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Abstract

PE_PGRSs of Mycobacterium tuberculosis (Mtb) represent a family of complex and peculiar
proteins whose role and function remain elusive. In this study, we investigated PE_PGRS3 and
PE_PGRS4, two highly homologous PE_PGRSs encoded by two contiguous genes in the Mth
genome. Using a gene-reporter system in Mycobacterium smegmatis (Ms) and transcriptional
analysis in Mtb, we show that PE_PGRS3, but not PE_PGRS4, is specifically expressed under
low phosphate concentrations. Interestingly, PE_PGRS3, but not PE_PGRS4, has a unique,
arginine-rich C-terminal domain of unknown function. Heterologous expression of PE_PGRS3
in Ms was used to demonstrate cellular localization of the protein on the mycobacterial surface,
where it significantly affects net surface charge. Moreover, expression of full-length
PE_PGRS3 enhanced adhesion of Ms to murine macrophages and human epithelial cells and
improved bacterial persistence in spleen tissue following infection in mice. Expression of the
PE_PGRS3 functional deletion mutant lacking the C-terminal domain in Ms did not enhance
adhesion to host cells, showing a phenotype similar to the Ms parental strain. Interestingly,
enhanced. persistence of Ms expressing PE_PGRS3 did not correlate with increased
concentrations of inflammatory cytokines. These results point to a critical role for the ~ 80

amino acids long, arginine-rich C-terminal domain of PE_PGRS3 in tuberculosis pathogenesis.
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Introduction

Tuberculosis (TB) remains one of the most important infectious diseases in the world with 1.7
million deaths and 10.4 million new cases estimated in 2016 (World Health Organization,
2017). The co-infection with the human immunodeficiency virus (HIV), the spread of
multidrug-resistant (MDR-TB) and extensively drug resistant (XDR-TB) Mycobacterium
tuberculosis (Mtb) strains are a cause of major concern for public health authorities (World
Health Organization, 2017). For these reasons, there is a need for a better vaccine, new drugs
and improved diagnostics.

It is'widely accepted that to design and develop new tools to fight TB, a better understanding
of the Mtb biology and mechanism of pathogenesis is needed (Bottai et al., 2014; Delogu et
al., 2014; Pai et al., 2016). The genes that make Mtb capable to persist in the host after primary
infection and the mechanisms responsible for the infection reactivation remain poorly
understood, although it is clear that Mtb presents a remarkable adaptation against various
physiological and environmental stresses, including those induced by drugs (Barry, Il et al.,
2009; Boutte and Crosson, 2013; Cardona, 2009; Fattorini et al., 2013; Gengenbacher and
Kaufmann, 2012; Peddireddy et al., 2017; Weiss and Schaible, 2015).

A peculiar feature of Mtb is certainly the presence of two large protein families (PE and PPE),
which are restricted to few mycobacteria causing disease in humans and mammals (Brennan
and Delogu, 2002; Cole et al., 1998). The genes coding for these proteins account for almost
8% of the genome coding capacity and were shown to be responsible for most of the genetic
variability: of Mtb (Cole et al., 1998). pe _pgrs genes emerged in the slow-growing
mycobacteria only after the advent of the ESX-5 type 7 secretion system (T7SS) (Gey van
Pittius et al., 2006) and co-evolved since then with ESX-5 through a process of multiple gene

duplication and diversification events in MTBC, M. marinum and M. ulcerans (Delogu et al.,
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2017). Several studies showed that surface localization of PE/PPE proteins, including
PE_PGRSs, is ESX-5 dependent, providing a functional support to the evolutionary scenario
(Gey van Pittius et al., 2006; Abdallah et al., 2007; Abdallah et al., 2009; Houben et al., 2012).
The role of ESX-5 in PE_PGRS secretion and surface localization has been questioned in Mtb
(Bottai et al., 2012), albeit very recent data indicate that Mtb strains mutants for the ppe38 gene
are unable to secrete PE_PGRSs and show enhanced virulence in mice (Ates et al., 2018).
Interestingly, hypervirulent Mtb strains belonging to the Beijing clade present a mutated ppe38
gene and are unable to secrete PE_PGRSs (Ates et al., 2018). While more experiments are
needed to dissect the relationship between ESX-5 and PE_PGRSs secretion/surface
localization and the role of the latter in Mtb virulence, the biological mechanisms whereby
PE_PGRSs exert their role remains poorly characterized.

The functional studies on PE_PGRSs have been hampered by the lack of tools and by the
redundancy of these genes in Mth. The expression of the recombinant protein in
Mycobacterium smegmatis, which does not possess any pe_pgrs or an ESX-5 secretion system,
has been widely used to investigate these proteins and the results obtained have provided some
relevant information. For example, PE_PGRS60 and PE_PGRS61 were shown to bind
extracellular components (Monu and Meena, 2016); PE_PGRS33 was shown to interact with
TLR2 to mediate inflammatory responses and entry in macrophages (Palucci et al., 2016;
Zumbo et al., 2013); PE_PGRS18 and PE_PGRS41 were shown to increase mycobacteria
survival within macrophages by interfering with innate host immune responses (Deng et al.,
2017;Yang etal., 2016); PE_PGRS47 inhibited autophagy and interfered with the MHC class-
Il antigen presentation pathway (Saini et al., 2016); PE_PGRS17, PE_PGRS30, PE_PGRS33
and PE_PGRS62 were shown to modulate cytokines secretion (Chatrath et al., 2016; Chen et

al.;2013; Ying Huang, 2010; Zumbo et al., 2013).

This article is protected by copyright. All rights reserved.



In this current study, we present the characterization of two PE_PGRSs which have been
selected because of their similarity and their localization in the genome region coding for the
ESX3 secretion system (Serafini et al., 2009; Serafini et al., 2013; Tufariello et al., 2016).
PE_PGRS3 (Rv0278c) and PE_PGRS4 (Rv0279c) share a similar PE_PGRSs amino acid
sequence, characterized by the presence of two GRPLI motifs, one immediately upstream of
the PGRS domain and the second in the PGRS domain. However, PE_PGRS3 is characterized
by a unique arginine rich C-terminal domain. These two genes were expressed and
characterized in Mycobacterium smegmatis (Ms) to investigate the pattern of gene expression

and their biological function.

Results

Inorganic phosphate starvation induces PE_PGRS3, but not PE_PGRS4, expression. To
start investigating the role of PE_PGRS3 and PE_PGRS4 in the biology of Mtb, the two
corresponding genes (Figure 1, S1), including their respective putative promoters, were
amplified from the Mtb H37Rv genome, cloned in two pMV-based vectors upstream of the
sequences coding either the Green Fluorescent Protein (GFP) or the haemagglutinin (HA)
epitope (Table S2). The Ms recombinant strain expressing the GFP-tagged PE_PGRS4
(MsPE_PGRS4°") showed intense fluorescence when grown in complete 7H9 medium, while
the MSPE_PGRS3° did not (data not shown). To assess whether PE_PGRS3 expression, or
stability of the corresponding protein, required a concomitant expression of PE_PGRS4, the
two neighbouring genes were co-expressed by electroporating Ms with the two plasmids to
generate MSPE_PGRS3%/PE_PGRS4"A and MsPE_PGRS4%FP/PE_PGRS3"A (Table S2).
The recombinant Ms strains were grown as previously described and then analysed by
fluorescence microscopy. MsPE_PGRS4%P/PE_PGRS3"A showed an intense fluorescence

while the MsPE_PGRS3%P/PE_PGRS4™A did not (data not shown). Immunoblot analysis with
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anti-GFP and anti-HA specific antibodies carried out on whole cell lysates obtained from
MsPE, PGRS3°, MsPE_PGRS4%™, MsPE_PGRS3°P/PE_PGRS4"A and
MsPE_PGRS4°"P/PE_PGRS3"A demonstrated the presence of bands corresponding to
PE_PGRS4 (~ 95 KDa and ~ 79 KDa when tagged with GFP and HA, respectively), while no
signal corresponding to the PE_PGRS3-based chimaeras were detected (Figure S2).

To assess whether expression of PE_PGRS3 requires specific environmental conditions, the
Ms recombinant strains were grown in conditions known to mimic stimuli encountered by Mtb
during infection (Betts et al., 2002; Elks et al., 2013; Gengenbacher et al., 2010; Lim et al.,
1999; Wayne, 1954; Wayne, 2001). The Ms recombinant strains were cultured in Sauton
medium under low oxygen concentration, acidic pH, phosphate, iron or magnesium starvation,
and at different time points bacteria were analysed by fluorescence microscopy to detect GFP
expression. Interestingly, while PE_PGRS4%F was expressed under all conditions tested, the
MsPE_PGRS3°% and MsPE_PGRS3®™/PE_PGRS4"A showed a significant fluorescence only
when cultured in low phosphate (Pi) medium for at least 15 days (Figure S3). These findings
suggest that PE_PGRS3 is expressed following long-term growth in low P; environment. To
test this hypothesis, recombinant strains were grown until mid-log phase and then sub-
inoculated in low P; or standard P; Sauton medium and incubated up to 15 days, when bacteria
were plated on chamber slides and fixed before confocal fluorescence analysis. The
recombinant Ms strains expressing PE_PGRS33° and native GFP under the control of the
pe_pgrs33 and hsp60 promoters (Cascioferro et al., 2011; De Maio et al., 2014; Delogu et al.,
2004b), respectively, were included as controls. Expression of PE_PGRS4%™P, PE_ PGRS33¢F"
and. cytosolic GFP was observed in both low and standard P;i concentrations, while
PE_PGRS3®™ was expressed only when bacteria were cultured in low P; (Figure 2A).
Fluorescence quantification analysis highlighted that emission of MsPE_PGRS3°"" (at low Pi)

and MsPE_PGRS4®F" strains were slightly lower than MsPE_PGRS33¢F". Furthermore, non-
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significant differences in fluorescence emission were observed between MsPE_PGRS4® and
MsPE, PGRS33C cultured in low or standard P;i (Figure 2B). Taken together, these results
demonstrate that PE_PGRS3 and PE_PGRA4 are differently expressed, and that an environment
poor in Pj triggers PE_PGRS3 expression.

To investigate the kinetic of PE_PGRS3 expression under low P; condition, the recombinant
GFP-tagged strains were analyzed by flow cytometry. Briefly, the mycobacterial strains were
grown until mid-log phase in complete 7H9 medium and then sub-inoculated in low P; Sauton
medium. Interestingly, the percentage of fluorescence intensity of mycobacteria expressing
PE_PGRS3®™ increased from 0% (day 1) to 2.5% at day 15 of incubation, when the addition
of Pi to the medium promptly reduced PE_PGRS3 expression. No significant changes were
observed-in the other recombinant strains tested (Figure 3). These results indicate that P;

regulates the expression of PE_PGRS3.

Induction of pe pgrs3 expression correlates with relA in Ms and Mtb. Mycobacterial
adaptation to low P;includes the stringent response, a complex biological process leading to a
profound variation of bacterial metabolism mainly mediated by the alarmone ppGpp, whose
intracellular levels are regulated by the GTP pyrophosphokinase RelA (Boutte and Crosson,
2013; Manganelli, 2014; Primm et al., 2000; Rifat et al., 2009;Tischler et al., 2013). To
understand whether the pe_pgrs3 transcriptional profile correlated with that of relA,
transcriptional analysis by reverse-transcriptase real time PCR was carried out on total RNA
extracted from MsPE_PGRS3®" cultured in standard and low P; conditions. Transcriptional
analysis showed that both genes were indeed upregulated after 15 days of culture in low Pi
medium (Figure 4A). The variation of the expression profiles of pe_pgrs3 and relA following
culture in low Pi conditions were also assessed in Mtb H37Rv (Figure 4B). Both genes were

up-regulated after 30 days of culture. However, no differential expression was observed after
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7 and 15 days of culture. Since the alternative sigma factor SigE is involved in the development
of the stringent response, we repeated this experiment in an Mtb mutant where this gene was
deleted (Casonato et al., 2014; Manganelli et al., 2001; Manganelli, 2014). Interestingly, the
induction of both pe_pgrs3 and relA in this strain started earlier and was stronger than that
observed in the wild type (Figure 4C), confirming a role of SigE in the complex regulatory
network leading to stringent response. Taken together these results indicate that pe_pgrs3 is
upregulated after long-term culture at low P;i conditions and its expression profile in Mtb is

analogous to relA.

PE_PGRS3 in Ms is surface exposed and affects the cell surface charge. The expression
profile observed for pe pgrs3 indicates that Mtb, or a recombinant Ms strain expressing
pe_pgrs3 under the control of its own promoter, would express very low level of PE_PGRS3
in/in vitro experimental settings involving the use of eukaryotic cells. Hence, to investigate the
role of PE_PGRS3 during host-pathogen interactions, we developed a tailored genetic system.
The new vector was designed to contain two genes: one expressing either the HA-tagged
PE_PGRS3, or the functional deletion mutant lacking the arginine-rich C-terminal domain,
under the control of the hbhA promoter (Delogu et al., 2004a); the second, expressing GFP
under the control of the Ag85b promoter (Figure S3). These pMV-based vectors were used to
transform Ms (Figure 5A).

Proper expression of PE_PGRS3, and of its functional mutant Ms6""PE_PGRS3ACTHA, were
demonstrated by immunoblots carried out on whole cell lysates of recombinant Ms strains
cultured in standard Sauton media (Figure 5C). No differences in growth pattern between the
three strains (Ms®™, MsC""PE_PGRS3™ and Ms®F"PE_PGRS3ACTHA) were observed (Figure

5B).
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Overexpression of an otherwise poorly expressed PE_PGRS protein may impact cell
morphology (Delogu et al., 2004b). Confocal images of recombinant Ms strains expressing
PE_PGRS3"A (MsCFPPE_PGRS3HA), PE_PGRS3ACTHA (MsCFPPE_PGRS3ACT™4) and as a
control cytosolic GFP (Ms®™) were analyzed by ImageJ to measure cell size (figure 5A and
D). Interestingly, mycobacteria expressing the full-length PE_PGRS3 protein were smaller in
size (up to 50%) than the control strain (Ms®™) or Ms®F"PE_PGRS3ACTMA (Figure 5D), which
could suggest an impact of the C-terminal domain on the cell size control when PE_PGRS3 is
over-expressed.

Given the unique features of the arginine-rich C-terminal domain of PE_PGRS3, proteinase K
protection experiments were performed to assess its localization on the mycobacterial surface.
As shown in figure 5B, treatment with proteinase K degraded full-length and mutant protein,
suggesting that the arginine-rich C terminal domain and the PGRS domain of PE_PGRS3 are
available on the mycobacterial surface, in line with previous findings (Cascioferro et al., 2007;
Cascioferro et al., 2011; Delogu et al., 2004b) (Figure 5E).

Over-expression on the mycobacterial surface of a highly positively charged peptide, as is the
case of the PE_PGRS3 C-terminal domain, may potentially affect the net bacterial surface
charge, which is classically negative (Dickson and Koohmaraie, 1989; Hyyrylainen et al.,
2007; Silhavy et al., 2010). Zeta potential measurements performed on the three recombinant
Ms strains indicated that the Ms®"PPE_PGRS3" strain had a Z potential of ~ -34.7 + 1.2 mV,
which was significantly lower than that of the control strain Ms®™ (= -47.1 + 3.1 mV) and the
recombinant strain expressing the Ms®""PE_PGRS3ACT™” (~ -41.7 + 1.9 mV) (Figure 5F).
Taken together these results indicate that the arginine-rich C-terminal domain of PE_PGRS3

is available on the mycobacterial surface where it can influence the bacterial net surface charge.
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Ms expressing PE_PGRS3 shows enhanced adhesion to macrophages and alveolar
epithelial cells. Positively-charged protein domains exposed on the bacterial surface may serve
different functions, including the possibility to mediate the adhesion of bacteria to
proteoglycans, components of the extracellular matrix or receptors on eukaryotic cells (Delogu
and. Brennan, 1999). To investigate the potential role of PE_PGRS3 in host-pathogen
interaction, and specifically in mediating bacterial entry in the host cells, murine macrophages
(J774) and human alveolar epithelial cells (A549) were infected with the previously described
Ms recombinant strains (Ms®"PPE_PGRS3"A, MsCFPPE_PGRS3ACT™ and Ms®), and
bacterial counts determined after 4 hours post-infection. As shown in Figure 6A, bacterial
association to eukaryotic cells was 10-fold higher for the Ms expressing full-length PE_PGRS3
compared to Ms control or Ms expressing PE_PGRS3ACT"A. Confocal microscopy analysis
was used to assess the relative number of infected cells at 4 h post-infection. As shown in figure
6B-C, a higher percentage of infected cells, in macrophages and alveolar epithelial cells, was
observed. for the Ms®FPPE_PGRS3™A compared to the other two strains. A similar infection
experiment was repeated by adding the antibiotic gentamicin, after washing at 2 h post-
infection, to selectively Kill the extracellular bacteria. In this setting, only intracellular bacteria
would be measured, while bacteria adhering to the cells would be killed by the antibiotic. As
shown in figure 6D, the macrophages infected with Ms®""PE_PGRS3"A contained 10 times
more intracellular CFUs compared to those infected with the other two Ms strains after 6 or 4
days of infection. Conversely, no differences in intracellular CFUs were observed among the
A594 cells infected with either of the three strains. Taken together these results indicate that
the C-terminal domain of PE_PGRS3 may play a relevant role in the interaction of
mycobacteria with its host by promoting adhesion to macrophages and epithelial cells, though
the enhanced adhesion is followed by an enhanced bacterial entry in macrophages but not in

Ab49 cells.
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PE_PGRS3 expression enhanced Ms spleen colonization in mice. To further assess the
impact of PE_PGRS3, and of its arginine-rich C terminal domain, on mycobacterial infection,
we relied on a in vivo model widely used to investigate Mtb proteins and specifically
PE_PGRSs (Dheenadhayalan et al., 2006a; Singh et al., 2008; Zumbo et al., 2013). C57BI/6
mice were intraperitoneally infected with the MsCFPPE_PGRS3"A, Ms®"PPE_PGRS3ACTHA
and MsC®F® strains (2x107 CFUs/ml). After 2 and 6 days of infection mice were sacrificed and
spleens harvested to determine the bacterial burden. Interestingly, no differences in the spleen
size between the three groups of mice were observed (Figure 7A). As shown in figure 7B,
spleen CFUs were higher in mice infected with Ms®"PPE_PGRS3"A, compared to mice infected
with Ms®FPPE_PGRS3ACTH” and Ms®, at both times post infection. The inflammatory status
of infected mice was assessed by determining a panel of cytokines (IL-1p, IL-6, IL-10, IL-17a,
TNFa and INFYy) in the spleen homogenates. As shown in figure 7C, no significant differences
were observed between the three groups of mice. Taken together these results indicate that the
Ms strain expressing full length PE_PGRS3 had enhanced persistence in the spleen compared
to the Ms strain expressing the functional deletion mutant lacking the C-terminal domain of
PE_PGRS3 and the Ms control. However, the enhanced persistence of the Ms6"PPE_PGRS3"A

does not correlate with enhanced inflammation.

Discussion

PE_PGRSs are surface exposed proteins restricted to MTB complex and few other pathogenic
mycobacteria that have been implicated in the interaction with host components (Brennan et
al.;.2001; Brennan and Delogu, 2002; Cole et al., 1998; Espitia et al., 1999). The amino acid

sequence and structural homology among the 51 PE_PGRS proteins expressed by Mtb initially
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suggested a functional redundancy; however, several experimental studies recently indicated
that each-PE_PGRS protein may play a specific and peculiar role in Mtb pathogenesis (Delogu
et al., 2006; Delogu et al., 2017; Dheenadhayalan et al., 2006b). Hence, an understanding on
the role of PE_PGRS proteins will come by retrieving information on every single PE_PGRS.
In" this study, we investigated two pe_pgrs genes, Rv0278c and Rv0279c, expressing
PE_PGRS3 and PE_PGRS4, respectively. These two genes are localized in the Mth genome
immediately up-stream of the gene cassette coding the ESX-3 type seven secretion system
(T7SS), which has been involved in iron metabolism and Mtb pathogenesis (Serafini et al.,
2013; Tufariello et al., 2016). These two adjacent genes are highly homologous and represent
an example of gene duplication, with each gene with its own putative promoter sequence
(Deloguet al., 2017; Gey van Pittius et al., 2006). A major difference between the two proteins
is the presence in PE_PGRS3 of a unique arginine rich C-terminal domain. Interestingly, the
genome locus containing pe_pgrs3 was shown to be a recombination hot spot and subject to
genomic-rearrangements in Mtb lineages 1, 3 and 4 (Phelan et al., 2016). The observation that
two copies of the pe_pgrs3 gene are found in M. canetti and M. bovis but only one in Mtb, may
have evolutionary and pathogenic implications which deserve further investigation, with a
special focus on the functional role of the arginine-rich C-terminal domain.

A main finding of this study is that expression of pe_pgrs3, but not of pe_pgrs4, is regulated
by Pi concentration. Using an Ms model of heterologous expression, we demonstrated that
expression of pe_pgrs3 is very low and undetectable under classical growth conditions, but that
long term exposure to low P; triggers its expression. These results were also confirmed by
transcriptional analysis in Mtb, suggesting that Pi concentration regulates the expression of
pe_pgrs3 in vivo. Pj is an essential nutrient involved in key biological processes and it has been
shown that during bacterial persistence in the lung Mtb encounters an environment poor in P;

(Rifat et al., 2009). Moreover, once bacteria reside inside the phagosomal compartment in
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macrophages, Pi is a limiting nutrient, particularly in the foamy macrophages where Mtb
survives-and replicates by utilizing host cholesterol, which lacks phosphorous (Elliott and
Tischler, 2016a; Rengarajan et al., 2005; Russell et al., 2009). P; limitation is known to trigger
many metabolic changes in mycobacteria, including activation of the stringent response,
induction of the non-replicating-persistent state, modulation of the capsular polysaccharide and
secretion systems (Elliott and Tischler, 2016b; Rifat et al., 2009; van de Weerd et al., 2016).
Recently, it has been shown that hypersecretion by the ESX-5 T7SS in Pj-limiting conditions
is mediated by the Pst/SenX3-RegX3 system, which also induces hypersecretion by ESX-1
while lowering secretion of other proteins such as Ag85 (Elliott and Tischler, 2016b). The
authors suggested that Pi-limitation in phagosomes may be a signal for Mtb to activate the
T7SSs known to be involved in virulence to manipulate phagosome function (Elliott and
Tischler, 2016b). The finding that pe_pgrs3 is induced in P; limiting conditions with a temporal
profile that correlates with that of relA, indicates that PE_PGRS3 may be included in the pool
of secreted and surface antigens expressed during the activation of the stringent response or in
response to the sensing of the harsh environment encountered by Mtb inside the phagosome.
Nevertheless, a finer characterization of the pe_pgrs3 expression profile in relevant in vivo and
in vitro models that mimic the P; limiting conditions encountered by Mtb in host tissues is
needed.

It has been previously shown that PE_PGRS3 is expressed at higher levels in the Mtb phoP
mutant compared to wild type Mtb, with bacterial cells of the former found smaller in size
compared to those of the latter (Walters et al., 2006). These findings are consistent with our
observation that over-expression of PE_PGRS3 in Ms results in bacterial cells of smaller size.
Interestingly, over-expression of the PE_PGRS3ACt did not affect the bacterial cell size,
indicating a critical role played by the 77 amino acids long-, arginine-rich-, surface exposed-

C-terminal domain of the protein. P; starvation in some bacteria has been shown to lead to cell
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elongation and changes in cell shape that may serve to increase surface area and maximize P;
uptake (L.amarche et al., 2008). The smaller cells observed in Ms over-expressing PE_PGRS3
may suggest a role of this protein in P; uptake by mycobacteria, although studies in Mtb, where
uptake of phosphate occurs at 10 to 40 times slower pace compared to Ms (Song and
Niederweis, 2012), are needed to support this hypothesis.

Indeed, the recombinant Ms strain expressing PE_PGRS3, but not PE_PGRS3ACT, showed
superior ability to adhere to macrophages and human alveolar epithelial cells compared to wild
type Ms, suggesting that the availability of the arginine-rich C-terminal domain on the
mycobacterial surface increases the tropism to host cells. This is different to what was
previously observed for HBHA, a mycobacterial surface antigen with a positively charged C-
terminus-lysine-rich domain that promotes the bacterial adhesion and entry specifically to non-
phagocytic cells (Biet et al., 2007;Menozzi et al., 1998;Pethe et al., 2001). Whether the
arginine-rich domain of PE_PGRS3 interacts with specific protein receptors or with lipids on
host cell-surface remains to be determined.

Future studies with Mtb are needed to address this issue, though the expression profile observed
for PE_PGRS3 will make difficult to investigate the role of this protein in the commonly used
experimental conditions.

In previous studies, enhanced persistence in host tissues of Ms strains expressing PE_PGRSs
correlated with an increased inflammatory response as measured by the enlargement of the
spleen and higher levels of cytokines as TNF-a (Dheenadhayalan et al., 2006a; Espitia et al.,
1999; Singh et al., 2008), supporting the immunomodulatory role of PE_PGRSs in TB
pathogenesis (Camassa et al., 2017; Palucci et al., 2016). Here, the enhanced persistence in the
spleen tissue of the Ms recombinant strain expressing PE_PGRS3 compared to the parental
strain and the Ms expressing PE_PGRS3ACT, did not correlate with an increase in the

inflammatory parameters as indicated by the cytokines secreted and lack of spleen enlargement.
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Other PE_PGRSs proteins have been shown to promote increased persistence in host tissues
when expressed in Ms while attenuating, rather than inducing, inflammation (Deng et al., 2017;
Yang et al., 2016), highlighting the fact that different PE_PGRSs may induce different
mechanisms to manipulate host responses and enhance bacterial persistence. Our results
indicate a key role for the ~ 80 amino acids long, arginine-rich, C-terminal domain of
PE_PGRS3 in TB pathogenesis.

There are some issues that remain to be understood, including the question on how PE_PGRSs
can reach the mycobacterial surface despite the lack of ESX-5, which in Mth and M. marinum
has been implicated in PE_PGRSs secretion and cellular localization (Abdallah et al., 2009;
Bottai et al., 2012). The fact that surface localization of several PE_PGRSs in Ms has been
demonstrated by different research groups, indicates that PE_PGRSs can translocate to the
mycobacterial surface in mycobacteria lacking ESX-5, although efficiency of translocation and
protein stability is somehow impaired compared to what observed in Mtb or BCG (Cascioferro
et al;; 2011b). We cannot rule out that other ESX systems may compensate in Ms the lack of
ESX-5 to mediate PE_PGRSs translocation. The characterization of the molecular events and
protein components involved in PE_PGRSs translocation in Mtb, or in other mycobacteria
expressing ESX-5, will help to address this relevant issue.

This is of the outermost importance also in light of the conflicting results obtained in different
in vitro-and in vivo models implicating PE_PGRS proteins, and the ESX-5 T7SS and
PPE38/PPE71 proteins, in Mtb virulence. Inactivation of PE_PGRS30 (lantomasi et al., 2011),
ESX-5 (Bottai et al., 2012; Sayes et al., 2016) and MMAR_0242 (Singh et al., 2016) resulted
in an attenuation of Mtb virulence. Conversely, inactivation of PE_PGRS33 (Camassa et al.,
2017) and PPE38/PPE71 (Ates et al., 2018), which abolished PE_PGRSs secretion, resulted in
enhanced Mtb virulence in mice. Moreover, ESX-5 inactivation in M. marinum resulted in an

hypervirulent phenotype in adult zebrafish (Weerdenburg et al., 2012). The hypervirulent
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phenotypes were associated with enhanced tissue damage and inflammation during the
chronic/persistent steps of the infectious process, where the interaction between the innate and
adaptive arms of the host immune system plays a key role in the dynamic equilibrium of Mtb
infection, which can lead to overt disease or to latent infection (Barry, Il et al., 2009;
Gengenbacher and Kaufmann, 2012; Orme, 2014). Interestingly, it has been recently proposed
that PE_PGRS proteins may have evolved in Mtb to attenuate virulence and permit prolonged
survival of the bacilli in the infected host (Ates et al., 2018). The characterization of the above
mentioned Mtb mutants in animal models or ex vivo human models of Mtb infection will be

useful to improve our understanding on the role of PE_PGRS proteins in virulence.

Materials and methods

DNA manipulation and cloning strategy

Genomic DNA was extracted from liquid cultures by using the CTAB method, as described
(van-Embden et al., 1993). The Rv0278c and Rv0279c genes, expressing PE_PGRS3 and
PE_PGRS4 respectively, were individually amplified from Mtb H37Rv genomic DNA using
the primers indicated in Table S1.

Briefly, the forward primers were designed to anneal to 250 bp upstream of the start codon of
Rv0278c and Rv0279c so to amplify their putative promoter sequence and contained the Hindll1
restriction sequence. Reverse primers were designed to anneal to the end of the gene sequence
without stop codon and contained the Xbal or Nhel restriction sequence. PCR products were
obtained using the Expand High Fidelity PCR System (Roche) following standard procedures,
cloned-in pCR 2.1 TOPO T/A cloning (Life technologies) and then sequenced. Finally, both
genes were inserted in the mycobacterial episomal vector (pMV206) in frame and upstream of

green fluorescent protein (GFP) coding sequence and in the integrative vector (pMV306) in
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frame and upstream with the haemagglutinin (HA) epitope coding sequence (Stover et al.,
1991):

Rv0278c gene (PE_PGRS3) and its functional mutant lacking the sequence coding the C-
terminal domain (PE_PGRSACT) were directly amplified from the pCR vectors previously
created using primers indicated in Table S1. Briefly, the forward primer was designed to anneal
to the start codon of Rv0278c gene and it contained Ndel restriction sequence. Reverse primers
were designed to anneal to different positions of the Rv0278c coding sequence and it included
Nhel adaptor sequence. PCR was carried out as previously described and products cloned in a
pCR 2.1 TOPO T/A vector. Finally, Rv0278c and its gene chimeras were cloned in a modified
pMV206 vector containing hbhA promoter upstream and the sequence coding HA epitope
downstream the cloning site respectively. Furthermore, the modified pMV vector carried also

the GFP sequence under control of mycobacterial antigen 85 promoter (Figure S3).

Bacterial strains, media and growth conditions and electroporation

Ms mc? 155 and Mtb H37Rv were grown at 37°C in Middelbrook 7H9 broth medium (difco
Becton-Dickinson), supplemented with 0.2% glycerol (Sigma-Aldrich), 10% ADC (Becton-
Dichnison), and 0.05% Tween 80 (Sigma-Aldrich) using standard procedures (De Maio et al.,
2014; Delogu et al., 2004b).

Colonies were selected on 7H11 agar media supplemented with 10% OADC (Microbiol)
containing 50ug/ml hygromycin B (Sigma Aldrich) or 40pg/ml kanamycin for the strains
transformed with the previously obtained vector (Table S2). Single individual antibiotic-
resistant colonies were isolated and sub-cultured in a 7H9 media supplemented with 10% ADC
(Microbiol) and 0.05% Tween 80 containing antibiotics concentration previously indicated and

incubated at 37°C until mid-log phase. Finally, mycobacteria were stocked at -80°C after
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adding 20% glycerol until use. Serial dilutions were then carried out to establish bacterial
concentration.

Ms mc? 155 grown to mid-exponential (log) phase were extensively washed with cold and
sterile 10% glycerol. Two-hundred pl concentrated cells were mixed with 1ug of DNA and
incubated for five minutes (m) at room temperature (RT) and then transferred to 0.2cm cuvettes
(BioRad). Samples were electroporated using an electroporation system Bio-RAD GenePulser
X Cell™ with following parameters: voltage 1250V, capacitance 25uF and resistance 800€2
(De Maio et al., 2014; Palucci et al., 2016). After the pulse, the cells were recovered in 1ml of
liquid medium, incubated for 4 hours (h) and finally plated on 7H11 as described.

Different growth conditions considered were obtained modifying Sauton-7H9 medium or
growth atmosphere gathering: Sauton standard medium; P; depleted Sauton medium; acid
(pH:5) complete 7H9 medium; iron depleted Sauton medium; magnesium depleted Sauton
medium; low oxygen condition achieved by adding oil to the medium to mimic anaerobic
conditions. Bacteria were grown in 48 wells plate at 37°C.

Mycobacterial growth rate was assayed by using Mycobacteria Growth Indicator Tube (MGIT)
liquid culture (Becton Dickinson). Briefly, bacteria were seeded at 10-3 cell/ml in each MGIT
tube according to manufacturer’s instruction. After signaled positivity, each MGIT was
incubated until plateau phase. CFUs were performed at the end of the incubation and of the
initial bacterial solution.

E. coli MACH 1 (Life technologies) was grown in Luria Bertani broth medium (Sigma Aldrich)
or Lauria Bertani agar medium (Sigma Aldrich) according to manufacturer’s standard protocol.
To select transformant single colonies, ampicillin (Life technologies), hygromycin B (Sigma
Aldrich) and kanamycin (Life technologies) were added at final concentration of 100 pg/mi,

150 pg/ml and 40pug/ml respectively.
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SDS-PAGE, western blotting and immunoblotting

Recombinant Ms strains were cultured in 7H9 completed medium as previously described and
then sub-inoculated in Sauton medium until mid-log phase when cells were harvested by
centrifugation (4000rpm for 20 m, 4C°). To obtain whole cell lysates, cell pellets were washed
with _cold PBS, re-suspended in lysis buffer (20mM Tris, 150mM NaCl, 1:100 protease
inhibitor cocktail, pH:7,5) and lysed by sonication five times per 5 minutes with 1 minutes in
ice between each sonication (Cascioferro et al., 2007; De Maio et al., 2014). Proteins were
separated on 12% polyacrylamide gel by SDS-PAGE and then were transferred to
nitrocellulose membrane (Bio-Rad) by western blotting. Non-specific protein binding was
blocked by incubating membrane into PBS containing 0,05% Tween 20 (Sigma Aldrich) and
5% Skim-Milk (Oxoid) for 1 h at room temperature.

Membranes were probed with monoclonal anti-HA (1:1000) (Covance), monoclonal anti-GFP
(1:5000) (Sigma Aldrich), polyclonal anti-GroEL (1:5000) (GeneTex) antibodies, and with
pooled sera (1:200) obtained from mice immunized with the purified C-terminus domain (data
not shown). 1gG-Peroxidase (Sigma—Aldrich, Saint Louis, MO) was used as a secondary
antibody. Immunoblot was developed using Supersignal West Dura Extended Duration
Substrate (Thermo scientific) and finally chemiluminescence detected by ChemiDoc™ XRS+

system (Biorad).

Proteinase K treatment

Recombinant Ms strains were cultured in 7H9 completed medium before sub-inoculating in
SAUTON medium until mid-log phase when cells were harvested by centrifugation (4000rpm
for 20 minutes, 4°C). Recovered pellets were washed two times with cold PBS. Pellet was re-
suspended with 2 ml of Buffer G2 (Qiagen) and then divided in two aliquots. Proteinase K

(Qiagen) was added at one of the sample according to manufacturer’s instruction. Both samples
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were incubated in agitation for 30 minutes at RT and then they were centrifuged and washed 3
times with PBS (Bottai et al., 2012). Finally, both treated and no-treated specimens were re-

suspended in lysis buffer and lysed as previously indicated.

Quantitative reverse transcription - Real time PCR (qRT-PCR)

Recombinant Ms and Mtb H37Rv reference strain were grown in 7H9 supplemented medium
as previously described and then sub-inoculated (1:100) in Sauton standard medium and
without P;. Cultures were incubated at 37°C and bacteria were collected for RNA extraction at
different time points (15 days for Ms and 30-60 days for Mtb H37Rv). Cells were collected by
centrifugation (4000rpm for 15 minutes), and RNA extracted (Soldini et al., 2011). Eluted
RNA was used to obtain cDNA using high capacity cDNA reverse transcription kit (Applied
BioSystem).

Primers for real-time quantitative reverse transcription-PCR (qRT-PCR) specific for the 16S
rRNA, Rv2583c (relA), Rv0278c genes were designed using primer express software (Applied
BioSystem) (Table S1). Real-time quantitative PCRs were prepared with 2X SYBR master mix
(Applied BioSystems) using a 7300 Real-time instrument (Applied BioSystems). 16s gene was

used as housekeeping gene (Soldini et al., 2011).

FACS analysis

Recombinant Ms expressing PE_PGRSs under their own promoters fused with GFP, Ms
expressing only cytosolic GFP and Ms mc? 155 were grown in standard Sauton medium and
low-phosphate Sauton medium (~50uM P;). Ms®™ and non-fluorescent wild type strains were
used as-controls to set the instrument. The fluorescence was analyzed at different time points
using FACSCantoll flow cytometer (BD Bioscience). Briefly, careful cytometry analysis

provided for a gating strategy composed by different and serial steps. Initial Forward scatter
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(FSC-A) versus Side scatter (SSC-A) was carried out to identify bacteria, based on size and
complexity, and to exclude debris. Progressively, two serial gating were carried out to get out
doublets or inappropriate heterogeneities. Forward scatter height (FSC-H) versus FSC-A
density plot and a Side scatter height (SSC-H) versus SSC-A plot were opportunely performed
before measuring fluorescence. The fluorescence intensity (mycobacteria expressing GFP or
PE_PGRS tagged with GFP) of 50,000 ungated events was measured as described in literature
(Sureka et al., 2008). Excitation laser line was at 488 nm (Excitation max value was 494 nm
and emission max value was 520 nm). The data files were analyzed using FACSDiva Software

(BD Bioscience).

Confocal microscopy and image analysis

Mycobacterial strains, grown as previously described, were plated on chamber slides pre-
treated with poly-lysine (Sigma, Aldrich). Subsequently, chamber slides were incubated for 24
h at 37°C and fixed with 4% paraformaldehyde for 30 minutes before to be closed with a
covered slide. Images were acquired using an inverted confocal microscope (DMIREZ2, Leica
microsystem, Germany) equipped with a 60X oil immersion objective. For GFP excitation a
He/Ne laser exciting at 476nm was used. Internal photon multiplier tubes collected 8-bit
unsigned images at 400Hz scan speed in an emission range comprised between 500 and 550nm.
Image processing was performed with ImageJ software; image background value (defined as
intensities below 7% of the maximum intensity) were set in zero as previously reported (De
Maio et al., 2014).

Total fluorescence (TF) per image has been calculated by using ImageJ software as reported
(Parry and Hemstreet, 111, 1988): TF = Integrated Density - (Area of image * Mean fluorescence
of background) where Integrated Density is the product of Image Area and Mean Fluorescence

Value. Mean fluorescence of background was calculated for each image measuring three
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different empty areas (i.e. without bacteria). Average TF was calculated on five different
images.

The bacterial cell length was measured using ImageJ software and at least 100 bacteria per
three field were analyzed for each strain.

Images of the infected cells, previously permeabilized and marked with phalloidin-red (Life
technologies), were collected using inverted microscope (Nikon Eclipse TS 100) with ADL
60X objective lens. Cells were imaged with a laser wavelength of excitation of 561 nm
(emission GaAsp Detector 595/50 nm). For bacteria (GFP labeled) a laser wavelength of
excitation of 488 nm was used (emission GaAsp Detector 525/50 nm). Images were then

analyzed with ImageJ software.

Zeta potential measurements

Recombinant Ms overexpressing PE_PGRS3, and its functional mutant lacking C-terminal
domain and wild type strains were grown in 7H9 medium until mid-log phase and then sub-
inoculated in Sauton standard medium supplemented with kanamycin. Before performing Zeta
potential analysis, each specimen was diluted in water (1:100). Solutions were characterized
by Zetasizer Nano ZS (Malvern, Herrenberg, Germany) equipped with a 633 nm He—Ne laser.
Universal zeta dip cell (ZEN1002, Malvern, Herrenberg, Germany) was used for experiments
with a sample volume of 1 ml. For each sample, three measurements were averaged.
Measurements have been done in triplicate. The Z-potential was calculated from the
electrophoretic mobility by means of the Henry correction to Smoluchowski's equation as

reported previously (Papi M. et al., 2015).

Cell culture and mycobacteria infection
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J774 murine macrophages and A549 human alveolar epithelial cells were grown in DMEM
medium - (Euroclone) enriched with 10% fetal bovine serum (FBS), 2mM glutamine
(Euroclone), 100ug/ml streptomycin and penicillin (Euroclone) and were kept in humidified
atmosphere containing 5% CO: at 37°C. Before infection, cells were collected and suspended
in the same medium without antibiotic and supplemented with 2% FBS. Cells were plated at
the concentration of 1.2 x 10° cell/ml and were infected after 24h at multiplicity of infection
(MOI) 10:1 for 4h (5% COz and 37°C) (Palucci et al., 2016). Intracellular colony forming units
(CFUs) were obtained at 6h post infection, whereas at 6h and 4d post infection when
gentamicin was added. Images of the infected cells, previously permeabilized and marked with
phalloidin-red (Life technologies), were collected using inverted microscope (Nikon Eclipse

TS 100) with ADL 40X objective lens.

Murine infection

In vivo experiments were performed using 8 to 10 weeks C57/Black mice. Mice fed food and
water ad libitum and they were housed in a temperature-controlled environment with 12h
light/dark cycles. All animal experiments were approved by the Ethical Committee of the
Universita Cattolica del Sacro Cuore and performed in agreement with the legislative decree
of the Italian Government 27 January 1992, n. 116 and the Health Minister memorandum 14
May 2001, n. 6. All manipulations were performed under isoflurane anesthesia, and all efforts
were made to minimize suffering.

Five mice per group were intraperitoneally infected with 2 x 107 bacteria/ml of recombinant
Ms (Figure S6). They were sacrificed at day 2 and day 6 post infection to assess spleen
colonization by colonies forming unit (CFU) counting (Minerva et al., 2017; Zumbo et al.,
2013). Supernatant deriving from spleen homogenization was used to perform bacterial counts

and to evaluate cytokines pattern.
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Cytokine evaluation

Supernatants of homogenized spleens were used to assay cytokine pattern after Ms infection.
Briefly, analiquot for each homogenized spleen was collected and centrifuged to remove tissue
residues. Supernatant was then filtered to remove mycobacteria using Ultrafree-CL devices
(Millipore) according to manufacturer’s instruction (Camassa et al., 2017). Cytokine profile
was carried out by multiplex beads assay using Bio-Plex ProTM Mouse Cytokine Th17 panel
A '6-plex (Biorad) on Bio-Plex MagPIX instrument (Biorad) according to manufacturer’s

instruction. All cytokine concentrations were expressed as pg/mL.

Statistical analysis

All experiments were replicated at least three times. Microsoft Excel (2010) and Graphpad
Prism software version 6 (GraphPad software) were used to collect and to analyze the data. All
data were expressed as mean plus SD and analyzed by one-way or two-way ANOVA
comparison tests followed by the appropriate correction, as specified in the caption under each

figure.
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Figure 1. Schematic representation of the Rv0278c and Rv0279 gene locus of Mtb H37Ruv.

PE_PGRS3 (red) and PE_PGRS4 (blue) are localized near the ESX-3 system (yellow arrows).
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Figure 2. Confocal microscopy images and fluorescence intensity analysis. Mycobacterium
smegmatis (Ms) expressing PE_PGRS3, PE_PGRS4, PE_PGRS33, all tagged with the green
fluorescent protein (GFP) at C-terminus (MsPE_PGRS3®", MsPE_PGRS4°™ and
MsPE_PGRS33°%), and Ms expressing cytosolic GFP (Ms® ) were grown in standard and low
inorganic phosphate (P;) media. Following 15 days of incubation transmittance (on the left)
and green channel (centre) images were acquired. Overlapping (on the right) was carried out

with ImageJ software (A). Fluorescence intensity analysis of the images was performed by
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using ImageJ software (B), after having removed background noise. Statistical analysis was

carried out by two-way ANOVA with Tukey’s correction.

This article is protected by copyright. All rights reserved.



> 301

Z20- _ 1 Low P;8 days
g 104 II mil Bl Low Pi 15 days
‘o OT Bl Standard P, 20 days
= 4
o~
: 3
z
& 27
T 1A H
£ olema
& & & & &
> n?b cgb cob‘
TS &S
Q
Q)/ QQ)/ QQ)/
@3 @“9 @‘o

Figure 3. Kinetic of PE_PGRS3 and PE_PGRS4 expression in low Pi media. Inorganic
phosphate  (Pi) dependent expression of PE_PGRS3, PE_PGRS4, PE_PGRS33
(MSPE_PGRS3¢, MsPE_PGRS4%" and MsPE_PGRS33°) was assessed by FACS
analysis. Ms mc155 and Ms® (expressing cytosolic green fluorescent protein, GFP) were used
as negative and positive controls, respectively. All strains were grown in low P; Sauton medium
and measurements were acquired at different time points. On day 15, bacterial cells were
washed and re-suspended in fresh Sauton medium containing standard concentration of P; and

fluorescence measured until day 20.
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Figure 4. Real time PCR analysis. (A) PE_PGRS3 and its relationship with starving
environment was evaluated assaying pe_pgrs3 and relA expression. Real time PCR was carried
out on MSPE_PGRS3®™ expressing PE_PGRS3 under its putative promoter tagged with the
green fluorescent protein (GFP). Bacteria were grown in Sauton medium with standard
inorganic phosphate (Pi) and low Pi (~50uM) for 15 days. relA and pe_pgrs3 gene expression
was-assayed in standard medium and in phosphate starvation. Target cDNA was internally
normalized to 16s cDNA. Expression of pe_pgrs3 and relA genes in Mtb H37Rv (B) and
MtbASigE (C) was assayed in standard P; and low Pi (~50uM) at 7, 15 and 30 days. Target

cDNA was again normalized to 16s cDNA.
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Figure 5. Analysis of recombinant Ms over-expressing PE_PGRS3 chimeras. (A) Confocal
microscopy images of Ms expressing cytosolic GFP (Ms®™), full length PE_PGRS3 and its
chimera lacking of C-terminus domain (Ms®F"PE_PGRS3"* and Ms®F°PE_PGRS3ACTHA
respectively). Both PE_PGRS3 and its functional domain were tagged with HA epitope. Green
channel was acquired using Nikon confocal microscope with 60X objective (1 pixel = 0,21um)
and analyzed with ImageJ software. (B) Bacterial growth rate of Ms®, Ms®*PPE_PGRS3H4
and Ms®"PPE_PGRS3ACT™ performed in Mycobacteria Growth Indicator Tube (MGIT).
Measured fluorescence intensity (a.u.) and days of culture were reported to obtain the growth
profile. (C) Immunoblot was carried out with anti-HA monoclonal antibodies and with anti-
GFP polyclonal antibodies and represents whole cell lysate of Ms®™, Ms®FPPE_PGRS3

(81Kda), Ms®"PPE_ PGRS3ACT (71Kda) in lane 1, 2, 3 respectively. (D) Bacterial cell length
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analysis, using ImageJ software, showed that Ms®™"PE_PGRS3"" is smaller in size (50%) than
MsC™ and Ms®PPE_ PGRS3ACT"A (p<0.0001). (E) Immunoblot of the whole cell lysates of
above mentioned recombinant Ms strains after treating cells with proteinase K or not.
Immunoblot was probed by using anti-HA monoclonal antibody. Monoclonal anti-GFP
polyclonal antibodies were used as lysis control. Lane 1, 2 and 3 represent whole cell lysates
of Ms®FPPE_PGRS3"A, Ms®PPE_PGRS3ACT"A and Ms®" respectively. C-terminus domain
appears surfaced exposed. (F) Mycobacterial surface charge, indicated with Z-potential of
MsCF and MsCPPE_PGRS3"A and Ms®"PE PGRS3ACTHA, was performed by Light
scattering assay. Bacterial strains were cultured in Sauton medium and then diluted 1:100
before the experiment. Media of measures of the surface charge of three different experiments
were analyzed. MsCFPPE_PGRS3™A showed a less negative surface charge than other strains

(p<0.01).
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Figure 6. CFUs after infection of murine macrophages (J774) and human alveolar
epithelial cells (A549). Bacterial entry phenotype was evaluated by infecting murine
macrophages (J774) and human alveolar epithelial cells (A549) with Ms recombinant strains
at (MOI 10:1) without adding antibiotic (A, B, C) or with gentamicin (D, E, F). J774 and A549
were infected as previously described with Ms®™,  MsCFPPE_PGRS3™* and
MsCFPPE_PGRS3ACT A strains, after four hours cells were washed and new media was added.
CFUs ~were evaluated after two hours and a significant result was obtained for
MsCTPPE_PGRS3""in both cellular types (p<0.0001) (A). Murine macrophages (B) and human
alveolar epithelial (C) infected cells on total cells amount were analyzed using confocal
microscopy. Ms®PPE_PGRS3"" showed a greater percentage of infected cells in both cell
lines. Conversely, the infected cells were washed at 4 hours post infection, new sterile medium
containing gentamicin was added, and the plates were incubated for 2 hours to remove
extracellular growth of the adhered bacteria. Finally, CFUs were evaluated 2h after adding the
antibiotic and a significant result was obtained for Ms®FPPE_PGRS3"A in macrophages
(p<0.0001) but not in epithelial cells showed that the full-length PE_PGRS3 mediates entry in
macrophages but not in epithelial cells (D). Survival of Ms®™® Ms®"PPE_PGRS3"* and

MsCFPPE PGRS3ACTHA in J774 (E) and A549 (F) was evaluated 4 days post infection. No
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significant differences were observed between the two time points. Data are representative of

a single experiment repeated three times. CFUs are reported in logio scale.
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Figure 7. Spleen colonization after infection with the recombinant Ms strains expressing
PE_PGRS3 chimeras and cytokine evaluation. C57BI/6 mice were intra-peritoneally
infected * (2x10” bacteria/ml) with Ms strains expressing PE_PGRS3 chimeras
(Ms®FPPE_PGRS3M"A, MsCFPPE_ PGRS3ACTH” and Ms®™). Mice were sacrificed at day 2 and
day 6 post infection and spleens were aseptically removed and then homogenized in 5 ml of
sterile phosphate buffer (PBS). No differences in size or aspect were observed between the

three groups of mice (representative images) (A). Higher CFUs were observed in the spleen of
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mice infected with MsCPPE_PGRS3"A compared to Ms parental strain or the
MsCFPPE. PGRS3ACTA (p<0.0001) at both time points (B). Cytokines were evaluated by
filtering supernatants of homogenized spleens by multiplex beads assay. No significant
differences were observed in the three groups of mice (C). Data are representative of a single

experiment repeated three times. CFUs are reported in logio scale.
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