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ABSTRACT Similar to other intracellular pathogens, Leishmania parasites are known
to evade the antimicrobial effector functions of host immune cells. To date, how-
ever, only a few virulence factors have been described for Leishmania major, one of
the causative agents of cutaneous leishmaniasis. Here, we have characterized the ex-
pression and function of an L. major phosphatase, which we termed LmPRL-1. This
enzyme shows a strong structural similarity to the human phosphatases of regener-
ating liver (PRL-1, -2, and -3) that regulate the proliferation, differentiation, and mo-
tility of cells. The biochemical characterization of the L. major phosphatase revealed
that the enzyme is redox sensitive. When analyzing the subcellular localization of
LmPRL-1 in promastigotes, amastigotes, and infected macrophages, we found that
the phosphatase was predominantly expressed and secreted by promastigotes via
the exosome route. Finally, we observed that ectopic expression of LmPRL-1 in L.
major led to an increased number of parasites in macrophages. From these data, we
conclude that the L. major phosphatase LmPRL-1 contributes to the intracellular sur-
vival of the parasites in macrophages.
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eishmaniasis is an infectious disease prevalent worldwide that is caused by kineto-

plastid protozoan parasites belonging to the genus Leishmania (1). In nature, this
heteroxenous parasite is transmitted by the bites of sand flies. Following the inocula-
tion of flagellated promastigotes into the dermis of the host, the parasites are rapidly
endocytosed by phagocytic cells, in which they differentiate into amastigotes, multiply,
and reach inner compartments and organs, such as draining lymph nodes, spleen, liver,
and bone marrow. The life cycle of the parasite is completed after ingestion of
amastigote-infected cells by sand flies during their blood meal. In the digestive tract of
their vector, parasites transform back into extracellular promastigotes that develop into
infectious metacyclics (2). Depending on the status of the host immune system and the
Leishmania species, the infection of mammals leads either to mostly self-healing skin
lesions (cutaneous leishmaniasis [CL]) or to a systemic disease, termed visceral leish-
maniasis (VL) or kala-azar, that is lethal if untreated (3-5).

To survive in their hosts, Leishmania parasites need to quickly adapt their growth,
metabolism, and mechanisms of protection to their new environment. Interestingly,
only a few genes are differentially expressed during this adaptive process, suggesting
an important role for the regulation of protein translation (6). Leishmania species-
specific gene diversity also participates in the adaptation of the parasite to its organ-
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specific microenvironment in the host (7). The stress response protein A2 is an example
of such a gene, expressed only by Leishmania species causing VL. A2 appears to
mediate heat shock resistance and thereby to support parasite survival and visceral-
ization in inner and warmer organs (8). Other Leishmania genes were found to regulate
the promastigote-to-amastigote transformation and the intracellular growth of amas-
tigotes; examples include the genes encoding the cation transporter-like protein MGT2
(9), the MPK7 protein kinase (10), and the homologue of the proliferation-associated
2G4 protein Ebp1, named LmaPA2G4 (11).

In addition to these adaptive responses, Leishmania parasites have also developed
strategies to manipulate the phagocytic cells in which they primarily reside (reviewed
in references 12-16). Recent studies revealed that homologues of the macrophage
migratory inhibitory factor expressed by Leishmania major, LmMIF-1 and -2, can alter
the leishmanicidal activity of macrophages, leading to T cell exhaustion and disease
progression during in vivo infection (17, 18). Similarly, another well-studied immuno-
modulatory molecule of Leishmania is its promastigote surface molecule lipophospho-
glycan (LPG) (19, 20), which delays the fusion of the phagosome with late endosomes
or lysosomes in macrophages (21, 22). In addition, parasites secrete virulence factors,
such as the zinc metalloprotease Gp63 (also known as leishmanolysin) or the elonga-
tion factor EF-1¢, to inhibit the production of leishmanicidal nitric oxide or of proin-
flammatory cytokines by macrophages (15, 23, 24). These two parasite-derived factors
lead to the rapid activation of src homology 2 domain-containing tyrosine phosphatase
1 (SHP-1) and other host phosphatases (25, 26), the modulation of protein kinase C
(PKC) activities (27, 28), the inhibition of mitogen-activated protein kinase (MAPK) (29,
30), and the disruption of the Janus kinase (JAK)/signal transducer and activator of
transcription (STAT) pathway after Leishmania infection (14, 25, 31). Altogether, the
changes in host kinase and phosphatase activity caused by these virulence factors
contribute to the immune silencing induced by Leishmania.

Although these host cellular pathways all rely on phosphorylation events, so far no
Leishmania virulence factor has been reported to directly modulate the phosphoryla-
tion status of host proteins (32, 33). Despite the presence of secreted or membrane-
bound acid phosphatases in different Leishmania species, such as histidine acid phos-
phatases (34-36), there is only limited evidence to support a function of these enzymes
in the virulence of the parasite (37-39). Moreover, to date, neither their mechanisms of
action nor their modes of access to the host cell cytoplasm have been elucidated.

In our present study, we focused on L. major, one of the causative agents of CL,
which is prevalent in the Near and Middle East, northern Africa, the northwestern states
of India, and presumably also in northwestern China (40, 41). Here, we identify a new
tyrosine phosphatase encoded by L. major. First, we characterize the biochemical
activity of this Leishmania phosphatase, which we named LmPRL-1 due to its similarity
to the family of mammalian phosphatases of the regenerating liver (PRLs). PRLs are
thought to participate in the control of various cellular processes, such as proliferation,
differentiation, and motility (42). Second, we provide evidence that the LmPRL-1
phosphatase can be secreted during infection of macrophages and that it contributes
to the survival of the parasite in these host cells.

RESULTS

The Leishmania phosphatase LmPRL-1 is a homologue of the human PRLs. Our
research on new virulence factors of L. major focuses on proteins that are putatively
released by parasites and that might affect the host cell signaling machinery. Leishma-
nia parasites secrete proteins mainly via exosomes. The analysis of the protein content
of these exosomes (43, 44) combined with the genome analysis (data not shown) of our
L. major strain (MHOM/IL/81/FEBNI) (45) allowed us to identify a gene on chromosome
16 (LmjF.16.0230) that is identical to the one annotated in the L. major Friedlin strain
(46) and encodes a protein tyrosine phosphatase (PTP) here called LmPRL-1. A BLAST
search with this gene revealed the presence of a paralogous gene (LmjF.16.0250) on the
same chromosome 16 of L. major. However, the protein product of this gene (which we
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termed LmPRL-2) was not reported in the published exosome analyses (43, 44),
excluding the enzyme from the list of putative new secreted virulence factors. In
addition, the BLAST results revealed that LmPRL-1 belongs to the PRL family (Fig. 1A
and B) and that there are numerous homologues in the family Trypanosomatidae.

The phylogenetic analysis of all available sequences of Trypanosomatidae that are
homologues of mammalian PRL sequences uncovered a peculiar gene organization for
the genus Leishmania. All 17 sequenced species of Leishmania except L. panamensis
include two PRL-related phosphatases in their genomes, as seen in L. major (strain
Friedlin). Moreover, these paralogous genes always segregate separately in the phylo-
genetic tree, creating two subfamilies of genes, one related to LmjF.16.0230 (Fig. 1A,
blue branch) and the other related to LmjF.16.0250 (Fig. 1A, green branch). Interestingly,
this pairwise organization has also been observed in the genera Leptomonas, Endot-
rypanum, and Crithidia, whereas the gene number can vary from one to four copies in
the genus Trypanosoma (Fig. 1A). Our overall knowledge about this phosphatase family
in Trypanosomatidae is still very limited. So far, only one study has reported the
expression of a family member, termed TcPRL-1. This protein, which is encoded by the
gene TcCLB.503851.24 (Fig. 1A, arrow), was detected in amastigote extracts of Trypano-
soma cruzi, but its function has not yet been studied (47). A high-throughput RNA
interference (RNAI) screen performed in Trypanosoma brucei led to the discovery of the
gene Tb927.8.5780 (Fig. 1A, arrowhead), which might be involved in the survival of the
parasite during in vitro differentiation (48). However, one has to be cautious with
extrapolations, as T. cruzi has four paralogues of PRL-like genes whereas T. brucei carries
only one.

The two L. major phosphatases, LmPRL-1 and LmPRL-2, show 58.5% identity, 26.2%
similarity, and only a 15.3% difference in their amino acid sequences. The LmPRL-1 and
LmPRL-2 proteins also share strong sequence identity (between 38.9 and 41.1%) with
the three proteins of the human PRL phosphatase family (PRL-1, -2, and -3) (Fig. 1B),
which themselves form a homogeneous group of proteins with a high degree (>75%)
of amino acid sequence identity (Fig. 1B). This strong protein sequence relationship
translates into comparable structural organizations, as shown by the alignment of the
human PRL-1 crystal structure (Protein Data Bank [PDB] no. 1XM2) (49) with the crystal
structure of L. major LmPRL-1 (PDB no. 3540) (Fig. 1C). The structures of both proteins
consist of a-helices surrounding a five-stranded B-sheet, which represents the canon-
ical structure of tyrosine phosphatases. This alignment also illustrates the highly
conserved orientation of the amino acids that are critical for their phosphatase activity
(Fig. 1C). The P loop and the WDP loop are maintained in all mammalian PRL and
Leishmania PRL-like sequences (Fig. 1D). Interestingly, the catalytic cysteine 114 located
in the C-Xs-R P loop of LmPRL-1 (C107 for LmPRL-2) neighbors cysteine 53 in loop 2
(C52 for LmPRL-2) (Fig. 1C). In PRL-1, this proximity between cysteines was previously
described as essential for the regulation of catalytic activity, since the two residues
could form an inactivating disulfide bond (50, 51). Another important feature shared by
all these phosphatases is the presence of a farnesylation site (C-A-A-X) at the C terminus
of the protein, which suggests possible membrane localization for the Leishmania
phosphatases (Fig. 1B). Membrane localization is also supported by the interaction
between a nearby polybasic sequence (Fig. 1B) and the negatively charged phospho-
lipids present in the cellular membrane (52).

Despite all these similarities between mammalian and Leishmania PRLs, substantial
differences can be observed in the sequences of loops 1 and 2 that are crucial to the
substrate specificity of a PTP. As illustrated in Fig. 1D, LmPRL proteins share only 2 out
of 9 amino acid residues with loop 1 of mammalian PRL, namely, proline 29/28
(LmPRL-1/2) and leucine 34/33. Regarding loop 2, the divergence is also remarkable, as
only 4 out of 7 residues are conserved, namely, arginine 51/50, cysteine 53/52,
threonine 56/55, and tyrosine 57/56. Interestingly, there are also differences in the
sequences of the two loops in the different Leishmania PRL-like proteins (Fig. 1D).
Asparagine 33 of loop 1 of LmPRL-1 is replaced by serine 32 in LmPRL-2. Similarly, valine
52 of loop 2 of LmPRL-1 is replaced by alanine 51 in LmPRL-2. These differences
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discriminate between the LmPRL-1 like and LmPRL-2 like proteins described in the
phylogenetic tree. Altogether, these amino acid sequence disparities suggest a distinct
substrate specificity of Leishmania and human PRLs.

Characterization of the enzymatic activity of recombinant His,-LmPRL-1. As the
protein LmPRL-1 was the only PTP detected in Leishmania exosomes (43, 44), we
focused our further investigation on that enzyme. To assess their enzymatic functions,
the Leishmania protein LmPRL-1 and the human PRL-1 were overexpressed in E. coli
cells with a Hisg tag and purified by affinity chromatography using a Ni-nitrilotriacetic
acid (NTA) matrix. Hydrolysis of para-nitrophenyl phosphate (pNPP), a classical PTP
substrate, was monitored to determine their enzymatic activities. Despite purification
under reducing conditions (5 mM B-mercaptoethanol), hydrolysis was hardly detect-
able unless the enzymes were preincubated with 10 mM dithiothreitol (DTT) for 1 h (Fig.
2A). Under both nonreducing and reducing conditions, the activities detected for
Hiss-LmPRL-1 were in the same order of magnitude as those measured for the human
Hiss-PRL-1 (Fig. 2A). Since PRL-1 has higher affinity for the fluorogenic substrate
6,8-difluoro-4-methylumbelliferyl phosphate (DiFMUP), this substrate was chosen for
the further catalytic study of Hisg-LmPRL-1 (50). The optimal pH for the activity of
Hiss-LmPRL-1 turned out to be slightly acidic (pH 6.0) (Fig. 2B). In addition, the kinetic
characteristics of the Leishmania phosphatase were determined. A V,,,,, of 2.6 X 10~>
M/min/g and a K,, of 9.32 X 107° M were measured for the dephosphorylation of
DiFMUP. Considering the requirement for a reducing milieu, we also investigated the
roles of the putative catalytic and regulatory cysteines. First, the activity of a serine
mutant of the catalytic cysteine C114 was tested. As expected, the phosphatase activity
of the Hisg-LmPRL-1-C114S mutant was fully abolished (Fig. 2C). In contrast, a mutant
of the putative regulatory cysteine, Hiso-LmPRL-1-C53S, showed markedly higher ac-
tivity toward DiIFMUP (>2-fold increase compared to wild-type [WT] enzyme) (Fig. 2C).
The latter finding suggested that a disulfide bond formed between the regulatory and
the catalytic cysteine needs to be reduced to trigger the LmPRL-1 phosphatase activity.
To further validate this hypothesis, the migration behaviors of the WT protein and the
different mutants of the His,-tagged phosphatase were analyzed with nonreducing
SDS-PAGE, as it allows the indirect visualization of disulfide bond formation. Under
oxidative conditions, a protein containing an oxidized disulfide bond runs at a lower
molecular weight than predicted because the sequence is more compact (53). The WT
phosphatase, pretreated with 10 mM oxidized DTT, migrated as two bands. The
predominant lower band corresponds to the oxidized form, whereas the minor upper
band corresponds to the reduced form of Hisg-LmPRL-1 (Fig. 2D). Only the latter form
was detectable when the protein was preincubated with 10 mM reduced DTT, leading
to the reduction of the disulfide bond. Similar treatment of mutants of either the
catalytic (Hisg-LmPRL-C114S) or the regulatory (Hisg-LmPRL-1-C53S) cysteine revealed
that these proteins could no longer convert into an oxidized, fast-migrating form. These
data support a regulatory mechanism for the phosphatase activity of LmPRL-1 based on
a pair of cysteines that sense the redox potential of the milieu.

FIG 1 Homology between L. major phosphatases, LmPRL-1 and LmPRL-2, and their homologues from the PRL family in mammals and Trypanosomatidae. (A)
Phylogenetic comparison between the mammalian PRLs and their homologues in Trypanosomatidae. Available gene sequences belonging to the PRL family
from all Trypanosomatidae and from mouse and human, for the mammals, were used to construct a phylogenetic topology by the minimum-evolution method.
The circles indicate nodes supported in =70% (open), =80% (gray), or =90% (black) of 500 random bootstrap replicates of all neighbor-joining trees. The
evolutionary distance (scale) is measured in numbers of base substitutions per site. Sequences are labeled in red for mammalian, black for Leishmania, cyan for
Endotrypanum, violet for Crithidia, pink for Leptomonas, and orange for Trypanosoma. The red stars indicate LmPRL-1 (LmjF.16.0230) and LmPRL-2 (LmjF.16.0250).
(B) Comparison of LmPRL-1 (Q4QEZ7) and LmPRL-2 (Q4QEZ5) protein sequences with those of the three members of the phosphatase of the regenerating liver
family, PRL-1 (Q93096), PRL-2 (Q12974), and PRL-3 (075365) (the references in parentheses refer to the UniProtKB database). The CLUSTAL W program (86) was
used for the alignment. The asterisks indicate amino acid residues identical in all proteins, and the colons indicate similarity. The catalytic cysteine is indicated
in red and the regulatory cysteine in orange. The different loops involved in the catalytic site, the polybasic region, and the putative farnesylation site are
indicated with black lines. (C) Alignment of the three-dimensional (3D) structures of LmPRL-1 (PDB no. 3540) (blue) and PRL-1 (PDB no. 1XM2) (gray). PyMOL
software was used to align the proteins, represented in cartoon form. The vicinity of the catalytic cysteines of LmPRL-1 and PRL-1, C114 and C104, respectively,
is illustrated in the box, revealing their close proximity to the regulatory cysteines of the two proteins C53 and C49, respectively. (D) Conservation of loop
sequences. The sequences of the conserved amino acids of the four loops described in panel B are listed for the mammalian PRLs (PRL group; red branch in
panel A), the LmPRL-1-like phosphatases of Leishmania (panel A, blue branch), and the LmPRL-2-like phosphatases of Leishmania (panel A, green branch).
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FIG 2 Biochemical characterization of Hiss-tagged LmPRL-1. (A) Phosphatase activity of WT Hiss-LmPRL-1 against
PNPP compared to the activity of the human His,-PRL-1. The phosphatase activity was measured by incubating
Hiss-tagged LmPRL-1 (black bars) and PRL-1 (white bars) with pNPP for 1 h at 37°C and pH 6.0. Some reactions were
carried out with previously reduced proteins. (B) Phosphatase activity of WT His,-LmPRL-1 against DIFMUP as a
function of pH. His,-tagged LmPRL-1 was reduced before its phosphatase activity was measured by incubating it
with DiIFMUP for 20 min at 37°C and pHs varying from 4.0 to 9.0. (C) Effects of the catalytic (C114) and regulatory
(C53) cysteines on the phosphatase activity of His,-LmPRL-1. The phosphatase activities of His,-LmPRL-1-C114S and
His¢-LmPRL-1-C53S (light-gray bar) against DiFMUP at pH 6.0 after 20 min at 37°C were measured and compared
to the activity of the wild-type His,-LmPRL-1 (dark-gray bar). (D) Change of the electrophoretic migration of
LmPRL-1 induced by oxidation is controlled by the catalytic and regulatory cysteines. The wild type and the
catalytic and regulatory mutants of LmPRL-1 were either oxidized with 10 mM oxidized (Ox) DTT or reduced with
10 mM reducing (Red) DTT for 1 h at 4°C. The proteins were separated on nonreducing SDS-PAGE and dyed by
Coomassie staining. The data represent the means and SD of the results of one of three experiments with similar
results. ***, P < 0.001; nd, not determined.

LmPRL-1 expression and subcellular localization in L. major promastigotes and
amastigotes. As an initial step toward its functional characterization, we investigated
whether the LmPRL-1 phosphatase shows a parasite stage-dependent expression
pattern. To this end, we obtained a rabbit anti-LmPRL-1 peptide antiserum and
generated L. major parasites that ectopically expressed hemagglutinin (HA;)-tagged
LmPRL-1 (23.1 kDa) following electroporation of pCLN-3xHA-based vectors (see Table
S1 in the supplemental material). As a control, we also expressed HA;-LmPRL-2 in L.
major to ascertain the specificity of the rabbit anti-LmPRL-1 antiserum and to exclude
the detection of this paralogous protein. Western blot analysis of lysates of these
parasites revealed that both HA-tagged proteins could be expressed (Fig. 3A, a-HA) and
that the anti-LmPRL-1 antiserum selectively detected HA;-LmPRL-1 (Fig. 3A, a-LmPRL-1,
arrow); no cross-reaction with HA;-LmPRL-2 was observed. Furthermore, endogenous
LmPRL-1 (19.4 kDa) was detectable in the lysates of the two strains ectopically express-
ing HA;-tagged proteins, as well as in the lysate of the WT L. major strain (Fig. 3A,
a-LmPRL-1, asterisk).

August 2017 Volume 85 Issue 8 e00084-17

Infection and Immunity

iaiasm.org 6


http://iai.asm.org

Secreted Phosphatase of Leishmania major

A T o
T =z
o o kDa 4 2 3 5 day
E E 25
4 4
[se] [se]
wa 5 £ < Y. e e S R
25 3 g 15
= | o-LmPRL-1
3l B B 100 —| g s = | .-/ 77, HSP-90
25 — - 70
a-HA

0.7 28 98 83 parasites/mL
(x108)

50 T - st e a-Tubulin

D . wr F

[ HAG-LmPRL-1

< HAz-Clr 4 HA;-LmPRL-1-C1728
C © HA;-LmPRL-1 -
057 110
Pro Ama o0 ]
25
g 907
*|%ew o |o-LmPRL-1 § 88—
= o S 704
L 5°° +‘§ 0
° < 50
o .
1.0 0,3 Ratio ° 28:
Cytoplasm Ki’::;?g:]“t
E DAPI Merge
L. major
HAz-LmPRL-1
L. major
HA3-LmPRL-1
C172S

FIG 3 Expression and subcellular localization of LmPRL-1 in L. major parasites. (A) Detection of LmPRL-1 protein in promastigotes.
Protein extracts were prepared from stationary-phase promastigote cultures of WT L. major and parasites ectopically expressing
HA;-LmPRL-1 or HA;-LmPRL-2. The proteins were analyzed by immunoblotting with rabbit serum anti-LmPRL-1, as well as anti-HA
antibody to estimate the specificity of the rabbit serum and with anti-tubulin antibody (loading control). Endogenous LmPRL-1
(expressed by WT parasites) is indicated by the asterisk and HA,-tagged proteins of transfected L. major by the arrow. (B) Expression
of LmPRL-1 in logarithmic- or stationary-growth-phase promastigotes in vitro. A culture of WT L. major promastigotes in modified
complete Schneider’s medium inoculated with 1.0 X 10° parasites/ml was analyzed daily for its concentration (parasites per milliliter)
until it reached stationary phase (day 5). Expression of endogenous LmPRL-1 (marked by the asterisk) was analyzed by anti-LmPRL-1
immunoblotting, using the HSP-90 housekeeping gene as a control. (C) Expression of LmPRL-1 in promastigotes and amastigotes.
Protein extracts prepared from the same number (20 X 109) of in vitro-cultivated promastigotes (Pro) and ex vivo-isolated amastigotes
(Ama) were loaded onto SDS-PAGE. Expression of endogenous LmPRL-1 (marked by the asterisk) and of the HSP-90 housekeeping
gene was analyzed by immunoblotting. The ratios of the band intensities are indicated below. (D) Ectopic expression of HA;-LmPRL-1
has no effect on in vitro growth of L. major promastigotes. WT promastigotes and parasites either carrying the empty pCLN-3xHA
vector or expressing HA;-LmPRL-1 were cultivated in modified complete Schneider’'s medium starting at 1.0 X 10° parasite/ml until
stationary phase. Growth was monitored by measuring the ODgy,. (E and F) Subcellular localization of LmPRL-1 in L. major
promastigotes depends on its C-terminal farnesylation. (E) Parasites expressing HA;-LmPRL-1 or HA,;-LmPRL-1-C172S were analyzed
by confocal microscopy after staining with an anti-HA antibody (red), an anti-Leishmania serum (gray), and DAPI (blue). The
arrowheads indicate the region of the kinetoplast. Bars, 2 um. (F) Means and standard deviations of more than 250 promastigotes
per strain of L. major. ***, P < 0.001. The data presented are from one of three experiments with similar results.
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Next, we tested whether the flagellated promastigote form of L. major parasites
expressed different amounts of LmPRL-1 depending on the growth phase. In their
logarithmic growth phase (days 1 to 3 of culture), promastigotes were clearly positive
for LmPRL-1 (Fig. 3B, asterisk). The stationary-phase promastigotes (day 5 of culture),
which represent the more infectious stage of the parasite, maintained the expression of
LmPRL-1 (Fig. 3B). When analyzing the expression of the phosphatase in 20 X 10°
amastigotes prepared from the skin lesions of infected BALB/c mice, we found that
LmPRL-1 was still expressed in this developmental stage but to a considerably lesser
extent per cell than in the same number of stationary-phase promastigotes (Fig. 3C,
asterisk).

To characterize the localization and fate of LmPRL-1 inside Leishmania parasites,
rabbit anti-LmPRL-1 serum was tested on WT L. major promastigotes. Unfortunately, the
quality of the rabbit anti-LmPRL-1 serum was not sufficient for reliable detection of
LmPRL-1 by confocal laser scanning fluorescence microscopy (CLSFM). Therefore, we
used parasites ectopically expressing the HA,-tagged protein. During a culture period
of 5 days, the growth rates of the HA;-LmPRL-1-expressing promastigotes of the WT
parent strain and of a parasite line carrying the empty HA vector (HA,-Ctrl) were
comparable (Fig. 3D). The subcellular localization of HA;-LmPRL-1 was analyzed by
CLSFM. The cytosol of more than 97% of the promastigotes analyzed stained positively
for HA;-LmPRL-1 (Fig. 3E and F). In addition, the protein appeared to be enriched
around the kinetoplast in 30% of the parasites (Fig. 3F). Strikingly, the accumulation of
HA;-LmPRL-1 in the kinetoplast region was dependent on its C-terminal farnesylation
motif. As illustrated in Fig. 3E and F, the C172S mutation of the C-A-A-X sequence
resulted in diffuse cytosolic staining and loss of staining around the kinetoplasts of the
parasites. This result demonstrates that the farnesylation motif of LmPRL-1 is functional
in L. major promastigotes. Since the kinetoplast region is in close proximity to the
flagellar pocket in promastigotes, which has been described as a region actively
involved in protein secretion and in the production of exosomes (54, 55), these data are
indicative of secretion of the LmPRL-1 phosphatase by Leishmania parasites during
infection.

LmPRL-1 is secreted by L. major promastigotes via the exosome pathway. To
validate the possible association of LmPRL-1 with exosomes of L. major, exosomes from
a culture of WT stationary-phase promastigotes were purified by ultracentrifugation
following established protocols (43). Using electron microscopy, a homogeneous pop-
ulation of vesicles with sizes ranging from 70 to 150 nm was observed, confirming that
the integrity of the exosomes was maintained during purification (Fig. 4A). The protein
content of these exosomes was analyzed by Western blotting. LmPRL-1, as well as
HSP70, a protein enriched in Leishmania exosomes (56), was detected in the exosome
preparation (Fig. 4B, top, left lane). In addition, the purified exosomes were subjected
to trypsin digestion. LmPRL-1 was not degraded by trypsin alone (Fig. 4B, top, middle
lane), whereas in the presence of the detergent Triton X-100, both the LmPRL-1 band
and the HSP70 protein disappeared (Fig. 4B, top, right lane). This indicates that LmPRL-1
and the known exosome marker HSP70 were protected from the action of the protease
by the exosome phospholipid membrane. Similar results were obtained with exosomes
produced by parasites expressing HA-tagged WT LmPRL-1, indicating that this
N-terminal tag does not impair the release of the phosphatase in exosomes (Fig. 4C).
Surprisingly, HA-tagged LmPRL-1 with a mutated farnesylation motif (HA;-LmPRL-1-
C172S) was also detected inside exosomes (Fig. 4D), suggesting that the loading of
exosomes with LmPRL-1 does not require a functional farnesylation site. Finally, to
exclude direct secretion of the phosphatase by the parasite through the classical
secretory pathway, we also estimated the quantity of LmPRL-1 secreted outside exo-
somes. The protein content of the supernatants (SN) resulting from the ultracentrifu-
gation step during the preparation of L. major exosomes was precipitated and analyzed
by Western blotting. The majority of LmPRL-1 was detected in the pelleted exosomes,
whereas only a minor proportion of the protein was found in the soluble supernatants
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FIG 4 LmPRL-1 is secreted by L. major promastigotes via exosomes. (A) Electron micrograph of exosomes
produced by WT L. major promastigotes. Exosomes were purified from a culture of metacyclic promas-
tigotes incubated overnight in serum-free RPMI 1640 medium at 28°C and then fixed and analyzed by
electron microscopy. Bar, 100 nm. (B) Endogenous LmPRL-1 is secreted in exosomes of WT L. major (L.m.)
promastigotes. Purified exosomes from WT promastigotes were analyzed by immunoblotting for the
presence of LmPRL-1 and the exosome marker HSP-70. Untreated exosomes were compared to exo-
somes digested with trypsin or with trypsin in the presence of the detergent Triton X-100. (C) Ectopic
expression and HA tagging does not alter LmPRL-1 secretion via exosomes. Purified exosomes from
transfected L. major ectopically expressing HA;-LmPRL-1 were analyzed by immunoblotting for the
presence of HA-tagged protein and the exosome marker HSP-70 following treatment similar to that
described for panel B. (D) HA-tagged LmPRL-1 is secreted in exosomes independently of its farnesylation
motif. Purified exosomes from transfected L. major ectopically expressing HA;-LmPRL-1-C172S were
analyzed as described for panel C. The data presented are from one of three experiments with similar
results.

(see Fig. S1 in the supplemental material). Overall, these results clearly show that WT or
HA-tagged LmPRL-1 is secreted by L. major promastigotes inside exosomes.

LmPRL-1 is expressed during macrophage infection by L. major promastigotes.
Having established that LmPRL-1 can be secreted by L. major promastigotes, its
expression and fate during infection of macrophages were analyzed. Bone marrow-
derived macrophages (BMM) were infected with WT stationary-phase L. major promas-
tigotes at a multiplicity of infection (MOI) of 5. The infection was ascertained by the
specific detection of the L. major HSP90 protein. Increasing amounts of HSP90 were
detected during the course of the experiment (Fig. 5). The slight decrease in HSP90
observed after 72 h of infection reflects the reduced number of intracellular parasites
due to spontaneous killing by BMM. LmPRL-1 was clearly present in the lysates of
promastigote-infected BMM throughout the in vitro infection (Fig. 5, asterisk). We also
directly infected BMM with amastigotes purified from skin lesions of infected and
nonhealing BALB/c mice. Unexpectedly, LmPRL-1 was hardly detectable in amastigote-
infected BMM throughout the observation period (Fig. 5). These data show that
LmPRL-1 is present in promastigote-infected macrophages for at least 72 h but remains
downregulated in lesional amastigotes even after in vitro uptake by cultured macro-
phages.

HA;-LmPRL-1 is secreted by L. major during macrophage infection. To follow
the fate of Leishmania LmPRL-1 after infection, BMM were infected with L. major
promastigotes expressing the HA5-tagged phosphatase. After 72 h of infection, the
subcellular localization of the proteins was analyzed by CLSFM. Whereas no HA-derived
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FIG 5 Expression of LmPRL-1 during macrophage infection by L. major. BMM were infected by L. major WT
promastigotes (Pro) or amastigotes (Ama) at an MOI of 5. Noninfected BMM (ni) were used as controls. At the
indicated time points, protein samples were analyzed by immunoblotting for the expression of LmPRL-1, Leish-
mania HSP-90, and BMM actin. Lysates of parasites ectopically expressing HA,-LmPRL-1 were used to control the
reactivity of the LmPRL-1 antiserum. WT LmPRL-1 protein is marked with an asterisk and HA,-LmPRL-1 with an
arrowhead. The numbers of parasites per 100 cells of the culture are shown below the Western blots. BMM were
infected with L. major promastigotes or amastigotes at an MOI of 5. Extracellular parasites were washed away with
PBS (2X) after 4 or 16 h. At the indicated time points, Diff-Quik staining was performed, and the number of
amastigotes per 100 cells was determined (a total of 300 cells/per sample). The data presented are from one of
three experiments with similar results.

staining was seen in BMM infected with L. major carrying the empty control vector
pCLN-3xHA (Fig. 6A, ¢), L. major parasites expressing HA;-tagged LmPRL-1 were readily
detectable as amastigotes (Fig. 6A, e to h) inside parasitophorous vacuoles (PV) that
were labeled by an antibody (Ab) against the lysosome-associated membrane protein
1 (LAMP-1) (Fig. 6A, f, arrowheads). In addition, a HA signal was also consistently
detected outside the PV when the macrophages were infected with HA;-LmPRL-1
parasites (Fig. 6A, g, thin arrows), whereas no signal was detected in noninfected cells
(Fig. 6A, g, thick arrows). This distribution pattern indicates that HA;-LmPRL-1 leaves the
PV and enters the cytoplasm of host cells, which is in line with the detected exosome-
dependent secretion of LmPRL-1 by WT Leishmania (Fig. 4).

A closer microscopic analysis of macrophages infected with L. major expressing
HA,-LmPRL-1 confirmed its diffuse intraparasitic localization and its presence outside
the PV (Fig. 6B, g, thin arrow). We also observed LAMP-1-positive compartments that
were decorated with HA;-LmPRL-1 and contained amastigote parasites (Fig. 6B, e to h,
arrowheads). To confirm the secretion of HA;-LmPRL-1 during macrophage infection,
subcellular fractions were prepared from BMM infected with either HA;-Ctrl or HA,-
LmPRL-1 for 72 h. Most of the HA signal was detected in the heaviest fraction pelleted
at 3,000 X g (Fig. 6C, P3). This fraction comprises the BMM nuclei and large organelles,
such as PV containing amastigotes that express the HA;-tagged protein. The latter
account for the presence of Leishmania HSP90, Leishmania tubulin, and the phagoly-
sosome marker LAMP-1. LAMP-1, but not tubulin or HSP90, was also detected in the
P100 fraction containing small vesicular structures and the cytoplasmic membrane.
HA,-LmPRL-1 was probably detected in this fraction because of the destruction of some
PV vacuoles (Fig. 6C, P100). Strikingly, HA;-LmPRL-1 was also detected in the cytosolic
fractions of infected cells (Fig. 6C, S100), in which only tubulin and Leishmania HSP90,
but no LAMP-1, were found. Altogether, these data document the fate of HA;-LmPRL-1,
which is first secreted by Leishmania parasites during infection and then appears to
reach the cytoplasm of infected cells.

HA;-LmPRL-1 expression by L. major increases parasite survival during infec-
tion of macrophages. Finally, we tested the effect of HA;-LmPRL-1 overexpression on
the intracellular survival of L. major. BMM were infected at an MOI of 5 for 16, 48, or 72
h with either the control strain of L. major (HA;-Ctrl) or the strain ectopically expressing
HA;-LmPRL-1. For each time point, the number of intracellular parasites per 100
macrophages of the culture was calculated by measuring the infection rate and
determining the number of parasites per infected macrophage. After 72 h of infection,
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FIG 6 Subcellular localization of HA;-LmPRL-1 during infection of BMM by L. major. (A and B) BMM were infected
for 72 h by L. major promastigotes carrying the empty plasmid pCLN-3xHA (HA,-Ctrl) or the plasmid pCLN-3xHA-
LmPRL-1 (HA;-LmPRL-1). Localization of HA-LmPRL-1 (green), the phagosomal marker LAMP-1 (red), and the DNA
of the BMM and the parasite (blue) was detected by CLSFM. (A) Overview. (B) Single-cell analyses. The dashed white
lines delineate the BMM cell shapes. The arrowheads highlight the DNA of the L. major kinetoplast. The thin arrows
mark the HA-derived signal inside the cytoplasm of the BMM. The thick arrows mark noninfected BMM. Bars, 5 um.
(C) HA;-LmPRL-1 localization in the cytosolic fraction of BMM during infection. BMM were infected for 72 h with
the same parasites as for panel A. The fractions P3 (nucleus and PV), P100 (cytoplasmic membrane and debris), and
S100 (cytosol) were analyzed by immunoblotting for the presence of HA-tagged protein, Leishmania HSP-90,
LAMP-1, and tubulin (from parasites and BMM). The data presented are from one of three experiments with similar
results.

BMM infected with L. major expressing HA;-LmPRL-1 contained 2.1 (£0.4)-fold more
parasites per 100 cells than the ones infected with control parasites (Fig. 7A). This
phenotype largely resulted from an increased parasite number per infected cell (Fig. 7B)
and only to a minor degree from a higher percentage of macrophages infected

August 2017 Volume 85 Issue 8 e00084-17 iaiasm.org 11


http://iai.asm.org

Leitherer et al.

A 350 — B 5 o
300 - =
w £ S 44
&’g 250 { ©O 2 .
o 3 fo) kit
% 2 200 o) p=0,068 g 39 ° @ ° o
i o . oo
89 150 o g ©
a2 U 2 o
°% o 2 o
5 © 100 =
23 2
- 5 14
50 F% o
O T T T " 0 T T T
16 h 48h 72h 16 h 48h 72h
time time

C 1o0- D 150 - [JHA,-cirl
z HA,-LmPRL-1
. o 3 W,
S 7%4 o O E
- (o) = -
.?”: (.9 § 100
£ o o 2
o 50 4 2 o g
8 °© E
s 5 50
® 25 =
s
[11]
0 : .. .0d
16h 48h 72h 72h
time time

FIG 7 Expression of HA;-LmPRL-1 increases the infectivity and survival of L. major during macrophage
infection. (A) Numbers of parasites per 100 cells of a culture. BMM were infected with L. major
promastigotes (control parasites or parasites expressing HA,-LmPRL-1) at an MOI of 5. Extracellular
parasites were washed away with PBS (2X) after 16 h. At the indicated time points, Diff-Quik staining was
performed, and the number of amastigotes per 100 cells was determined (a total of 300 cells/sample).
(B) Numbers of parasites per infected macrophage. The number of amastigotes per infected cell was
determined as described for panel A. (C) Quantification of the percentage of cells infected. The number
of BMM containing one or more parasites was calculated as described for panel A. (D) Quantification of
macrophage viability. The number of BMM per microscopic field was calculated as described for panel
A. Control parasites are depicted in white, and HA,-LmPRL-1 in dark gray. The data represent means and
standard errors of the mean (SEM) of five experiments. Each circle represents the result of one
independent experiment. *, P < 0.05.

following expression of HA;-LmPRL-1 (Fig. 7C). In parallel, the total number of BMM per
culture was determined after 72 h of infection in order to see whether the Leishmania
strains differentially affected host cell survival. The viability of the BMM remained high
throughout the course of infection and was independent of the strain of parasite used
for infection (Fig. 7D). Altogether, our data suggest that the expression of HA;-LmPRL-1
phosphatase supports the intracellular survival of Leishmania parasites in macrophages.

DISCUSSION

Identifying the virulence factors of L. major is crucial for understanding the pathways
targeted by the parasite in the mammalian host cell to establish its intracellular habitat.
Various surface molecules and secreted proteins of L. major parasites have previously
been analyzed (15). In the present study, we report the biochemical and functional
characterization of a novel L. major phosphatase, termed LmPRL-1. We established the
expression profile of the endogenous phosphatase during the life cycle of the parasite.
Interestingly, we observed that LmPRL-1 was secreted by the parasite. In order to
characterize its function, we took advantage of an ectopic expression system, since RNA
interference cannot be applied in L. major (57, 58). Despite its limitations, this approach
revealed the positive effect of LmPRL expression on the survival of L. major amastigotes
during macrophage infection.
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Our analysis of the genome of L. major (data not shown) for genes related to
LmPRL-1 revealed the presence of a paralogous gene that we named LmPRL-2. A
phylogenetic analysis demonstrated that this pair of phosphatases has orthologues in
other human-pathogenic Leishmania species. This is likely due to a gene duplication
event that occurred in a common ancestor of the Leishmania species during evolution.
The close proximity (6,946 bp apart) of the respective genes for LmPRL-1 and LmPRL-2,
LmjF.16.0230 and LmjF.16.0250, on chromosome 16 further supports this notion. The
analysis of their sequences also revealed a strong similarity to the mammalian PRL
phosphatase family, as illustrated by the conservation of the classical catalytic site
(C-X5-R), a regulatory cysteine at the N terminus, and a farnesylation site at the C
terminus. The suspected homology was confirmed by the in vitro biochemical charac-
terization of Hisg-LmPRL-1 and comparison with the known characteristics of the
human PRL-1 (50, 53). First, the catalytic constants (K,,) of His,-LmPRL-1 using the
DiFMUP substrate (9.32 X 10—¢ M) was in line with the previously measured value for
its human homologue, PRL-1 (4.6 X 10=° M) (50). In addition, the activity of the
phosphatase was shown to be strictly dependent on the reduction of a disulfide bridge
formed between its catalytic cysteine and its regulatory cysteine. This reduction al-
lowed a switch between a closed, oxidized, and inactive form and an open, reduced,
and active form of the enzyme. Finally, the sensitivity of Hisg-LmPRL-1 to oxidation was
further confirmed by the enhanced enzymatic activity seen after mutation of the
regulatory cysteine. This sensitivity to the redox milieu could be relevant during the
oxidative stress encountered by the parasite during infection.

In addition to this biochemical characterization, we also established the expression
profile of LmPRL-1 during the growth and stage conversion of L. major parasites.
Promastigotes already expressed the LmPRL-1 protein in their logarithmic growth
phase and maintained this expression during the stationary growth phase. Moreover,
LmPRL-1 was still detectable in macrophage lysates even at 72 h after infection with
promastigotes, when the parasites had already transformed into amastigotes. This
observation on the protein level corroborates and extends recent mRNA expression
profiling experiments (59, 60). The expression of the gene LmjF.16.230, coding for
LmPRL-1, was upregulated (1.27-fold) during the transition of procyclic into metacyclic
promastigotes (59) and after macrophage infection by promastigotes (1.49-fold) (60).
However, LmPRL-1 was hardly detectable in macrophages directly infected with amas-
tigotes purified from mouse skin lesions or in lysates of these amastigotes. Altogether,
these expression patterns suggest that endogenous LmPRL-1 might play a role during
the development of the infective parasite inside its sand fly vector and/or during the
initiation and early stages of infection of mammalian phagocytes. Later, endogenous
LmPRL-1 expression might steadily decline following the promastigote-to-amastigote
transition, possibly due to the upregulation of other prosurvival mechanisms of the
parasite.

In addition to the expression pattern, our study found that LmPRL-1 can be secreted,
a key characteristic of many virulence factors. Endogenous LmPRL-1 was detected in
exosomes released by WT L. major promastigotes. These exosomes are cargo vesicles
produced by promastigotes and amastigotes and used as a main secretory pathway
(15, 56). They are loaded with cytoplasmic and membrane proteins of the parasite,
including known virulence factors, such as the surface protease leishmanolysin (Gp63)
or EF-Ta (23, 24, 61). Moreover, exosomes are released within the sand fly gut and are
inoculated into the host along with the parasites (62). LmPRL-1 has previously been
spotted in a proteomic study that analyzed the content of exosomes produced by
Leishmania donovani (43) or gp63-null mutants of L. major (44). These results led us to
investigate the expression and fate of LmPRL-1 during the transition of promastigotes
into amastigotes inside macrophages. The subcellular localization of LmPRL-1 was
addressed in promastigotes, taking advantage of L. major expressing a HA-tagged
version of the phosphatase. HA;-LmPRL-1 appeared to spread across the cytoplasm of
the promastigotes (Fig. 1A, arrowhead) in a manner similar to that observed for an
LmPRL-1 homologue of T. brucei (Tb927.8.5780) that was fused to enhanced yellow
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fluorescent protein (eYFP) (63). In addition to this diffuse localization, HA;-LmPRL-1
tended to accumulate around the kinetoplasts of promastigotes, a phenotype that was
also observed for a homologous enzyme in T. cruzi, TcPRL-1, which, however, was not
tested for its potential secretion (47). The observed subcellular localization of LmPRL-1
is in line with its secretion by exosomes, as the flagellar pocket is known as the most
active region of that secretory pathway (54, 55). In addition, using a mutant of its
C-terminal farnesylation motif, we could demonstrate that the association of LmPRL-1
with the kinetoplast was fully dependent on this sequence. Promastigotes expressing
an LmPRL-T mutant that lacked the terminal farnesylation site (HA;-LmPRL-1-C172S)
showed diffuse cytoplasmic staining, as was also observed for a similar mutant of
human PRL-1 (64). Interestingly, this mutation did not fully abolish the secretion of the
phosphatase by exosomes, suggesting that the exosome loading of LmPRL-1 is inde-
pendent of its functional farnesylation. One plausible explanation for this observation
is the possibility that LmPRL-1 forms trimers, like its human homologue PRL-1. This
would allow the HA;-LmPRL-1-C172S mutant to enter exosomes via its trimerization
with endogenous WT LmPRL-1. In order to reach a definitive conclusion, the expression
of the HA;-LmPRL-1-C172S mutant protein should be tested in an L. major strain with
a genetic deletion of LmPRL-1.

When investigating the spatial distribution of the LmPRL-1 phosphatase during
infection of macrophages, we found that ectopically expressed HA;-LmPRL-1 was
detectable in amastigotes but, strikingly, also appeared outside the PV. Similarly to
other exosome markers, such as the heat shock proteins HSP70 and HSP90 (43, 61) and
the L. major virulence factor P46 (65, 66), HA;-LmPRL-1 was identified inside the
cytoplasm of infected macrophages and colocalized with the late phagosomal marker
LAMP-1 on the surfaces of PV, where it is ideally positioned to manipulate host cell
signaling pathways in favor of the parasite (67). It is possible that LmPRL-1 directly
modulates the phosphorylation status of host signaling molecules and thereby also
synergizes with other secreted virulence factors of L. major. This mode of action would
explain the positive effect of ectopic HA;-LmPRL-1 expression on L. major survival
during macrophage infection. The secreted HA;-LmPRL-1, however, might also interact
with its mammalian homologues, the PRL phosphatases, which play important roles in
cell division and cell motility (64, 68). As PRLs need to form a homotrimer to be fully
active (49, 52), the possibility that LmPRL-1 interferes with the process of mammalian
PRL trimerization has to be considered. It is tempting to speculate that this leads to
altered phagocyte functions.

In conclusion, we have shown that L. major expresses a PRL-like phosphatase that,
based on ectopic expression analyses, is likely to promote parasite survival during
infection of macrophages. In addition, LmPRL-1 is actively secreted by the parasite,
ends up outside the PV during macrophage infection, and is therefore prone to
modulate host cell functions to the advantage of the parasite. Future studies need to
address the functional role of LmPRL-1 in vivo using double allelic LmPRL-1 knockout
L. major parasites.

MATERIALS AND METHODS

Phylogenetic analysis. All the gene sequences were extracted from the TritrypDB (69) after a BLAST
search for LmjF.16.0230 homologues. The evolutionary history was inferred using the minimum-evolution
(ME) method (70). The optimal tree with a sum of branch lengths of 4.67698312 is shown. The tree is
drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic tree. The evolutionary distances were computed using the maximum composite
likelihood method (71) and are expressed as the number of base substitutions per site. The ME tree was
searched using the close-neighbor interchange (CNI) algorithm (72) at a search level of 1. The neighbor-
joining algorithm (73) was used to generate the initial tree. The analysis involved 70 nucleotide
sequences. All positions containing gaps and missing data were eliminated. There were a total of 305
positions in the final data set. Evolutionary analyses were conducted in MEGA7.0.18 (74).

Bacteria and growth conditions. Escherichia coli strains XL1-Blue(MRF’) and BL21(DE3) were used
for plasmid construction and for overproduction of His,-tagged proteins, respectively. The E. coli strains
were grown in LB medium at 37°C with shaking. When required, the LB medium was complemented with
15 g/liter agar-agar, 100 pg/ml ampicillin (Amp), 25 ug/ml kanamycin (Kan), and 15 pg/ml tetracycline
(Tet).
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Parasites and growth conditions. L. major promastigotes (strain MHOMY/IL/81/FEBNI) (45) were
cultivated at 28°C and 5% C0O,-95% humidified air in modified complete Schneider’s medium, which was
prepared by supplementation of Schneider’s Drosophila insect cell medium (Genaxxon Bioscience; pH
adjusted to 6.9 after addition of 4.76 mM NaHCO,, 5.4 mM CaCl, - 2H,0, 50 mM NaOH, and 35 mM HCI)
with 100 U/ml penicillin G, 100 pg/ml streptomycin, 1 mM sodium pyruvate, 2 mM L-glutamine, 0.27 mM
L-asparagine, 0.55 mM L-arginine, 10 mM HEPES, 2% (vol/vol) normal human urine, and 10% (vol/vol)
heat-inactivated fetal calf serum (FCS) in a modification of a protocol previously published by Lima et al.
(75). When required, Geneticin (G418) was added to the culture medium at a concentration of 30 wg/ml.
L. major amastigotes were isolated from skin lesions of the footpads of BALB/c mice at day 30 of
subcutaneous infection (76). Animal care and experiments were conducted in accordance with German
regulations after local governmental approval (Ansbach, Germany).

Cloning of expression vectors. The genes LmjF.16.0230 and LmjF.16.0250 were amplified by PCR
with Phusion Hot Start Il DNA Polymerase (Thermo Fisher Scientific) using genomic DNA of L. major
(strain MHOM/IL/81/FEBNI) and specific primers to which appropriate restriction sites had been added
(see Table S2 in the supplemental material). The PCR product of LmjF.16.0230 was inserted into the
PET15b vector for affinity purification of the Hiss,-tagged proteins. For ectopic expression in L. major, the
LmjF.16.0230 and LmjF.16.0250 genes were inserted into the pCLN-3xHA vector, where the expression of
the gene of interest was under the control of intergenic regions of cbp2 genes of Leishmania mexicana
on the 5" end and Ipg1 of Leishmania infantum on the 3’ end (77). A list of the plasmids used in this study
is presented in Table S1. The nucleotide sequences of all the synthesized and mutated genes were
checked to ensure error-free amplification with the T7 or pCLN-3xHA primer pairs for the related
plasmids (see Table S2).

Site-directed mutagenesis. Site-directed mutagenesis was carried out following a PCR-based
amplification protocol as previously described (78). Briefly, pairs of complementary primers carrying the
desired mutation were used to amplify whole pET15b- or pCLN-3xHA-LmMPRL plasmids (see Table S2 in
the supplemental material). Plasmids used as the matrix carrying the wild-type gene were then digested
with Dpnl for 15 min at 37°C, followed by incubation for 5 min at 80°C to inactivate the Dpnl. Mutated
plasmids (see Table S1) were transformed into competent E. coli XL1-Blue(MRF’) bacteria. For each
mutation reaction, plasmids from clones were prepared and sequenced. The success rate of this method
approached 66%.

Overexpression and purification of proteins. For each overexpression, competent E. coli BL21(DE3)
bacteria were freshly transformed with plasmids encoding His,-PRL-1 (79), His-LmPRL-1 WT, or its related
mutants. The bacteria were grown overnight in LB supplemented with Amp and Tet and reinocu-
lated at 1:100 in 500 ml LB with Amp and Tet the following day. At an optical density at 600 nm
(ODgqo) Of 0.5, protein overexpression was induced for 3 h by addition of 1 mM IPTG (isopropyl-B-
p-thiogalactopyranoside). The bacteria were centrifuged for 15 min at 8,000 rpm and washed once with
purification buffer. Purification with Ni-NTA beads (Qiagen) was performed according to the manufac-
turer’s protocol. Purified fractions were collected and dialyzed overnight against a buffer containing 20
mM Tris-HCl, pH 7.5, 500 mM NaCl, 20% glycerol, 5 mM B-mercaptoethanol and placed at 4°C or —20°C
for longer storage (80).

Protein migration assay. Purified His,-LmPRL was incubated for 1 h with 10 mM either reducing or
oxidized DTT (53) and then separated on nonreducing SDS-PAGE. Proteins were detected by Coomassie
brilliant blue staining.

Phosphatase assays. Phosphatase activity against pNPP was measured by incubating 0.2 mg/ml of
Hisg-LmPRL-1 with 10 mM pNPP for 1 h at 37°C in a buffer (pH 6.0) consisting of 100 mM sodium citrate
and 1 mM EDTA. The analyzed proteins were previously incubated or not for 1 h at 4°C with 10 mM
reducing DTT. The appearance of yellow para-nitrophenol (pNP) was measured on a spectrophotometer
(A = 405 nm) after the reaction was arrested by the addition of 1/3 reaction volume of 4 M NaOH (81).
Phosphatase activity against DiIFMUP was measured by incubating either 67 pg/mL (activity of the
mutant) or 25 pg/ml (optimal pH and kinetic constant determination) of His,-LmPRL-1 with 200 uM
DiFMUP (LifeTechnologies) for 20 min at 37°C (50). The appearance of fluorogenic DiFMU was measured
on a spectrofluorometer (Fluoroskan Ascent FL; Thermo Fisher Scientific) with the appropriate filter set
(excitation [ex]/emission [em], 355 nm/460 nm). For determination of the optimal pH of the enzyme,
buffer containing 100 mM sodium citrate and 1 mM EDTA was used at a pH range from 4.0 to 6.5,
whereas buffer containing 50 mM HEPES and 1 mM EDTA was used for pH values between 7.0 and 9.0.

Ectopic expression of HA;-LmPRL in L. major. In order to ectopically express HA,-LmPRL, L. major
promastigotes were electroporated with pCLN-3xHA-LmPRL vectors following a previously described
protocol (77). Briefly, endotoxin-free plasmid DNA was prepared using a NucleoBond Xtra Midi EF
plasmid DNA purification kit (Macherey-Nagel). Fifty micrograms of DNA was precipitated with ethanol
and rehydrated with 40 ul of sterile electroporation buffer, pH 7.05 (21 mM HEPES, 0.7 mM Na,HPO,, 5
mM KCl, 137 mM NaCl, and 6 mM glucose). Promastigote parasites reaching late log phase in modified
complete Schneider's medium were washed with cold phosphate-buffered saline (PBS) and electropo-
ration buffer before being resuspended in electroporation buffer at a density of 1.0 X 108 cells/ml. For
each electroporation, 0.4 ml of parasite suspension and the dissolved DNA were mixed in a 4-mm-wide,
prechilled, sterile electroporation cuvette. Mock electroporation of the parasites without plasmid was
carried out in parallel. Electroporation of the cells was done using a Bio-Rad Gene Pulser with 3 pulses
at 3,750 V/cm, 25 wF, and 200 (). After electroporation, the cells were kept on ice for 10 min and then
transferred into 10 ml of complete Schneider’s medium. After 24 h, G418 was added, and selection of
transfected parasites proceeded until the mock-transfected cells died.
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Culture and in vitro infection of BMM. BMM were generated as previously described (82). Briefly,
the femur and tibia of a female C57BL/6N mouse were removed and flushed with Dulbecco’s modified
Eagle’s medium (DMEM), and 6.0 X 10° nucleated bone marrow cells were grown in 50 ml conditioned
DMEM (supplemented with penicillin-streptomycin, 10% [vol/vol] FCS, 50 uM 2-mercaptoethanol, 1%
[vol/vol] 100X nonessential amino acids, and 15% [vol/vol] SN from L929 fibroblast cultures [ATCC clone
CCL-1] as a source of macrophage colony-stimulating factor) in Teflon bags for 8 days at 37°C and 10%
C0,-90% humidified air. For infection, BMM were seeded in RPMI 1640 (ThermoFisher Scientific no.
21875, supplemented with 10 mM HEPES, 50 uM 2-mercaptoethanol, 100 U/ml penicillin, 100 ug/ml
streptomycin, and 10% [vol/vol] heat-inactivated FCS) either on glass coverslips in 24-well plates (4.0 X
105 cells/well) or in 6-well plates (3.0 X 10¢ cells/well). After adherence, the cells were infected with
stationary-phase L. major WT or HA,-Ctrl or HA,-LmPRL promastigotes at an MOI of 5. After 16 h,
extracellular parasites were removed by three washes with warm PBS. Samples for Diff-Quick staining
were taken at 16 h, 48 h, and 72 h after infection. The infection rate (percentage of cells infected) and
the number of parasites per infected cell were determined microscopically (100X oil objective; 300 cells
in total per condition).

Production of rabbit anti-LmPRL-1 peptide antiserum and immunoblot analysis. To allow
specific detection of LmPRL-1, rabbits were immunized with the peptide CQ,;,MHWITKYKRRHQG; ¢y
amide (Biogenes, Berlin, Germany) coupled to Limulus polyphemus hemocyanin (LPH). The serum of the
rabbit was then used for immunoblot detection at a dilution of 1:500. Protein samples were prepared
from either 5.0 X 107 L. major parasites or 3.0 X 106 BMM, which were lysed in 200 ul or 60 ul of ice-cold
Frackelton buffer (10 mM Tris, 50 mM NaCl, 30 mM sodium pyrophosphate, 1% Triton X-100, T mM DTT,
1 mM phenylmethylsulfonyl fluoride [PMSF], protease inhibitor cocktail broad range [Roth], and 10 mM
phenanthroline for the parasite samples), respectively. In addition, Leishmania lysates were sonicated for
5 min (power, H; interval, 0.5) in a Bioruptor water bath (Diagenode). All the samples were then
centrifuged at 14,000 X g for 10 min at 4°C. Protein quantities of the supernatants were determined by
the Bradford method (Roti-Quant; Roth). Lysates were separated by SDS-15% PAGE and transferred to a
nitrocellulose membrane (pore size, 0.2 wm) using a semidry blotter (Bio-Rad). To block nonspecific
binding sites, the blotted membranes were placed in Tris-buffered saline (TBS) with 5% nonfat dry milk
and 0.05% Tween 20 for at least 1 h. For detection of the target proteins, the blots were analyzed by
enhanced chemiluminescence (RotiLumin; Roth) using different primary Abs and the respective horse-
radish peroxidase (HRP)-conjugated secondary Ab. Mouse anti-HA Ab (diluted 1:1,000; clone 16B12;
Covance), rabbit anti-a-actin Ab (diluted 1:1,000; A2066; Sigma-Aldrich), mouse anti-a-tubulin Ab (di-
luted 1:1,000; clone B-5-2-1; Sigma-Aldrich), rat anti-LAMP-1 (diluted 1:1,000; clone 1D4B; DSHB), and
chicken anti-Leishmania HSP90 and HSP70 sera (diluted 1:500) (83) were used as primary Abs. Anti-mouse
1gG Ab (diluted 1:5,000; Roth), anti-rat IgG Ab (diluted 1:10,000; Jackson ImmunoResearch), anti-rabbit
IgG Ab (diluted 1:2,500; Roth), and anti-chicken IgG Ab (diluted 1:10,000; Dianova) were used as
HRP-conjugated secondary Abs. The intensities of the obtained protein bands were determined with
Image J software (84).

CLSFM. For L. major samples, promastigotes were grown to stationary phase before washing with
PBS and subsequent fixation in 4% paraformaldehyde (PFA) (Alfa Aesar) for 20 min at room temperature
(RT) in the dark. Fixed promastigotes were seeded on poly-L-lysine (Sigma-Aldrich)-coated glass cover-
slips (24-well plate; 2.5 X 10° to 5 X 10° cells/well), dried for 15 min, washed with PBS, and permeabilized
with ice-cold methanol for 1 min. For BMM samples, the cells that were seeded on glass coverslips
(24-well plate; 0.4 X 106 cells/well) were washed, fixed, and permeabilized in a similar way. All the
samples were then washed for 15 min with 0.1% Tween 20 in PBS (PBST) and blocked for 30 min with
5% donkey serum (Dianova), 0.1% saponin in PBS. After three washing steps of 5 min each with PBST,
the cells were incubated with a primary Ab diluted in 0.5% donkey serum in PBS for 1 to 2 h at RT,
followed by another three washing steps and incubation with a related secondary Ab diluted in 0.5%
donkey serum in PBS for 1 h at RT in the dark. After three final washings, the cells were mounted with
Molecular Probes ProLong Gold Antifade Mountant (Life Technologies), containing DAPI (4’,6-diamidino-
2-phenylindole) to stain DNA, on coverslips and cured overnight. Mouse anti-HA Ab (diluted 1:500; clone
16B12; Covance), rat anti-LAMP-1 (diluted 1:600; clone 1D4B; DSHB), and polyclonal human anti-
Leishmania serum (diluted 1:1,000; derived from a patient with multilesional cutaneous leishmaniasis due
to L. infantum infection [85]) were used as primary Abs. Goat anti-mouse IgG Ab coupled to Alexa 488
(diluted 1:400; Dianova), goat anti-mouse IgG Ab coupled to Alexa 594 (diluted 1:1,600; Dianova), donkey
anti-rat IgG Ab coupled to Cy5 (diluted 1:400; Dianova), goat-anti-human IgG coupled to Alexa 488
(diluted 1:1,600; Jackson ImmunoResearch), and goat-anti-human IgG coupled to Alexa 647 (diluted
1:100; Jackson ImmunoResearch) were used as secondary Abs. The slides were analyzed with a confocal
microscope (LSM 700; Zeiss) using a 405-nm, 488-nm, 555-nm, or 639-nm laser line. Processing of the
images was done with ZEN software 2009 (Zeiss).

Purification of exosomes generated by L. major promastigotes. Exosome isolation was performed
as described previously (61) with minor modification. Briefly, L. major promastigotes were grown to
stationary phase (5.0 X 107 cells/ml) in 150 ml modified complete Schneider’s medium supplemented
with 30 ug/ml G418 for pCLN-3xHA-containing strains. Twenty-four hours before exosome isolation, the
parasites were washed with PBS and kept in RPMI 1640 supplemented with penicillin and streptomycin
but without G418 and FCS for 24 h (to avoid contamination by serum proteins). The parasite cultures
were then centrifuged for 10 min at 1,000 X g. The supernatants were centrifuged at 1,000 X g for 30
min, followed by another centrifugation at 15,000 X g for 45 min to remove dead parasites and debris.
Finally, the supernatants were ultracentrifuged at 110,000 X g for 1 h to pellet the exosomes. All
centrifugation steps were done at 4°C. The exosomes were finally resuspended in 50 to 100 ul PBS and
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subjected to trypsin digestion (50 pg/ml) in the presence of 0.3% Triton X-100 (preincubation for 5 min
on ice) at 37°C for 30 min. Samples were then analyzed by immunoblotting.

Electron microscopy. For electron microscopy, exosomes collected from 50 ml of parasite culture
grown under conditions similar to those for exosome preparation were directly resuspended in 2.5%
glutaraldehyde in cacodylate buffer (0.1 M, pH 7.3) containing 0.1 M glucose and stored at 4°C until
further sample preparation. For negative-contrast staining, Formvar-filmed, carbon-coated, 400-mesh
copper grids were prepared and hydrophilized by glow discharge in a high-vacuum coating system (Med
020; Bal-Tec AG, Liechtenstein) immediately before use. Grids were floated with the coated side on a
30-ul drop of the exosome suspension for 10 min, placed on a drop of 10% aqueous uranyl acetate for
contrast for 10 min, and briefly dried on filter paper. They were viewed in a FEI Tecnai 12 transmission
electron microscopy (TEM) at 80 kV and imaged using electron image film (SO-163; Carestream, USA). The
developed film plates were digitized on a scanner (Epson Perfection V700 photo scanner) and processed
using Adobe Photoshop CS3.

Subcellular fractionation. BMM were infected at an MOI of 5 with L. major promastigotes. Extra-
cellular parasites were washed away with PBS (2X) after 16 h. After 72 h, the cells were washed with
Hanks’ balanced salt solution. The cells were treated with cold hypotonic buffer (20 mM Tris, pH 7.5)
containing protease inhibitors and passed 50 times through a 22-gauge needle to disrupt their cytosolic
membranes. The nucleus and large organelles were removed by centrifugation at 3,000 X g (P3), and the
supernatants were supplemented with NaCl to a final concentration of 0.15 M. The cytosolic fractions
were prepared further by centrifuging the supernatants at 100,000 X g for 1 h at 4°C. The supernatants
were considered cytosolic fractions (5100), whereas the pellets represented the small organelles and the
cytoplasmic membrane (P100).

Statistical analysis. Data sets were analyzed using the unpaired, two-tailed Student t test. Signifi-
cance was evaluated by measuring the P value.
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