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ABSTRACT

Protozoan parasites of the genus Leishmania adapt to their arthropod and ver-

tebrate hosts through the development of defined life cycle stages. Stage dif-

ferentiation is triggered by environmental stress factors and has been linked to

parasite chaperone activities. Using a null mutant approach we previously

revealed important, nonredundant functions of the cochaperone cyclophilin 40

in L. donovani-infected macrophages. Here, we characterized in more detail

the virulence defect of cyp40�/� null mutants. In vitro viability assays, infec-

tion tests using macrophages, and mixed infection experiments ruled out a

defect of cyp40�/� parasites in resistance to oxidative and hydrolytic stresses

encountered inside the host cell phagolysosome. Investigation of the CyP40-

dependent proteome by quantitative 2D-DiGE analysis revealed up regulation

of various stress proteins in the null mutant, presumably a response to com-

pensate for the lack of CyP40. Applying transmission electron microscopy we

showed accumulation of vesicular structures in the flagellar pocket of cyp40�/�
parasites that we related to a significant increase in exosome production, a

phenomenon previously linked to the parasite stress response. Together these

data suggest that cyp40�/� parasites experience important intrinsic homeo-

static stress that likely abrogates parasite viability during intracellular infection.

EARLY-BRANCHING eukaryotes of the trypanosomatid

family represent some of the most important human

pathogens, including Trypanosoma cruzi, Trypanosoma

brucei, and Leishmania spp. that cause South American

Chagas Disease, African sleeping sickness and Leishmani-

asis respectively (McCall and McKerrow 2014). These par-

asites are transmitted to humans by blood feeding insects

and adapt to their arthropod or mammalian hosts through

the development of defined life cycle stages. This adapta-

tion is triggered by changes in the physiology of the host

environment. Leishmania spp. for example grow extracel-

lularly at neutral pH and moderate temperature as pro-

cyclic promastigotes inside the midguts of infected sand

flies. In response to nutritional starvation after sand fly

blood meal excretion, the parasites develop into growth

arrested, highly virulent metacyclic promastigotes and fol-

lowing transmission, they differentiate into the disease-

causing, intracellular amastigote stage in response to pH

and temperature shock inside the phago-lysosome of host

macrophages (Zilberstein and Shapira 1994). Thus, para-

site development and infectivity are fundamentally associ-

ated with the Leishmania stress response.

A first functional link between Leishmania spp. stage

differentiation and the parasite response to environmental

stress was established by pharmacological inhibition.

Treatment of L. donovani promastigotes with the HSP90

inhibitors geldanamycin or radicicol resulted in the devel-

opment of amastigote-like forms in the absence of pH and

temperature shock, suggesting that this major chaperone

is required to maintain the promastigote phenotype
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(Wiesgigl and Clos 2001). A similar phenotype has been

observed using cyclosporin A, an inhibitor that targets

members of the cyclophilin (CyP) protein family (Tedesco

and Haragsim 2012), which are characterized by a pep-

tidylprolyl isomerase (PPIase) activity implicated in protein

folding and signal transduction (Wang and Heitman 2005).

CsA treatment of L. donovani promastigotes caused cell

cycle arrest and profound morphological changes, includ-

ing loss of motility, retraction of the parasite flagella, and

ovoid cell shape, reminiscent of developing amastigotes

(Yau et al. 2010). While CsA treatment had no effect on

promastigote viability, treatment of axenic amastigotes

caused massive cell death, thus uncovering stage-specific

functions in the regulation of parasite thermotolerance.

The evolutionary expansion of the Leishmania CyP pro-

tein family with 17 highly conserved members and the

stage-specific toxicity of CsA suggest important roles of

PPIases in trypanosomatid biology. Trypanosomatid CyPs

have been implicated in a variety of cellular functions,

ranging from protein disaggregation to subversion of host

defense mechanisms or parasite drug resistance (Chakra-

borty et al. 2002; Kulkarni et al. 2013; Matrangolo et al.

2013; Moro et al. 1995; Mukherjee et al. 2013). Despite

the importance of this protein family in parasite develop-

ment and infectivity, only little is known about the unique

functions of the individual members of this family in

pathogenic trypanosomatids.

Using a null mutant approach, we previously investi-

gated the functions of L. donovani CyP40. CyP40 is a bi-

functional member of the CyP family that not only carries

PPIase activity but also plays an important role as cochap-

erone, forming dynamic complexes with HSP90 in yeast

and mammalian cells through a conserved tetratricopep-

tide repeat (TPR) domain (Hoffmann and Handschumacher

1995; Pratt et al. 2004). Ablation of this protein in L. dono-

vani did not affect parasite viability in logarithmically grow-

ing culture but caused dramatic morphological defects in

parasites entering stationary growth phase that could be

linked to a disorganization of the parasite subpellicular

tubulin network (Yau et al. 2014). Cyp40�/� parasites

failed to establish intracellular infection despite expression

of metacyclic markers, revealing important nonredundant

functions for this cyclophilin in parasite virulence. Here,

we combined macrophage infection assays with quantita-

tive proteomics and structural analyses with the aim to

investigate in more detail the mechanisms causing loss of

intracellular survival in this mutant. Cyp40�/� parasites

showed normal oxidant resistance in vitro and parasite

survival was not rescued in macrophages that lacked

antimicrobial activities or that were co-infected with wild-

type (WT) parasites, pointing to an intrinsic defect as the

cause of virulence attenuation. This view was further sup-

ported by our observations that cyp40�/� parasites com-

pensated for the absence of this important cochaperone

by increasing the abundance of various stress proteins,

and showed a significantly enhanced production of exo-

somes similar to heat-shocked parasites (Silverman et al.

2010a), two phenotypic characteristics that indicate

increased homeostatic stress as the likely cause of intra-

cellular cyp40�/� parasite destruction.

MATERIALS AND METHODS

Ethics statement

All animals were handled according to institutional guideli-

nes of the Central Animal Facility of the Institut Pasteur

(Paris, France) and experiments were performed in accor-

dance with protocols approved by the Animal Experimen-

tation Ethics Committee of the Institut Pasteur and the

veterinary service of the French Ministry of Agriculture

(number B-75-1159, 30 May 2011). The animals were

housed and handled in accordance with good animal prac-

tice as defined by FELASA (www.felasa.eu/guide-

lines.php).

Mice, macrophages and parasites

Wild-type C57BL/6 mice were purchased from Charles

River Laboratories (Wilmington, MA), and cytochrome B-

245 (NADPH oxidase) null mutant (Phox�/�) B6.129S-

Cybbtm/Din/J mice (Pollock et al. 1995) and inducible NO

synthase null mutant (iNOS�/�) B6.129P2-Nos2tm/Lau/J

mice (Laubach et al. 1995) were purchased from the Jack-

son Laboratory (Bar Harbor, ME). Mice were kept and

treated according to the institutional guidelines for animal

experiments. Bone marrow-derived macrophages (BMMs)

were prepared from the femurs of 6–8 wks old female

mice as described (Forestier et al. 2011). Leishmania

donovani strain 1SR (MHOM/SD/62/1SR) was maintained

at 25 °C, pH 7.4 in supplemented M199 medium (Thermo

Fisher Scientific, Waltham, MA) (Hubel et al. 1997; Kapler

et al. 1990). Axenic differentiation into amastigotes was

performed as described (Goyard et al. 2003; Morales et al.

2008). cyp40�/� null mutant parasites were generated as

previously described by sequential replacement of the

endogenous CYP40 alleles using two targeting constructs

comprising puromycin and bleomycin resistance genes

flanked by approximately 1,000 bp of the 50 and 30UTRs of

the L. infantum CYP40 gene (GeneDB accession number

LinJ.35.4830; Yau et al. 2014). For genetic complement of

cyp40�/� null mutants, a cyp40�/�/+ “add-back” line

was established using a knock in strategy integrating the

CyP40 ORF and 30UTR into the ribosomal locus (Yau et al.

2014).

Macrophage infection assays

Isolation and differentiation of BMMs were performed as

described (Forestier et al. 2011). Briefly, the dislodged

mature BMMs were plated overnight in 24-well plates

containing sterile 12-mm glass coverslips at a cell density

of 1 9 105 cells/well. Leishmania donovani promastigotes

cultured for 2 d at stationary phase (8–10 9 107/ml) were

washed three times with plain RPMI medium (Thermo

Fisher Scientific) and once with infection medium (0.7%
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BSA, 25 mM HEPES [pH 7.4] in plain RPMI medium),

incubated with BMMs at 37 °C with 5% CO2 for 2 h at a

multiplicity of infection of 10 parasites per host cell. Extra-

cellular parasites were then removed by washing the cov-

erslips extensively with PBS (Thermo Fisher Scientific)

and transfer of the coverslip into new 24-well plates con-

taining 1 ml of fresh complete RPMI medium per well.

This washing procedure was repeated daily until 48 h post

infection. The plates were incubated for up to 48 h at

37 °C with 5% CO2 during the experiment. For mixed

infection study, cytoplasmic labeling of parasites with car-

boxyfluorescein diacetate succinimidyl ester (CFSE;

Thermo Fisher Scientific) was performed as described

(Morales et al. 2010).

Analysis of intracellular parasite burden

Counting of macrophages and intracellular parasites was

performed as described (Yau et al. 2014). Briefly, 4% (w/v)

paraformaldehyde-fixed macrophage-attached coverslips

were mounted and stained with Mowiol medium contain-

ing Hoechst 33342 (Thermo Fisher Scientific). At least 100

macrophages were imaged per coverslip using Axioplan 2

wide field light microscope with the Apotome module

(Carl Zeiss AG, Oberkochen, Germany). Number of para-

sites and macrophages was estimated by counting macro-

phage and parasite nuclei using ImageJ (National Institute

of Health, Bethesda, MD).

Transmission electron microscopy

Parasites were washed twice in ice-cold PBS and then

fixed with 2% (v/v) glutaraldehyde (Sigma-Aldrich, St.

Louis, MO) in PBS with 0.1 M sodium cacodylate (pH

7.2). The fixed cells were postfixed in 1% (w/v) OsO4 and

then dehydrated with increasing ethanol concentrations

(70–100%) and embedded in EPON epoxy resin (Hexion

Speciality Chemicals, Columbus, OH). Ultrathin sections

(~ 70 nm) were prepared using an Ultramicrotome (Ultra

Cut E; Reichert/Leica, Depew, NY) and stained with uranyl

acetate and lead citrate. Sections were analyzed using the

Tecnai Sprit TEM (FEI, Hillsboro, OR).

Exosome isolation

Exosomes were purified from L. donovani WT, cyp40�/�
or cyp40�/�/+ axenic amastigote culture supernatant as

described previously (Lambertz et al. 2015; Silverman

et al. 2010a). Briefly, 200 ml of day 5 promastigotes (at a

concentration of 5 9 107 cells/ml) were transformed into

amastigotes by washing 2X with Hank’s buffered salt

solution (HBSS; Sigma-Aldrich) followed by incubation in

serum-free buffered exosome collection media at pH 5.5

(RPMI1640 supplemented with 1% D-glucose, 20 mM

HEPES, 2 mM L-glutamine, 100 U/ml penicillin/strepto-

mycin and 25 mM MES, all from Sigma-Aldrich), at 37 °C
for 24 h. Exosomes were purified from culture super-

natants by a series of centrifugation and filtration steps,

followed by flotation on a sucrose cushion, as described

(Silverman et al. 2010a).

Nanosight analysis

The size and concentration of the isolated exosomes were

measured using the NanoSightTM LM10-HS10 system

(Malvern Instruments, Worcestershire, UK). For analysis, a

monochromatic laser beam (405 nm) was applied to the

diluted exosome solution (1:1,000 in 0.02 lm-filtered PBS)

that was injected into a LM12 viewing unit using a com-

puter controlled syringe pump. NanoSightTM tracking analy-

sis (NTA) software version 2.3 was used to produce the

mean and median vesicle size together with an estimate

of particle concentration. Samples were measured three

times to confirm reproducibility.

2D-DIGE ANALYSIS

Total proteins from stationary phase L. donovani WT and

cyp40�/� were analyzed with quantitative 2D-DiGE

(Pescher et al. 2011). Proteins from stationary phase

L. donovani WT and cyp40�/� were precipitated using

the 2D Clean-Up kit (Bio-Rad Laboratories, Hercules, CA).

Pellets were resuspended in DIGE sample buffer (7 M

Urea, 2 M Thiourea, 4% CHAPS, 30 mM Tris/HCl, pH 8.5)

to a final protein concentration of 5 mg/ml, and differen-

tially labeled with the spectrally resolvable G-Dye200 and

G-Dye300. A pool of both extracts was labeled with

G-Dye100 for normalization purposes (DyeAgnostics,

Halle, Germany). 150 lg of protein containing 50 lg of

G-Dye200, G-Dye300, G-Dye100 labeled samples were

pooled together and adjusted with 150 ll Destreak rehy-

dration buffer (GE Healthcare, Chicago, IL) containing

0.5% IPG buffer 4–7 and 1.0% DTT. Samples were sepa-

rated in the first dimension overnight at 20 °C using the

gel-based IPGphor isoelectric focusing system (GE Health-

care) and 18 cm DryStrip pH 4–7 immobiline strips. Strips

were rehydrated overnight at RT in Destreak rehydration

solution containing 0.5% IPG Buffer 4–7. Samples were

applied to the acidic end of the gel using a sample cup.

The maximum current setting was 50 lA/strip and IEF run

was carried out using the following conditions: 500 V gra-

dient step for 1 h, 1,000 V gradient step for 1 h, 2,000 V

gradient step for 4 h, 4,000 V gradient step for 2 h,

8,000 V for 11.5 h and 8,000 V for 2 h (98,250 Vh). Fol-

lowing IEF, strips were sequentially incubated for 15 min

in 6 M urea, 75 mM Tris/HCl pH 8.8, 29.3% glycerol, 4%

SDS, 0.002% bromophenol blue supplemented with

65 mM DTT, and bromophenol blue supplemented with

13.5 mM iodoacetamide. The strips were transferred to

SDS polyacrylamide gels and sealed with 0.5% agarose in

25 mM Tris-base, 0.19 M glycine, 0.2% SDS, 0.01% bro-

mophenol blue. Electrophoresis was carried out in an

Ettan DALT six electrophoresis system (GE Healthcare)

using 12.5% SDS-PAGE gels and two-step runs (1 W/gel

for 1 h and 2 W/gel for 16 h).

2D-DiGE image acquisition and protein identification.

Gels were scanned on a TyphoonTM Variable Mode Imager

9400 (GE Healthcare) at 532 nm (580 BP 30/green),

633 nm (670 BP 30/red) and 488 nm (520 BP 40/blue).

Quantitative analysis of the images was performed using
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the DeCyderTM 2D Differential Analysis Software (GE

Healthcare). Spots showing a minimum of 1.5-fold change

in fluorescence intensity with a p-value < 0.01 were con-

sidered significantly modulated. After staining with Lava

purple (Fluorotechnics, Gladesville, Australia), 2D gel spots

of interest were excised from gels using the ProPic Inves-

tigator robotic system (Genomic Solutions, Ann Arbor, MI)

and collected in 96-well plate. Destaining, reduction, alky-

lation, and trypsin digestion of the proteins followed by

peptide extraction were carried out with the ProGest

Investigator (Genomic Solutions). MS analysis was carried

out on the 4800 Proteomics Analyzer (Applied Biosys-

tems, Waltham, MA) and analyzed by GPS Explorer 2.0

software (Applied Biosystems/MDS SCIEX) using a data-

base of the NCBI no. 20100119 (10348164 sequences;

3529470745 residues). Protein hits with MASCOT Protein

score ≥ 50 and a GPS Explorer Protein confidence index

≥ 95% were used for further manual validation.

SDS-PAGE and Western blotting

Total cell lysate (TCL) of Leishmania was prepared by lys-

ing 1.25 9 109 parasites per ml of lysis buffer (20 mM

Tris–HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM

EDTA, 2.5 mM sodium orthovanadate, 1 mM b-glycero-
phosphate, 1 mM PMSF, 5 lg/ml aprotinin, 5 lg/ml leu-

peptin). Lysates were incubated on ice for 5 min, followed

by addition of 4X Laemmli loading buffer and boiling for

7 min. Lysates were then cleared by centrifuging at

13,000 g for 5 min. Exosome lysates were prepared by

directly adding 4X Laemmli loading buffer and 1 mM

PMSF to purified exosomes (in 5 mM HEPES and

150 mM NaCl), followed by boiling and centrifuging as

above. Samples were run on 10% SDS-PAGE gels, fol-

lowed by transfer to nitrocellulose membranes or silver

staining. Immunoblotting was performed by blocking

membranes with 3% dry milk powder in PBS for 45 min

at room temperature, followed by incubation with primary

antibodies against EF1-a (clone CBP-KK1; Millipore Merck

KGaA, Darmstadt, Germany) diluted 1:1,500 in 3% milk in

PBS for 2 h at room temperature. After several washes,

blots were incubated with secondary antibodies (anti-

mouse-Alexa680 from Life Technologies, Carlsbad, CA) for

1 h at room temperature, washed again and scanned with

the Odyssey CLx infrared imaging system (LI-COR, Lin-

coln, NE). Alternatively, blots were probed with chicken

IgY against HSP100, HSP90 or HSP70 (Hubel et al. 1995),

followed by reaction with anti-chicken IgY-alkaline phos-

phatase and development using NBT and X-phosphate.

Band intensities were measured using the ImageJ soft-

ware (NIH) and normalized against Coomassie Blue-

stained SDS-PAGE gels.

Silver staining

Silver staining of proteins separated by SDS-PAGE was

performed by fixing gels for 1 h in 50% MeOH and 20%

acetic acid in ddH2O (fixing solution), followed by three

washes with 35% EtOH for 20 min. Gels were then

sensitized in 0.02% sodium thiosulfate for 2 min, washed

three times with ddH2O for 5 min each, followed by incu-

bation in 0.2% AgNO3 and 0.08% formaldehyde in ddH2O

in the dark for 20 min. After two rinses with ddH2O, gels

were developed in 6% Na2CO3, 0.05% formaldehyde and

0.0004% sodium thiosulfate in ddH2O until the staining

had reached the desired intensity. The reaction was

stopped with fixing solution and gels were washed two

times in ddH2O for 10 min and imaged.

Cell viability

Parasite viability was determined by Alamar blue assay

(Mikus and Steverding 2000). Twenty microliters of 0.01%

(w/v) resazurin solution was added to the 100 ll of cells in

a 96-well plate and incubated for 4 h at 37 °C. Fluores-

cence intensity was measured (kex = 560 nm;

kem = 590 nm) using microplate reader Xenius XML

(Safas, Mo, Monaco). Viability was expressed in % of fluo-

rescence intensity compared to untreated control. The

tests were performed in quadruplicate.

Statistical analysis

Numerical data were expressed as mean � standard devi-

ation. Mann–Whitney U test was used to compare the sig-

nificance between specific groups and p < 0.05 was

considered as statistically significant. All statistical analysis

was performed using either Excel 2003 (Microsoft) or

Prism 5.0 (GraphPad Software, La Jolla, CA).

RESULTS

Cyp40�/� virulence attenuation is independent of
host cell reactive oxidant and nitrogen species

We previously revealed an important role for the L. dono-

vani putative cochaperone cyclophilin 40 during the para-

site’s intracellular life cycle stage by loss-of-function

analysis (Yau et al. 2014). The functional role(s) of CyP40

in virulence remained elusive, however. Here, we investi-

gate if the abrogated intracellular survival of null mutant

parasites is the result of an increased susceptibility to

macrophage antimicrobial activities. We first tested para-

sites in vitro for resistance against challenges that mimic

the cytotoxic environment encountered inside host cells.

Stationary parasites of WT, cyp40�/� and cyp40�/�/+

were incubated with increasing amounts of H2O2 or tryp-

sin. Parasite viability compared to untreated controls was

determined by the Alamar blue assay. Both WT and

cyp40�/� parasites did not show any significant differ-

ence in response to the challenge with either agent, sug-

gesting that CyP40 is not required for parasite resistance

to oxidative stress or proteolytic attack in culture (Fig. 1A).

To further investigate the role of reactive oxidant spe-

cies (ROS) and leishmanicidal nitric oxide (NO) in the elimi-

nation of cyp40�/� parasites, we chose a physiologically

more relevant setting, tracking parasite survival within

macrophages obtained from Phox�/� or iNOS�/� mutant
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mice that lack ROS or NO activities respectively. Bone

marrow precursor cells were differentiated into macro-

phages in vitro, incubated with WT and cyp40�/� station-

ary phase promastigotes for 4 h, and after removal of free

parasites, intracellular parasite burden was monitored by

fluorescence microscopy at 0, 24, and 48 h post-infection.

WT parasites persisted at high levels during the 48-h

infections in WT as well as Phox�/� and iNOS�/� macro-

phages (Fig. 1B, C). As expected, cyp40�/� parasites

failed to establish intracellular infection in WT macro-

phages and were largely eliminated at 48 h postinfection.

cyp40�/� survival was not restored in either Phox�/� or

iNOS�/� macrophages. Thus, the cyp40�/� defect in

intracellular survival was not compensated in either of the

mutant host cells, ruling out the corresponding activities

as the major causes for intracellular parasite death.

Co-infection with wild-type parasites does not restore
cyp40�/� infectivity

We next tested if cyp40�/� survival can be rescued in

trans by the immune-subversive activity of virulent WT

parasites. WT and cyp40�/� promastigotes from station-

ary growth phase cultures were differentially labeled with

the cytoplasmic dye carboxyfluorescein diacetate succin-

imidyl ester (CFSE) (Morales et al. 2010). Unlabeled WT-

and CFSE-labeled cyp40�/� promastigotes were mixed at

a ratio of 1:1, and intracellular parasite survival was moni-

tored by fluorescence microscopy in infected BMMs using

nuclear and cytoplasmic staining as read outs. As deter-

mined by fluorescence microscopy, our assay efficiently

distinguished between WT and cyp40�/� parasites during

mixed in vitro infection (Fig. 2, upper panel). Over the

48 h post-infection period, neither WT survival nor

cyp40�/� elimination was significantly affected in super-

infected macrophages (Fig. 2, lower panel). These data

suggest that the intracellular killing of null mutant para-

sites is not dependent on the main host cell cytotoxic

activities that are known to be suppressed by infectious

WT parasites. Conversely, as deduced from WT parasite

survival during mixed infection, cyp40�/� parasites did

not trigger increased leishmanicidal activities in macro-

phages. Hence, intracellular destruction of cyp40�/�
occurs independently from the host cytotoxic activities

that are suppressed or subverted by virulent parasites.

Together these results point toward a cis-acting, parasite-

intrinsic defect in intracellular viability as the cause of para-

site virulence loss, a possibility that we further explored in

the following.

The lack of CyP40 expression is compensated by
increased HSP expression

We gained a first insight into potential homeostatic

changes caused by the loss of CyP40 expression using

proteomic profiling. Protein abundance was compared by

quantitative two dimensional differential gel electrophore-

sis (2D-DiGE) using total protein extracts obtained from

stationary phase cyp40�/� and WT parasites (Fig. 3A).

Aside from the previously published up-regulation of a

tubulin isoform (LinJ.21.2240; Yau et al. 2014), cyp40�/�
parasites showed a statistically significant 1.5–2.3-fold up-

regulation of various heat shock proteins and chaperones,

including the cytoplasmic HSP70 family member

LinJ.26.1220 (spot 386), the putative chaperonin contain-

ing t-complex proteins LinJ.32.1060 (spot 425) and

Figure 1 Macrophage infection assays with CYP40 null mutant para-

sites. (A) In vitro susceptibility of CYP40 null mutant parasites to oxi-

dants and protease. Logarithmic promastigotes of wild-type (WT)

(circles), cyp40�/� (open squares), and cyp40�/�/+ addback (triangle)

were incubated with either hydrogen peroxide (H2O2, upper panel) or

trypsin (lower panel) at 25 °C, pH 7.4 for 48 h. Cell viability was

assessed by Alamar blue assay as described in experimental proce-

dures. Experiments were performed in quadruplicate and % viability

� standard deviation is presented. (B, C) CYP40 null mutant parasites

infection to oxidant-deficient macrophages. Bone marrow-derived

macrophages (BMMs) from C57BL/6 WT (B6), Phox�/� (P�/�) and

iNOS�/� (N�/�) mice were infected with stationary promastigotes of

Leishmania donovani WT (CyP40WT) or cyp40�/� (CyP40KO). Per-

cent infected BMMs during 48 h post-infection period (panel B) and

parasites/100 BMMs at 48 h post-infection (panel C) are shown. O,

C57BL/6 WT macrophages infected with CyP40WT; ●, C57BL/6

Phox�/� or iNOS�/� mutant macrophages infected with CyP40WT;

□, C57BL/6 WT macrophages infected with CyP40KO; ■, C57BL/6

Phox�/� or iNOS�/� mutant macrophages infected with CyP40KO.

Error bars represent standard deviation of one triplicate experiment.
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LinJ.36.7240 involved in protein folding in higher eukary-

otes (spot 505), and the hypothetical protein LinJ.14.0460

(spot 848) with similarity to the small heat shock protein

HSP20 (Fig. 3B). Western blot analyses of wild type and

null mutant promastigotes from logarithmic and stationary

growth phases showed no significant difference in abun-

dance of the major heat shock proteins HSP100, HSP90,

or HSP70 (Fig. 3C). Conceivably, up-regulation of the iden-

tified stress proteins in cyp40�/� may be a compensatory

response to the lack of CyP40 activities, either directly

substituting for CyP40 stress functions or counteracting

cellular stress caused by the absence of CyP40.

Cyp40�/� parasites show vesicle accumulation inside
the flagellar pocket

To further investigate potential cyp40�/� defects we per-

formed ultra-structural analysis of WT, cyp40�/� and

cyp40�/�/+ parasites from stationary growth phase by

transmission electron microscopy (TEM). Despite the
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Figure 2 Macrophage infection assays with mixed parasite popula-

tion. Leishmania donovani wild-type (WT) or cyp40�/� promastigotes

were prelabeled with CFSE. Bone marrow-derived macrophages

(BMMs) from C57BL/6 mice were then infected in the following com-

binations: (i) nonlabeled WT plus CFSE-labeled WT, (left panel) (ii) non-

labeled cyp40�/�plus CFSE-labeled cyp40�/� (middle panel), and (iii)

nonlabeled WT plus CFSE-labeled cyp40�/� (right panel). The two dif-

ferent parasite populations in each combination were mixed at a ratio

of 1:1 and incubated with BMMs at 37 °C with 5% CO2 for 2 h. At 0,

24, and 48 h post-infection, BMMs were collected and nuclear stain-

ing was performed for parasite burden analysis. (Upper panel) Fluores-

cence microscopy of mixed infections at 0 and 24 h post-infection. *,

nuclei of BMMs; #, CFSE-labeled parasites; <, nuclei of parasites.

Scale bars represent 10 lm. (Lower panel) Burdens of CFSE-labeled

parasites of at least 100 BMMs at 0, 24, and 48 h postinfection are

shown with error bars representing standard deviation of one repre-

sentative triplicate experiment. Note that the Hoechst staining does

not discriminate between WT and cyp40�/�.

Figure 3 Proteomics analysis of the CyP40 null mutant. (A) 2D-DIGE

analysis. 50 lg of G-Dye-labeled total protein extracts from wild-type

(WT) and cyp40�/� promastigotes from stationary growth phase were

separated in the first dimension by IEF on 18 cm pH 4–7 IPG strips, and

the second dimension by SDS-PAGE. Four gels representing indepen-

dent experimental replicates were scanned with a Typhoon imager and

analyzed with the DeCyderTM software package from GE Healthcare.

Gels were then stained with Lava purple, revealed by scanning on a

Typhoon imager, and differentially expressed proteins were subjected

to MS analysis. Spots of interest are labeled with ID numbers. Molecu-

lar weight markers in kDa are indicated. (B) Biological Variation Analysis.

The readout of the DeCyder Biological Variation Analysis (BVA) module

is shown for four proteins that show differential abundance. Spot num-

ber, accession number, and annotation are given as on the GeneDB

web site (www.genedb.org) (upper panels). The middle panels repre-

sent 3D images of the volumes of spots of interest from WT and

cyp40�/� (�/�). The bottom panels show graphic representations of

differences in abundance of these proteins across three independent

experiments. The numbers indicate the fold difference in abundance of

cyp40�/� to WT. (C) Western blot analysis. Promastigotes of WT,

cyp40�/� and cyp40�/�/+ genotype were collected either from syn-

chronized, logarithmically growing cultures (log), or from cultures after

2 d in stationary growth phase (stat). Wild-type promastigotes exposed

to 37 °C were tested as controls. 10 ll of total cell extract (correspond-

ing to 1.3 9 107), or 30 ll of exosomal extract (harvested from the

supernatant of 9.3 9 109 cells) from each sample were analyzed by

SDS-PAGE and Western blot using anti-HSP100, anti-HSP90 and anti-

HSP70 antibodies. The blots were developed using NBT and X-phos-

phate. The staining intensities were quantified by ImageJ analysis and

normalized first against total protein and then against the wild type

results for log or stat parasites. The experiments were done in duplicate

and the mean intensities are shown.
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important morphological defects previously observed in

cyp40�/� mutants, these parasites did not have any overt

effects on sub-cellular and organellar organization, which

appeared normal when compared to WT parasites (Fig. 4).

However, we noted a striking accumulation of vesicles

inside the flagellar pocket of cyp40�/� cyp40�/� para-

sites that escaped our attention in previous analyses and

was not observed in the cyp40�/�/+ addback control,

thus revealing a CyP40-specific phenomenon. This obser-

vation may either reflect a defect in vesicle release leading

to accumulation inside the flagellar pocket, or may result

from an increase in the steady-state production and

release of vesicles. To distinguish between these two

possibilities and to assess if these vesicles correspond to

previously described exosomes (Silverman et al. 2010a)

we next analyzed the vesicular content of culture super-

natants of WT, cyp40�/� and cyp40�/�/+ parasites.

Enhanced exosomal biogenesis in cyp40�/� cells

Exosomes were purified from supernatants of cultures

grown to equal cell density using a protocol that was

designed to specifically isolate exosomes based on their

unique size and density (Lamparski et al. 2002; Silverman

et al. 2010a). We performed these experiments using axe-

nic amastigotes rather than stationary promastigotes to

recover the necessary amounts of exosomes required for

our quantitative and qualitative comparative analyses.

Analysis of the obtained fractions by optical light scattering

using a NanoSight instrument revealed a significant

increase in the number of nanovesicles released by

cyp40�/� parasites that corresponded in size to bona fide

exosomes (Fig. 5A, B), thus confirming increased vesicle

production in cyp40�/� parasites, which seems indepen-

dent from the in vitro culture stage. Western blot analysis

of exosomal fractions for the presence of the exosomal

marker protein elongation factor-1a (EF-1a) confirmed this

finding and repeatedly demonstrated an increased abun-

dance of EF-1a in cyp40�/� exosomes, suggesting either

increased exosome release or enhanced packaging of

proteins within exosomes in the mutant parasites (Fig. 5C).

Cyp40�/� exosomes are altered in protein cargo

Visualization of gel-separated exosomal extracts by silver-

staining revealed significant differences in the band

Figure 4 Transmission EM analysis. Promastigotes from stationary growth phase were fixed and processed for transmission EM as described in

Materials and Methods. Scale bar represents 500 nm.
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pattern in cyp40�/� compared to WT and addback con-

trol, suggesting that both amount and cargo of exosomes

are altered in cyp40�/� parasites (Fig. 6A). In particular

we identified one prominent signal specific for the null

mutant at approximately 20 kDa. Proteomics analysis iden-

tified numerous comigrating proteins, including the

cochaperone GrpE that was discovered with the highest

coverage rate of over 38% (Fig. 6B). Whether this protein

represents the bulk of the signal and accumulates in

cyp40�/� exosomes in compensation for the absence of

CyP40 remains to be elucidated.

DISCUSSION

Using a null mutant approach we previously demonstrated

that the Leishmania immunophilin protein family member

CyP40 does not affect parasite viability in culture but is

required to establish successful macrophage infection

(Yau et al. 2014). Here, we analyzed the cyp40�/� mutant

phenotype in more detail combining macrophage infection

assays, proteomics and ultra-structural analyses, and

reveal homeostatic stress as the likely cause for its viru-

lence attenuation thus defining CyP40 as an essential

chaperone for intracellular viability.

The capacity of Leishmania to cause disease is linked to

a complex interplay between the parasite stress response,

cell cycle regulation, and its differentiation into various life

cycle stages that are adapted for survival and proliferation

in the sand fly insect vector and mammalian host (Wies-

gigl and Clos 2001). Inside the sand fly, noninfectious pro-

cyclic promastigotes differentiate into highly virulent, cell

cycle arrested metacyclic parasites (Sacks and Perkins

1984) in response to changes in pH and nutritional stress

(Cunningham et al. 2001; Franke et al. 1985; Zakai et al.

1998). Following transmission and phagocytic uptake into

host macrophages, these parasites re-enter the cell cycle

and concomitantly differentiate into amastigotes in

response to acidic pH and temperature shock encountered

inside the fully acidified phagolysosome of the host cell

(Barak et al. 2005; Zilberstein and Shapira 1994). Leishma-

nia survival in both vector and host depends on the para-

sites’ capacity to evade or resist a highly toxic, hydrolase-

rich and digestive environment through the expression of

stage-specific virulence factors (Gregory and Olivier 2005;

McCall et al. 2013). As judged by various in vitro assays,

Figure 5 Quantitative exosome analysis. Leishmania donovani wild-

type (WT), cyp40�/� (�/�, or knock out KO) and cyp40�/�/+ (�/�/+,

or addback AB) were transformed into axenic amastigotes. Exosomes

released into culture supernatants were collected and purified. Size

and particle concentration of purified exosomes (diluted 1:1,000 with

PBS) were analyzed by nanoparticle tracking analysis with Nanosight

(A, the corresponding quantitative data are shown in B). (C) Western

blot analysis. Equal volumes of total cell extract and exosome lysates

were separated by SDS-PAGE, followed by transfer to nitrocellulose

and Western Blotting with anti-EF1a. The images are representative

of two independent experiments.

Figure 6 Qualitative exosome analysis. Leishmania donovani wild-

type (WT), cyp40�/� (�/�) and cyp40�/�/+ (�/�/+) were trans-

formed into axenic amastigotes. Exosomes released into culture

supernatants were collected and purified. (A) 3 ll of total cell lysate

(corresponding to 4 9 106 cells), or 10 ll of exosomal extract (har-

vested from supernatant of 3.1 9 109 cells were separated by SDS-

PAGE, followed by silver staining and identification of proteins in the

indicated signal (arrowhead) by mass spectrometry. (B) Results of the

MS analysis. %, percent peptide coverage.
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cyp40�/� parasites show no major defects during stage

differentiation or in resistance to various forms of stress.

First, cyp40�/� mutants convert into metacyclic-like para-

sites at stationary growth phase and differentiate normally

into axenic amastigotes as judged by the expression of

the stage-specific marker proteins SHERP and A2 respec-

tively (Yau et al. 2014). Second, these parasites show WT

resistance to a variety of environmental insults in vitro,

including acidic pH, temperature shock, oxidative and

hydrolytic attack, or nutritional starvation at stationary

growth phase.

The lack of an overt stress phenotype in these mutants

calls into question the cochaperone function of Leishmania

CyP40 that can be deduced from its conserved peptidyl-

prolyl isomerase and TPR domains implicated in protein

folding and interaction with HSP70 respectively (Blatch

and Lassle 1999; Shaw 2007). However, analysis of the

LdCyP40-dependent proteome proves the opposite and

clearly defines this molecule as an important stress pro-

tein whose absence is compensated by the upregulation

of various unrelated chaperones. Indeed, a closer investi-

gation uncovered other signs of homeostatic stress in

cyp40�/� parasites. At stationary phase, these mutants

show a strong reduction of cell motility and adopt an oval

cell shape, both signs previously associated with cellular

stress (Barak et al. 2005; Wiesgigl and Clos 2001; Yau

et al. 2014). Furthermore, we observed a significant

increase in exosome biogenesis in cyp40�/� cells. These

nano-sized vesicles are released by various prokaryotic

and eukaryotic cells and carry important functions in inter-

cellular communication and host/pathogen interaction (Sil-

verman and Reiner 2011). In Leishmania, the release of

exosomes in culture and into infected host cells has been

demonstrated, and this process is enhanced in response

to temperature shock (Silverman et al. 2010a). In addition,

cyp40�/� exosomes showed important alterations in their

protein cargo, with accumulation of proteins in the 20 kDa

range, including the cochaperone GrpE that acts as

nucleotide exchange factor for bacterial DnaK and mito-

chondrial HSP70 (Liberek et al. 1991; Nakai et al. 1994).

Significantly, this protein has not been identified in

L. donovani wildtype exosomes (Silverman et al. 2010a). It

remains to be elucidated if its vesicular release is a sign

of mitophagy, an autophagy-related process observed in

yeast cells under stress conditions that limits mitochon-

drial damage by increased organelle turnover (Muller et al.

2015). Thus, both the quantitative and qualitative changes

we observed in exosomal biogenesis in cyp40�/� cells

further sustain our hypothesis that these mutants experi-

ence important homeostatic stress.

The cyp40�/� phenotype is reminiscent of the

phenotype of L. donovani HSP100 null mutants that grow

normally in vitro, fail to establish intracellular infection,

and show altered exosomal protein contents (Hubel et al.

1997; Krobitsch et al. 1998; Silverman et al. 2010b). In

contrast with wildtype exosomes that stimulate an anti-

inflammatory response in infected macrophages and exo-

some-treated dendritic cells, hsp100�/� exosomes cause

a pro-inflammatory response detrimental to intracellular

parasite survival. It is interesting to speculate that CyP40

plays a similar role in the biogenesis of anti-inflammatory

exosomes and that changes in the exosomal cargo in

cyp40�/� parasites may cause macrophage activation, thus

abrogating intracellular infection. However, we can rule out

this possibility based on our findings that cyp40�/� para-

sites were neither rescued in iNOS deficient macrophages

nor in host cells co-infected with wildtype parasites.

In conclusion, even though ablation of CyP40 expression

in L. donovani was associated with qualitative and quanti-

tative changes in exosomes, our findings do not support a

direct role of this protein in the regulation of exosomal bio-

genesis, but are more compatible with a role of CyP40 in

the parasite stress response. Our study reveals important

functions of L. donovani CyP40 in the maintenance of nor-

mal cellular homeostasis under conditions of environmen-

tal stress during stationary phase culture and intracellular

macrophage infection. It is conceivable that the simultane-

ous exposures to intrinsic homeostatic stress, extracellular

stress imposed by the host environment, and chemical

stress encountered inside the acidified phagolysosome are

the cause of cyp40�/� cell death during infection.
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