown to activate 
the NLRP3 inflammasome, which induces caspase-1 activation, and 
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GSDM-mediated pyroptosis in THP-1, J774A.1, and murine bone 
marrow-derived macrophages, infected with recombinant M. smegmatis 
(Yang et al., 2020). 

M. tuberculosis may use specific PE-PPE family proteins to inhibit 
apoptosis during the early stages of infection, in order to prevent erad
ication and establish infection. Conversely, M. tuberculosis may use other 
PE-PPE family proteins to promote apoptosis during the later stages of 

infection, in order to allow M. tuberculosis to effectively disseminate 
without eliciting a robust inflammatory response. However, this does 
not explain why M. tuberculosis would promote cell death pathways such 
as pyroptosis, which is associated with extensive inflammation. Perhaps, 
this further emphasises how crucial it is to elucidate the stage of infec
tion at which these proteins are expressed and utilised by M. tuberculosis. 

Fig. 6. Functions of the PE-PPE Family. A diagrammatic representation of the functions elicited by the proline-glutamic acid (PE)-proline-proline-glutamic acid 
(PPE) family proteins. Initially, the PE-PPE family due to its polymorphic and repetitive nature was considered a source of genetic and antigenic variation in 
M. tuberculosis (Cole et al., 1998). However, PE-PPE proteins have since been assigned a wide range of diverse roles, which are outlined in the figure. The functions of 
the PE-PPE family are extensive, including modulating host immune responses, subverting host defence strategies, resisting diverse stresses of the host, and 
manipulating host cell fates, ultimately to ensure the survival of M. tuberculosis. The arrows indicate the PE-PPE-induced effects whereas the blunt-end arrows 
indicate the PE-PPE-inhibited effects. Chains of arrows and blunt-end arrows also highlight the functional pathways and consequential effects of PE-PPE-elicited 
functions. Abbreviations: cluster of differentiation (CD); major histocompatibility complex (MHC); interleukin (IL); interferon-gamma (IFN-ɣ); transforming 
growth factor-beta (TGF-β); tumour necrosis factor-alpha (TNF-α); sodium dodecyl-sulfate (SDS); polymorphic GC-rich (PE-PGRS); major polymorphic tandem 
repeat (MPTR). 
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7.8. Additional functions 

PE-PPE family proteins have been recently shown to have contrast
ing functions assigned to their N- and C-terminal domains. For example, 
full-length PPE37 is cleaved into N- and C-terminal domains under low 
iron conditions (Ahmad et al., 2018). The purified N-terminal domain of 
PPE37 promotes the proliferation and differentiation of monocytic THP- 
1 cells into CD11c, dendritic cell-specific intercellular adhesion mole
cule 3 grabbing non-integrin (DC-SIGN) positive semi-mature dendritic 
cells. In contrast, the C-terminal domain of PPE37 induces apoptosis in a 
caspase 3-dependent manner, in transfected THP-1 macrophages 
(Ahmad et al., 2018). Given the reductive evolution of M. tuberculosis, 
this study further highlights how M. tuberculosis is able to increase its 
functional repertoire from a reduced number of genes/proteins. 

PE-PPE family proteins possess a variety of enzymatic domains. 
PE11, or lipX, exhibits lipase/esterase activity and preferentially hy
drolyses short to intermediate p-nitrophenyl esters (Singh et al., 2016), 
as does PE16 (Sultana et al., 2013). PE-PGRS63, or lipY, shows lipase 
activity and is involved in the hydrolysation of triacylglycerols (Deb, 
2006). Phosphoglycerate mutase activity identified in M. tuberculosis is 
attributed to PE-PGRS11 (Chaturvedi et al., 2010). The different enzy
matic features belonging to PE-PPE family proteins allow M. tuberculosis 
to process a variety of substrates for survival. It is also interesting to find 
that similar enzymatic/functional proteins such as PE11/lipX and PE- 
PGRS63/LipY, have dissimilar purposes. For example, an upregulation 
of PE-PGRS63/lipY during starvation points toward a role in fatty acid 
acquisition for energy, whereas the cell wall localisation and cell wall 
composition changes associated with PE11/LipX points toward a role in 
altering cell wall composition for stress resistance (Deb, 2006; Singh 
et al., 2016). 

Purified PE-PGRS60 binds to fibronectin, which would allow 
M. tuberculosis to attach to the host’s extracellular matrix, resulting in 
enhanced adhesion and invasion (Meena and Meena, 2015). Using a 
series of functional deletion mutants, the PGRS domain of PE-PGRS33 
was shown to facilitate entry into J774 macrophages in a TLR2- 
dependent manner. It was also hypothesised that the interaction of PE- 
PGRS33 with TLR2 activates the pro-adhesive pathway via phosphati
dylinositol 3-kinase (PI3K) activity, which enhances complement re
ceptor 3 (CR3) avidity for M. tuberculosis (Palucci et al., 2016). 

PPE38 is essential for the secretion of other PE-PPE family members, 
specifically the PE-PGRS and PPE-MPTR sub-family proteins. Interest
ingly, the loss of PE-PGRS and PPE-MPTR secretion, due to a deleted or 
mutated PPE38, increases the virulence of M. tuberculosis, thereby 
highlighting the virulence attenuating nature of the PE-PGRS and PPE- 
MPTR sub-family proteins (Ates et al., 2018a; Ates et al., 2018b). 

PE6 was recently shown to possess a nucleus/nucleolus-targeting 
sequence, the presence of an Spt5 C-terminal nonapeptide repeat 
sequence responsible for binding Spt4, and the ability to bind with DNA. 
Further studies into these features may reveal unique functions for the 
PE-PPE family proteins, such as compromising host cell machinery by 
manipulating RNA polymerase II (Sharma et al., 2021a). 

The PE-PPE family proteins are crucial for the successful establish
ment, maintenance, and dissemination of M. tuberculosis infection within 
the host. The functions of the PE-PPE family are extensive, including 
modulating host immune responses, subverting host defence strategies, 
resisting diverse stresses of the host, and manipulating host cell fates, 
ultimately to ensure the survival of M. tuberculosis (Fig. 6). Given that 
their functions are incredibly diverse, it is important to elucidate the 
collective role of these proteins, rather than just their individual func
tions. As previously mentioned, elucidating the time of utilisation for 
these proteins is important since these proteins have implications in all 
stages of infection. To make matters more complex, the co-operonic 
nature, or as previously speculated, the transient nature of PE-PPE 
protein pairing may further increase their functional diversity and 
perhaps, allow M. tuberculosis to express specific combinations of PE-PPE 
proteins depending on the current stage of infection or the pressures 

exerted by the host. 

8. Diagnostic potential of the PE-PPE family 

The early and accurate diagnosis of TB will greatly help in the battle 
against TB. However, the diagnosis of TB primarily relies upon micro
scopy and culturing techniques. Both techniques have their limitations, 
such as microscopy having a low sensitivity of ~50–60 % and culturing 
being highly time-consuming (Siddiqi et al., 2003). In addition, newer 
diagnostic techniques such as polymerase chain reactions (PCR) that are 
highly sensitive and rapid, are not always appropriate due to socio- 
economic factors such as cost and expertise (Boehme et al., 2010). 
Given the limitations of existing diagnostic techniques, serological 
diagnostic techniques, which are simple, rapid, and inexpensive, were 
developed for the diagnosis of TB; by using techniques such as enzyme- 
linked immunosorbent assays (ELISA) to measure antibody responses 
against TB-specific immunogenic antigens (Abebe et al., 2007; Abebe 
and Bjune, 2009). With their ability to elicit robust antibody responses, 
PE-PPE proteins are among the promising immunogenic antigens to be 
used for TB sero-diagnostics. The potential of PE proteins such as PE11 
(Narayana et al., 2007), PE35 (Mukherjee et al., 2007), PE-PGRS62 (Koh 
et al., 2009b), and PPE proteins such as PPE2 (Abraham et al., 2014), 
PPE41 (Choudhary et al., 2003), PPE57 (Zhang et al., 2007) as immu
nogenic antigens for TB sero-diagnostics has been examined. Whilst PE- 
PPE proteins have been used to detect TB successfully, many of these 
proteins did not reach the necessary sensitivity to be used as an effective 
TB sero-diagnostic immunogenic antigen. However, it should be noted 
that the sensitivity of a PE or PPE protein may be increased when in 
complex with its cognate partner protein. For example, PPE41 was 
shown to have a sensitivity of 45 % in detecting TB; however, when 
PPE41 was in complex with its cognate partner protein PE25, its sensi
tivity increased to 75 % (Tundup et al., 2008). This principle may be 
applied to other PE-PPE proteins with already high sensitivities, in order 
to improve their sensitivity further. 

A notable example of a highly sensitive PE-PPE protein is PPE17. 
Using ELISA, PPE17 was able to distinguish between M. bovis Bacillus 
Calmette-Guerin (BCG) vaccinated healthy individuals and TB-infected 
individuals, including those with active, latent, and extrapulmonary TB 
infections, with high sensitivity. In addition, PPE17 was also shown to 
have stronger reactivity against sera from TB patients compared to other 
PE-PPE proteins such as PPE2, and even other important antigens such 
as ESAT-6 (Khan et al., 2008; Abraham et al., 2016; Abraham et al., 
2018). Interestingly, the N-terminal domain of PPE17 was found to 
induce a higher antibody response in TB patients compared to the C- 
terminal domain of PPE17. Despite the conserved and homologous N- 
terminal domains of the PE-PPE family, antibodies raised against the N- 
terminal domain of PPE17 from TB patients did not significantly cross- 
react with the N-terminal domains of other PPE proteins such as 
PPE18, PPE44 and PPE65. This is likely due to unique PPE17 N-terminal 
domain amino acids, which result in slight yet unique variations of the 
PPE17 N-terminal domain structure (Abraham et al., 2017). Whilst PE- 
PPE proteins such as PPE17 are excellent for distinguishing between 
BCG-vaccinated healthy individuals and TB-infected individuals using 
ELISA, these proteins are not able to accurately distinguish between 
active or latent TB infections. Interestingly, IL-2 responses stimulated by 
antigens such as PE35 and PPE68 were recently shown to distinguish 
between active and latent TB infections. Effector T-cells, which are more 
associated with active infections, secrete IFN-ɣ, whereas memory T- 
cells, which are more associated with latent infections, secrete IL-2, or 
IFN-ɣ and IL-2 (Sargentini et al., 2009). Therefore, by measuring the IL-2 
response following stimulation with PE35 and PPE68, it is possible to 
distinguish between active and latent TB infections (Pourakbari et al., 
2015). 

Aside from TB sero-diagnostics, PE-PPE genes such as PPE8 are also 
being used in PCR testing. Amplification of a 1291 base pair fragment 
from PPE18 was able to detect M. tuberculosis from sputum, pleural, and 
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cerebral spinal fluid samples with impressively high sensitivity 
compared to other diagnostic techniques such as culturing (PCR = 90.4 
%, 77.7 % and 70 %, respectively, vs Culture = 62.9 %, 24.4 % and 10 %, 
respectively) (Srivastava et al., 2006). In addition, PE-PPE proteins such 
as PE5 have also been recently used as diagnostic antigens in intrader
mal tests for bovine TB (Melo et al., 2015). 

9. Vaccine potential of the PE-PPE family 

PE-PPE proteins are rich in immunogenic epitopes, and therefore, 
they are promising candidates for the development of novel TB vaccines 
(Chaitra et al., 2005; Vordermeier et al., 2012; Copin et al., 2014; 
Stylianou et al., 2018). Promising PE-PPE proteins have been imple
mented into novel recombinant, attenuated/whole-cell, and subunit 
vaccine candidates. 

PE-PPE proteins have been used in novel recombinant vaccine can
didates. For example, the PE N-terminal domain has been shown to be 
responsible for cell wall localisation. Therefore, this N-terminal domain 
may be used as an N-terminal fusion protein to generate novel recom
binant Mycobacteria isolates expressing heterologous antigens on their 
surface (Cascioferro et al., 2007). The PE domain of PE-PGRS33 was 
added to the MPT65 antigen of M. bovis BCG as an N-terminal fusion 
protein. The recombinant M. bovis BCG strain was then able to express 
the MPT65 antigen on its surface, resulting in enhanced protection 
against M. tuberculosis infection in mice, compared to the parental 
M. bovis BGC strain (Sali et al., 2010). 

PE-PPE proteins have also played an important role in the develop
ment of attenuated/whole-cell vaccine candidates. For example, the pre- 
clinical M. tuberculosis Δppe25-pe19 vaccine candidate is attenuated via 
a partial deletion of the ESX-5 genetic locus, involving three PPE genes 
(PPE25, PPE26 and PPE27) and two PE genes (PE18 and PE19) (Bottai 
et al., 2012). The M. tuberculosis Δppe25-pe19 vaccine candidate was 
shown to provide enhanced protection compared to M. bovis BCG in 
murine efficacy studies. This enhanced protection is likely due to the 
M. tuberculosis Δppe25-pe19 strain being able to elicit a robust CD4+ T- 
cell response against key antigens such as ESAT-6-CFP-10, which would 
not be possible using the M. bovis BCG vaccine due to the attenuating 
RD1 deletion (Hsu et al., 2003; Sayes et al., 2012). Furthermore, whilst 
this deletion results in the loss of ESX-5-associated PE-PPE proteins, the 
M. tuberculosis Δppe25-pe19 strain is still able to elicit a robust CD4+ T- 
cell response against other ESX-associated PE-PPE proteins. Given the 
homologous nature of the PE-PPE family, this may allow for the cross- 
recognition of the deleted ESX-5-associated PE-PPE proteins, thereby 
minimizing the loss of the antigenic repertoire of the M. tuberculosis 
Δppe25-pe19 strain (Sayes et al., 2016). 

PE-PPE proteins have also been used in the development of novel 
subunit vaccine candidates. A notable example is GSK’s M72/AS01E 
vaccine, which utilises a recombinant fusion protein derived from 
M. tuberculosis antigens, MTB32A (PepA) and MTB39A (PPE18), in 
combination with an AS01E adjuvant (Skeiky et al., 2004). A recent 
phase IIb trial tested the vaccine’s efficacy against pulmonary TB in 
adults with latent TB infections (Van Der Meeren et al., 2018). The re
sults demonstrated a reduction in the incidence of TB, as well as an 
overall vaccine efficacy of 50%; however, this is still unsatisfactory. 
Individuals who received the vaccine also showed higher levels of M72/ 
AS01E -specific antibodies and CD4+ T-cells, throughout a 3-year period 
(Tait et al., 2019). 

PE-PPE proteins have been used in other vaccine strategies. A fusion 
protein including both acute- (PPE44 and EsxV) and latent-phase (HspX) 
antigens, was recently encapsulated in liposomes containing dime
thyldioctadecylammonium (DDA)/trehalose-6,6′-dibehenate (TDB) and 
shown to induce a robust Th1 response, as well as enhance the efficacy of 
BCG when administered in combination (Mansury et al., 2019). Inter
estingly, PPE44 was previously used in a plasmid DNA vaccine alongside 
the BCG, which resulted in stronger T- and B-cell responses compared to 
the BCG alone. This concept may be altered by replacing PPE44 with 

other PE-PPE antigen(s) and/or by using the plasmid DNA vaccine in 
combination with vaccines other than the BCG, in order to improve 
immune responses (Romano et al., 2008; Bruffaerts et al., 2014). 

The development of novel vaccine candidates primarily focuses on 
eliciting a Th1 cellular response against one or, ideally, more immuno
genic antigens. This approach aims to promote the recruitment of pro
tective T-cells and the release of IFN-ɣ upon challenge with 
M. tuberculosis (Delogu et al., 2014). However, recent evidence suggests 
that the Th1 response alone may not be sufficient to protect against TB. 
The neglected B-cell response may also be required to fully prime the 
host immune response against M. tuberculosis (Chan et al., 2014). 
Therefore, novel vaccine candidates should focus on eliciting a B-cell 
response, specifically against the surface-associated or secreted immu
nogenic antigens of M. tuberculosis. PE-PPE proteins are candidates for 
eliciting B-Cell responses. Several PE-PPE proteins have been found to 
elicit humoral immune responses including PE4 (Singh et al., 2012), 
PE11, PE-PGRS17 and PE-PGRS33, (Narayana et al., 2007), PE-PGRS62 
(Koh et al., 2009b), PPE2 (Abraham et al., 2014), PPE17 (Khan et al., 
2008), PPE41 (Choudhary et al., 2003), PPE42 (Chakhaiyar et al., 
2004), and PE25-PPE41 (Tundup et al., 2008). However, members of the 
PE-PGRS sub-family are of particular interest, as antibodies targeting the 
PGRS domain have been detected in both TB-infected humans and ani
mals (Delogu and Brennan, 2001). PE-PGRS33 is currently of great in
terest as a potential component for a novel subunit vaccine candidate 
and has been shown to elicit robust humoral responses (Cohen et al., 
2014; Gastelum Aviña et al., 2015). 

Whilst the PE-PPE family possesses promising candidates for the 
development of novel vaccines, there are also potential consequences to 
their use. Firstly, PE-PPE proteins have been shown to modulate the host 
immune response. For example, PE-PPE proteins have been shown to 
suppress pro-inflammatory cytokines and promote anti-inflammatory 
cytokines, ultimately dampening the Th1 response and supporting 
intracellular survival (Khubaib et al., 2016). Therefore, careful consid
eration should be taken when selecting immunogenic antigens to prime 
the host’s immune response. Secondly, PE-PPE proteins such as the PE- 
PGRS and PPE-MPTR sub-family proteins are not present in every 
M. tuberculosis strain. For example, hypervirulent M. tuberculosis strains 
with PPE38 mutations are not able to secrete the PE-PGRS and PPE- 
MPTR sub-family proteins (Ates et al., 2018a; Ates et al., 2018b). 
Therefore, novel vaccine candidates that prime the host immune 
response against PE-PGRS and PPE-MPTR proteins may not effectively 
recognise and protect against the PPE38-deficient M. tuberculosis strains 
that lack these proteins, thereby allowing other more hypervirulent 
strains to circulate (Hanekom et al., 2011). Lastly, given the poly
morphic nature of PE-PPE proteins, it is important to consider the ge
netic variability of the protein when designing a novel vaccine candidate 
(McEvoy et al., 2012; Phelan et al., 2016). An example of this involves 
the previously mentioned GSK M72/AS01E subunit vaccine. A study by 
Homolka et al. (2016) investigated the variability of the PPE18 amongst 
71 MTBC species and strains. The subunit vaccine component unveiled 
96 single nucleotide polymorphisms (68 non-synonymous vs 28 syn
onymous), as well as three insertions and one deletion. It is important to 
consider genetic variability when designing a novel vaccine candidate, 
as genetic variability may result in structural variability, which may 
generate unrecognizable antigens compared to the vaccine antigen, thus 
reducing the vaccine’s efficacy (Hakim and Yang, 2021). Therefore, the 
variation observed in PPE18 may explain the limited 50 % vaccine ef
ficacy observed in the recent phase IIb trial (Van Der Meeren et al., 2018; 
Tait et al., 2019). In addition, non-synonymous homoplastic SNPs were 
recently identified in PPE18, specifically in isolates belonging to lineage 
1, suggesting that the H37Rv (lineage 4) derived vaccine candidate, may 
have variable efficacy in populations exposed to lineage 1 isolates 
(Tantivitayakul et al., 2020). To prevent such issues, bioinformatics 
could first be used to assess the variability of antigens, and experimental 
tests could then be used to measure the protection of immunogenic 
antigens against divergent strains of M. tuberculosis. Furthermore, a 
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reference collection of MTBC species and isolates representing global 
MTBC phylogeny should be established and used universally to assess 
the protective potential of novel vaccine candidates. 

10. Research challenges for studying the PE-PPE family 

Whilst significant amounts of research have been conducted into 
understanding these unique proteins, progress is difficult due to the 
many challenges raised by these unusual proteins. It has proven difficult 
to obtain soluble and stable recombinant PE-PPE proteins. As a result, 
our knowledge of their structure remains limited, with only a few PE- 
PPE protein crystal structures having been solved to date. This may be 
due to the requirement of partner and/or chaperone protein, as well as 
their high structural disorder (Strong et al., 2006; Ekiert and Cox, 2014; 
Korotkova et al., 2014; Chen et al., 2017; Ahmad et al., 2019; Wil
liamson et al., 2020). Many commonly used techniques, such as mass 
spectrometry, are also hindered due to the highly homologous nature of 
PE-PPE proteins, as well as their localization and lack of trypsin cleavage 
sites (Banu et al., 2002). 

PE-PPE genes contain a GC content of up to ~80 %, making tasks 
such as sequencing, aligning, and cloning difficult. In addition, multiple 
gene duplications, as well as the highly repetitive nature of PE-PPE 
genes, exacerbate such challenges (Hermans et al., 1992; Poulet and 
Cole, 1995; Cole et al., 1998; Gey Van Pittius et al., 2006; McEvoy et al., 
2012). For these reasons, PE-PPE genes are often omitted from bio
informatic studies (Meehan et al., 2019). However, modern longer-read 
sequencing techniques such as MinION have been recently demon
strated to sequence the GC-rich and highly repetitive PE-PPE family 
genes at a higher resolution compared to shorter-read sequencing 
techniques such as Illumina. For example, twice as many SNPs were 
found in PE-PGRS genes using MinION compared to Illumina (Quick 
et al., 2016; Bainomugisa et al., 2018). In addition to offering higher 
resolution sequencing, modern sequencing techniques such as MinION 
also offer a simpler and cheaper technique that may be more suitable in 
less socio-economically developed settings, where M. tuberculosis and 
drug-resistant isolates are more prevalent. 

PE-PPE family members are often described as redundant and 
therefore, knock-out and overexpression experiments focussing on sin
gle PE-PPE genes may not be useful to elucidate function. However, as 
previously mentioned, whilst PE-PPE members such as PPE2 and PE- 
PGRS62 both confer resistance against nitric oxide, they achieve this 
using two distinct mechanisms (Thi et al., 2012; Bhat et al., 2017). 
Therefore, it is important to research these proteins further and eluci
date the exact mechanism behind every function observed. This also 
further highlights the importance of elucidating the collective function 
of PE-PPE members, perhaps those belonging to the same sub-family 
and/or those regulated in parallel, rather than just individual functions. 

11. Concluding remarks 

This review highlights the significant progress that has been made 
over the last two decades in our understanding of the PE-PPE family. 
There is a growing body of evidence showing that the PE-PPE family is 
crucial in the establishment, maintenance, and dissemination of 
M. tuberculosis infection. Furthermore, evidence shows that the PE-PPE 
family proteins allow M. tuberculosis to infect the host with a strategic 
approach, by elegantly controlling and adapting to the host, which re
flects the co-evolution of M. tuberculosis with humans. This review also 
highlights dogma inconsistencies, knowledge gaps, as well as numerous 
important questions to be answered. Whilst explanations have been 
explored, further research is greatly required to provide clarity and 
further understanding of the PE-PPE family, which will also likely 
inspire the development of novel drugs, diagnostics, and vaccines 
against M. tuberculosis. As technology and methodologies continue to 
advance, it is still of the utmost importance to consider the challenges 
associated with studying the PE-PPE family. 

The PE-PPE family is a lucrative area of research, with immeasurable 
breakthroughs yet to be made. With our current knowledge of the PE- 
PPE family and our technological advancements, this decade will likely 
be a time of exponential progress. 
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