BASIC RESEARCH PAPER
Autophagy 11:2, 285-297; February 2015; Published with license by Taylor & Francis

Apoptotic-like Leishmania exploit the host’s
autophagy machinery to reduce T-cell-mediated
parasite elimination
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Apoptosis is a well-defined cellular process in which a cell dies, characterized by cell shrinkage and DNA
fragmentation. In parasites like Leishmania, the process of apoptosis-like cell death has been described. Moreover upon
infection, the apoptotic-like population is essential for disease development, in part by silencing host phagocytes.
Nevertheless, the exact mechanism of how apoptosis in unicellular organisms may support infectivity remains unclear.
Therefore we investigated the fate of apoptotic-like Leishmania parasites in human host macrophages. Our data
showed—in contrast to viable parasites—that apoptotic-like parasites enter an LC3", autophagy-like compartment. The
compartment was found to consist of a single lipid bilayer, typical for LC3-associated phagocytosis (LAP). As LAP can
provoke anti-inflammatory responses and autophagy modulates antigen presentation, we analyzed how the presence
of apoptotic-like parasites affected the adaptive immune response. Macrophages infected with viable Leishmania
induced proliferation of CD4" T-cells, leading to a reduced intracellular parasite survival. Remarkably, the presence of
apoptotic-like parasites in the inoculum significantly reduced T-cell proliferation. Chemical induction of autophagy in
human monocyte-derived macrophage (hMDM), infected with viable parasites only, had an even stronger proliferation-
reducing effect, indicating that host cell autophagy and not parasite viability limits the T-cell response and enhances
parasite survival. Concluding, our data suggest that apoptotic-like Leishmania hijack the host cells” autophagy
machinery to reduce T-cell proliferation. Furthermore, the overall population survival is guaranteed, explaining the
benefit of apoptosis-like cell death in a single-celled parasite and defining the host autophagy pathway as a potential
therapeutic target in treating Leishmaniasis.

Introduction development.' The exact mechanism for how apoptosis in unicellular

organisms may support infectivity remains elusive. Apoptosis-like pro-

The protozoan parasites of the genus Leishmania are the causa-  grammed cell death has been described in various unicellular protists,
tive agent of Leishmaniasis, leading to upwards of 30,000 deaths including the protozoan parasites Plasmodium and Trypanosoma.”
yearly. The infective inoculum of Leishmania consists of both viable It has been speculated how apoptosis could serve single-celled organ-
and apoptotic-like parasites, the latter also being required for disease  isms. As most protozoan parasites are vector transmitted, it may be
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necessary to restrict the population size in the vector, as shown for
Trypanosoma brucei and Plasmodium.>* From an overall popula-
tion perspective, the induction of apoptosis could also be
employed by the parasites to evade early immune responses. Evi-
dence supporting the idea that apoptosis contributes to survival of
the overall population was given by the fact that phagocytosis of
apoptotic-like parasites induces production of anti-inflammatory
mediators, likely to silence phagocytes enabling the intracellular
survival of viable lerasites.5 In agreement, apoptotic cells exacer-
bate parasite growth in Trypanosoma cruzi infection and phospha-
tidylserine exposure by Toxoplasma gondii is fundamental for
granting intracellular survival, in macrophages.*” Macrophages
also serve as host cell for Leishmania parasites and act as antigen-
presenting cells, in which phagosomal and autophagosomal matu-
ration are involved in major histocompatibility complex (MHC)
loading. In addition to the well-known endogenous MHC load-
ing pathway, recent efforts have shed light on the involvement of
autophagy-related proteins in antigen presentation. A novel proc-
essing compartment is formed, having a profound effect on pro-
tein digestion, contributing to a more efficient antigen processing
and MHC loading, hereby orchestrating the immune system.”

Autophagy is a “double-edged sword” in the field of immu-
nity. The autophagy-related proteins, like the mammalian ortho-
logs and paralogs of yeast Atg8 (herein LC3), facilitate the
elimination of invading pathogens.]z’14 Nevertheless, the
autophagy machinery is also involved in suppressing oncogenesis
and plays a role during homeostasis, by clearing apoptotic cells,
in a process termed LC3-associated phagocytosis. The process of
LAP leads to an efficient degradation, promoting tolerogenic
pathways by means of IL10 (interleukin 10) and TGFB (trans-
forming growth factor, ) induction and dampening production
of proinflammatory TL1B and IL6."” Since autophagy helps in
shaping an anti-inflammatory environment, autoimmune disor-
ders are prevented, as defects may lead to inflammation, tissue
damage, or even Parkinson disease.'® Depending on which anti-
gens are presented, autophagy may favor an inflammatory or
immune-silencing response. Consequently, T-cell polarization to
T-helper 1 and T-helper 2 may change, a balance which plays a
pivotal role in Leishmania disease outcome.'” " In addition to
autophagy as an immune-defense mechanism, pathogens have
exploited the functions of the autophagy-related proteins hereby
securing survival. Autophagy plays a positive role in the replica-
tion of Brucella abortus and may assist in HIV biogenesis.*"**
Moreover, induction of autophagy correlates with an increased
Leishmania parasite load.® Focusing on the latter one, we could
already show that the virulent Leishmania inoculum consists par-
tially of apoptotic-like parasites, through which disease develop-
ment can occur.’ In the present study we first characterized the
apoptotic population and then determined the fate of apoptotic-
like Leishmania parasites in human host macrophages and its sig-
nificance for T-cell activation. We demonstrated apoptotic-like
parasites to activate the macrophages’ autophagy machinery,
hereby dampening T-cell responses and enhancing parasite sur-
vival. Finally, our data define a novel mechanism, explaining the
benefit of apoptosis-like cell death in a single-cell parasite for the
survival of the overall population.

286

Autophagy

Results

The infective Leishmania parasite inoculum contains SubG,
phase-positive, TUNEL-positive and annexin V binding
promastigotes.

In order to characterize the apoptotic-like population in pro-
mastigote cultures in more detail, we focused on guidelines of the
Nomenclature Committee on Cell Death used to define cell
death.** We performed cell cycle analysis, TUNEL staining,
combined with a phosphatidylserine (PS) specific antibody as
well as ANXAS (annexin V) stainings on different growth stages
of Lm promastigotes. By cell cycle analysis we could demonstrate
that only a minority (20.8% = 1.1) of the Leishmania infectious
inoculum, defined as stationary growth phase Lm (stat.ph. Lm) is
in the G; phase (Fig. 1A) whereas the majority (78.7% =+ 3.5)
of logarithmic growth phase Lz (log.ph. Lm) is in the G; phase
(Fig. 1D). Moreover, the greater part (74.8% = 1.2) of stat.ph.
Lm is in the SubG, phase, a marker for dying and apoptortic cells
(Fig. 1A).%* We analyzed DNA fragmentation by means of a
TUNEL assay and assessed ANXA5 binding. We could show
stat.ph. Lm to contain a proportion of cells being TUNEL™
(42.4% = 1.5) and ANXAS-binding™ (57.3% = 5.6). In con-
trast, among log.ph. Lm significant less parasites are TUNEL™
(18.3% =+ 2.3) and ANXAS—bindingfL (11.1% =+ 5.9)
(Fig. 1E). Using a PS-binding antibody in combination with a
TUNEL assay, we could distinguish between parasites being
solely PS™, (10.5% = 3.3), or PSYTUNEL" (16.4% =+ 0.4), or
only TUNEL" (37.8% =+ 0.8) (Fig. 1F and G). Similar to
ANXAS5-binding promastigotes, PSTTUNEL" Lm have a
round-shaped body morphology and lack flagellular movement
(Fig. 1G). By magnetic separation (magnetic-associated cell sort-
ing, MACS), using ANXAS5 beads, we isolated viable from apo-
ptotic-like parasites, the latter being in the SubG; phase
(93.0% + 2.6), and TUNEL" (71.6% =+ 9.2) as well as
ANXAS-binding™ (87.6% = 3.9) (Fig. 1B and E), consequently
we termed these parasites apoptotic-like. Moreover, the purified
non-ANXA5-binding L had only low levels of SubG; phase
(36.3% =+ 7.7), TUNEL" (30.4% = 3.1) and ANXA5-bind-
ing™ (23.2% =+ 0.5), similar as found for the log.ph. Zm and
both these populations comprise a G, phase (Fig. 1C and E),
indicating multiplying promastigotes. Therefore we termed these
parasites viable. Subsequently, we induced apoptosis characteris-
tics in promastigotes using either miltefosine or staurosporine.’
Upon treatment of log.ph. L, a significant increase of parasites
residing in the SubG, phase was observed, whereas the popula-
tion of G, positive parasites was absent. Also ANXA5-binding
and TUNEL positivity were significantly increased (Fig. S1). In
the following experiments we used log.ph. Lm parasites as a
model for ANXA5-depleted viable promastigotes.

Apoptotic-like  Leishmania  induce  LC3-associated-
phagocytosis in primary human macrophages

Upon infection with stat.ph. Lz, consisting of viable and apo-
ptotic parasites, we found 67.2% (& 2.1) of the parasites to reside
in compartments, being positive for the autophagy marker
LC3 (Fig. 2A). Autophagy is known to be involved in the
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Figure 1. The Leishmania apoptotic-like population consists of TUNEL-positive, ANXA5-binding-positive and SubG, phase-positive promastigotes. (A-D)
Cell cycle analysis was performed using Pl staining of stat.ph Lm. (A) MACS ANXA5™" separated apoptotic Lm (B), viable parasites (C) and log.ph. Lm (D).
(E) DNA fragmentation of stat.ph. Lm, log.ph. Lm, MACS separated viable or apoptotic-like Lm was assessed using TUNEL assay (black bars) and ANXA5
binding (white bars), as analyzed by flow cytometry. (F and G) Stat.ph. Lm (gray) and log.ph. Lm (black) were double-stained by a TUNEL and PS antibody
staining. Samples were analyzed by flow cytometry (F) and immunofluorescence microscopy (G) as depicted (arrow head, PS-positive Lm; thick arrow,
TUNEL-positive Lm; thin arrow, double-positive Lm). Data are presented as mean =+ SEM of at least 3 independent experiments. The IF and flow cytome-

clearance of apoprotic cells.”® Therefore we investigated whether
the LC3" phagosomes preferentially harbor the apoprtotic pro-
mastigotes. Using ANXAS5-MACS separated populations to
infect hMDM we found that apoptotic-like parasites resided in a
LC3" compartment (92% =+ 0.7) (Fig. 2B) whereas the majority
of the viable parasites did not (7% =£ 1) (Fig. 2C). Furthermore,
we could demonstrate that the rate of apoptotic-like parasites cor-
related with the amount of compartments harboring parasites,
being LC3-positive (R = 0.98) (Fig. 2D). In addition, we exam-
ined the autophagic activity using western blot analysis. Upon
infection with log.ph. Lm (containing only a small fraction of
apoptotic cells), already a significant increase in LC3-I to LC3-1I
was detected, which was even higher with increasing amounts of
apoptotic-like Lm (stat.ph. Lm). In addition, we analyzed the
expression of the ubiquitin-binding receptor SQSTM1, a marker
of conventional autophagy of which the expression correlates
inversely with LC3I-II conversion.”® Upon infection with either
of both Leishmania stages, no difference in SQSTM1 expression
was observed (Fig. 2E and F). In line with these data we analyzed
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by quantification of immunofluorescence stainings, that log.ph.
Lm parasites induced only low levels of LC3% compartments
(34.7% =+ 6.3) in hMDM, compared to infection with stat.ph.
parasites (68.9% = 3.8) (Fig. 2D). A hallmark of autophago-
somes is the formation of a multimembrane compartment.”” To
examine the ultrastructure of parasite-containing compartments,
we preserved the samples by high-pressure freezing, followed by
electron microscopy analysis. Upon internalization of ANXAS5-
binding apoptotic-like parasites by hMDM, we found 96.1%
(£ 1.8) of all apoptotic-like parasites (n = 134) to reside in com-
partments consisting of a single lipid bilayer (Fig. 2G). Taken
together, these data suggest LAP to play a role in the biogenesis
of phagosomes containing apoptotic-like L parasites.

The presence of apoptotic-like parasites reduces Leishmania-
induced T-cell proliferation

To investigate the consequence of Lm infection on a T-cell
level, a carboxyfluorescein succinimidyl ester (CFSE)-based lym-
phocyte proliferation assay was established. As most donors in

287



D E F
3 100 ~ | £ 3 [Wics osastw 3
' 2 %
g 80 £ ___P<0001 a2 SQSTM1
o c 7]
@ ] P<0.001
& 60 82| - 23
2 g S |—— TS
& 40 ¢ Apoptotic Lm 8 1 1 3
(@] @ Stat.ph. Lm = 3 ~
S Viable Lm ] | LC3-lI

|
0 20 40 60 80 100
. hMDM hMDM hMDM hMDM hMDM hMDM
Apoptotic Lm (%) +log. + stat. +log. +stat.
ph.Lm ph.Lm ph.Lm ph.Lm

1000 | Sie

1000 nm

Figure 2. Apoptotic-like Leishmania parasites enter a LC3" single-membrane compartment. (A-C) hMDM were infected with stat.ph. Lm (A), MACS sepa-
rated apoptotic-like (B) or viable (C) parasites (MOl = 10). After 3 h, samples were fixed and antibody staining was performed to detect Lm parasites
(green) and LC3 (red), counterstained with DAPI (blue) (arrow head, LC3- and Lm-positive; thick arrow, Lm-positive). (D) The apoptotic rate of the stat.ph.
Lm, log.ph. Lm, MACS separated viable and apoptotic-like parasites was assessed by ANXA5-binding positivity in flow cytometry. Infection of hMDM with
these Lm populations was performed for 3 h and subsequently samples were fixed, stained for Lm parasites and LC3 using antibodies, after which Lm-
LC3 double-positive compartments were quantified by immunofluorescence analysis. As depicted, the apoptotic rate of the Lm population was plotted
against the percentage of Lm-LC3 double-positive compartments, showing a correlation R. (E and F) hMDM were infected with stat.ph. or log.ph. Lm
(MOI = 10). After 3 h, lysates were made after which LC3 conversion (black bars) and SQSTM1 level (white bars) were assessed by western blot and densi-
tometry analysis. SQSTM1 level was normalized to ACTB expression (E). A representative immunoblot is depicted (F). (G) hMDM were infected with stat.
ph. Lm (MOI = 10). After 3 h, samples were prepared for electron microscopy (EM) analysis, as described in Materials and Methods. The EM micrograph
shows the membrane of an apoptotic Lm (white arrow) residing in a single membrane compartment (black arrow). Data are presented as mean + SEM
and immunoblots/IF/EM images are representative of at least 3 independent experiments.

Germany are vaccinated for tetanus toxoid (TT), this peptide
was used as a positive control for which we expected a T-cell
response. Upon TT treatment of hMDM for 24 h following
coincubation of autologous CFSE-labeled peripheral blood
mononuclear cells (PBMCs), a proliferating, CFSE"™ T-cell
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subset (19.1% =+ 1.7) could be detected after 6 d (Fig. 3A).
To analyze whether Leishmania modulate TT-induced prolifera-
tion, hMDM were treated with TT in combination with log.
ph. Lm. Remarkably, after cocultivation of autologous CFSE
labeled PBMCs, an even higher proliferating response
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Figure 3. The presence of apoptotic-like parasites reduces T-cell proliferation upon Lm infection. (A) hMDM were coincubated with tetanus toxoid (TT;
10 M) alone or in combination with stat.ph. Lm or log.ph. Lm (MOI = 10). After 24 h hMDM were washed and cocultured with autologous CFSE labeled
PBMCs (ratio 1:5). After 6 d the CFSE'®", proliferating cells were quantified by flow cytometry (n = 4 to 73). (B) hMDM were infected with log.ph. and stat.
ph. Lm (MOI = 10) which were untreated or treated with apoptosis inducing drugs, 25 wM miltefosine (gray bars) or 25 M staurosporine (white bars),
for 48 h prior to infection. After 24 h of infection, \MDM were washed and cocultured with autologous CFSE labeled PBMCs. After 6 d the CFSE'", prolif-
erating cells were quantified by flow cytometry (n = 6). (C) Precursor frequency of proliferating cells in response to Leishmania or TT was calculated, as
described in Materials and Methods (n= 6 to 11). (D) Proliferation could be inhibited dose dependently by anti-MHCII antibodies (gray bars), not by anti-
MHCI antibodies (white bars), as described in Materials and Methods. (E) hMDM were infected with log.ph. Lm and stat.ph Lm (MO = 110) for 24 h in the
presence of 30 nM bafilomycin A; (BAFA1). After 24 h of infection, h(MDM were washed and cocultured with autologous CFSE labeled PBMCs. After 6 d
the CFSE'™", proliferating cells were quantified by flow cytometry (n = 6). Data, presented as mean = SEM from at least 3 independent experiments.

(47.2% = 3.0) was observed compared to proliferation induced
by TT alone. Analyzing proliferation upon treating hMDM
with TT in combination with apoptotic Lm (stat.ph. Lm), a sig-
nificant reduction of proliferation could be demonstrated
(33.9% =+ 2.5) (Fig. 3A). Interestingly, this significant discrep-
ancy could also be observed in the absence of TT; hMDM
infected with log.ph. Lm only induced a strong proliferation
(31.1% =+ 2.1), which was significantly reduced in the presence
of apoptotic-like parasites (19.3% =+ 1.8). To strengthen the
finding that the presence of apoptotic-like parasites leads to a
reduced proliferation, apoptosis was chemically induced in para-
sites. Log.ph. or stat.ph. Lm were treated with apoptosis-induc-
ing drugs, staurosporine (25 wM) or miltefosine (25 pM), for
48 h (Fig. S1). Proliferation, induced by infected hMDM, was
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significantly reduced upon induction of apoptosis in log.ph.
(44% £ 1.1 5 49% =£ 3.1) or stat.ph. Lm (6.4% =+ 1.8;
3.8% =+ 1.0), by staurosporine or miltefosine treatment, com-
pared to untreated Lm (28.8% =+ 1.9 ; 18.9% =+ 1.7) (Fig. 3B).
By applying an analysis algorithm we were able to calculate the
frequency of precursor cells after TT stimulation (0.010% =+
0.002), comprising antigen-specific cells and cells that prolifer-
ated due to bystander activation. In comparison we found a
similar frequency (0.018% = 0.005) after Lm stimulation
(Fig. 3C).

Upon phenotyping the proliferation subset, upon either infec-
tion with stat.ph. or log.ph. Lm we gated using the FSC/SSC on
the lymphocyte proliferation. Subsequently the proliferating
CFSE"™ PBMCs was found to be CD3™, being T lymphocytes,
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the majority of which were CD4™ positive (Fig. S2C). Activation
of CD4™ T-cells requires antigen presentation by MHCII mole-
cules. To test the MHC restriction in our human in vitro system
we treated Lm infected hMDM with blocking antibodies specific
for human MHCI or MHCII. After 6 d of cocultivation with
autologous PBMCs, T-cell proliferation was analyzed by flow
cytometry. No blocking effect of MHCI antibodies was detect-
able (Fig. 3D). By contrast, when exposing hMDM to increasing
amounts of MHCII specific antibodies, a dose-dependent reduc-
tion of CFSE'®” PBMCs was observed. Proliferation was signifi-
cantly reduced (0.3 = 0.01 fold change) compared to the
control, when treating hMDM with anti-MHCII antibodies at
the highest tested dose. In addition, inhibition of lysosomal acidi-
fication by bafilomycin A;, hereby preventing MHCII antigen
processing, also reduced proliferation significantly during infec-
tion of hMDM with log.ph. Lm (42.1% =+ 2.9 t0 6.7% =+ 1.2)
and stat.ph. Lm (32.6% = 4.1 t0 8.0% = 1.3) (Fig. 3E).
Different hypotheses about the reduction in T-cell prolifera-
tion caused by the apoptotic-like parasites can be raised. A first
parameter influencing proliferation may be antigen availability.
During the process of apoptosis various proteins are targeted for
degradation. To exclude the possibility that the reduced protein
amount in apoptotic-like parasites could be responsible for the
significant lower proliferation, protein levels were normalized. By
applying the micro-Kjeldahl method the protein concentration
of the parasites in both growth stages was determined.”® Next,
hMDM were infected with log.ph. (multiplicity of infection
[MOI] = 10]) and stat.ph. Lm parasites (MOI = 17), normal-
ized for protein content. However, A(MDM infected with stat.ph.
Lm parasites (MOI = 17) still induced a significant lower prolif-
eration (18.9% = 3.6), compared to proliferation induced by
hMDM harboring viable parasites (27.2% = 2.8) (Fig. S2A).
Second, the importance of parasite integrity was assessed. Stimu-
lating h(MDM with soluble Leishmania antigen led to a signifi-
cant reduction of proliferation, compared to proliferation
induced upon infection with intact parasites (Fig. S2A). Third,
parasites like trypanosomes and Leishmania are able to secrete
and excrete antigens themselves which might be able to induce
proliferation early after exposure to immune cells.””*® To deter-
mine whether the observed T-cell response is elicited by secreted
antigens and thus dependent on the viability of the parasites,
hMDM were incubated with the supernatant fraction, collected
from log.ph. Lm and stat.ph. Lm parasite cultures and subse-
quently cocultivated with autologous PBMCs. After 6 d, no sig-
nificant higher proliferation could be observed compared to
proliferation induced by the untreated hMDM (data not shown).
Moreover, analyzing proliferation over time showed proliferation
to start at d 3 to 4 after PBMCs were cocultured (Fig. S2B). A
fourth explanation lies in the fact that parasites are able to
directly interact with PBMCs as described for natural killer
cells.”’ To address this question, we directly cocultured parasites
with PBMCs, containing T-cells, as well as monocytes and den-
dritic cells. However, only a minor proliferation of CD4" cells
(6.2% = 1.7) could be observed (data not shown). In all, these
data demonstrate human primary macrophages, upon Leish-
mania infection, to induce an antigen-specificc, MHCII-
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dependent T-cell response, which is dampened in the presence of
apoptotic-like parasites.

T-cell proliferation contributes to a reduced L infection

Activated T lymphocytes are known to be important in clear-
ing intracellular pathogens. To investigate the consequences of
T-cell proliferation on parasite infection rate and parasite load
we used transgenic Lm parasites, of which the viable parasites
express the dsRed protein.”® This offered us the ability to use
flow cytometry to analyze parasite survival by means of infection
rate (dsRed™ hMDM) and parasite load (mean fluorescent inten-
sity, MFI). Next, the hMDM were infected with log.ph. or stat.
ph. transgenic Lm parasites for 24 h, following coculturing with
or without PBMCs for an additional 5 to 6 d. The presence of
proliferating PBMCs significantly reduced the infection rate
(Fig. 4A and C) (stat.ph. Lm: 1.7 fold; log.ph. Lm: 2.2 fold) and
diminished the parasite load (Fig. 4B and C) (stat.ph. Lm: 1.4
fold; log.ph. Lm: 1.4 fold), suggesting a role for T lymphocytes
in reducing intracellular parasite survival. Remarkably, in the
presence of apoptotic-like parasites, a significant higher overall
parasite survival was achieved, which manifests itself in an
increased infection rate and parasite load. In conclusion, since
the stat.ph. Lm inoculum contains apoptotic-like promastigotes
these data demonstrate the importance of the apoptotic-like para-
sites to secure survival of the overall population.

In the presence of apoptotic-like parasites, production
of proinflammatory cytokines is reduced

Next we examined the cytokine profile of hMDM infected
with log. or stat.ph Lm 24 h post infection and 6 d after PBMC
cocultivation. Upon infection of hMDM with log.ph. Lm an
increased production of the proinflammatory IL1B, IFNG, IL6
and TNF, was observed, of which the latter 2 were significantly
lower in the presence of apoptotic-like parasites (stat.ph. Lm)
(Fig. 5A to D). The anti-inflammatory IL10 was produced in sig-
nificantly greater amounts upon infection of hMDM with log.
ph. Lm (Fig. 5E). After PBMC cocultivation we could again
demonstrate a strong proinflammatory response, primarily by the
production of IFNG upon of infection with log.ph. L. In the
presence of apoptotic-like parasites, the production of IFNG was
significantly reduced (Fig. 5D).

The autophagy machinery, as a negative regulator of T-cell
proliferation

The uptake of apoptotic-like cells by macrophages is known to
activate the autophagy machinery, leading to efficient degrada-
tion and an anti-inflammatory environment.'”” To mimic the
role of the autophagy machinery and apoptotic-like promasti-
gotes, we chemically modulated autophagy in human primary
macrophages. As described, PI-103, rapamycin and AZD-8055
are known to interact with the mechanistic target of rapamycin
(MTOR), a master regulator of ;1utop}1agy.33’34 Upon autophagy
induction (30 min) in hMDM, autophagy activity was elevated
upon treatment with rapamycin (1.6 £+ 0.3 fold change)
(Fig. S3A), as also for AZD-8055 and PI-103 (data not shown).
The increase in autophagy activity upon rapamycin treatment,
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was accompanied by an
increased  autophagy  flux
(3.2 £ 0.8 fold change), mea-
sured as LC3 accumulation,
upon bafilomycin A; treatment
(Fig. S3A and D).”

In addition to LC3, we
assessed protein expression of
SQSTM1 by western blot anal-
ysis. At early time points after
autophagy induction (30 min)
using rapamycin, no difference
in SQSTM1 levels could be
observed compared to
untreated hMDM (data not
shown). However, after 2 h of
rapamycin treatment of
hMDM, a strong LC3I-II con-
version was detected, as also a
decreased amount of SQSTM1
protein (Fig. S3B and E). In a
next step we used wortmannin
and spautin-1 as negative mod-
ulators of autophagy. As wort-
mannin impaired uptake of
Leishmania by hMDM (data
not shown), we used spautin-1
and found upon treatment a
decreased LC3I-II conversion
and an increase in SQSTMI
protein level (Fig. S3C and E).
Subsequently, we analyzed the
effect of autophagy modulation
on T-cell proliferation. To this
end we induced autophagy in
hMDM, followed by infection
with viable parasites only (log.
ph. Lm). After 6 d of cocultur-
ing with autologous PBMCs, a
significant lower proliferation
was induced by infected
hMDM, treated with rapamy-
cin (5.4% + 1.6) (Fig. 6A),
PI-103 (15.1% =+ 3.7) and
AZD-8055 (19.3% =+ 6.5)
(data not shown), as compared
to the control (42.5% =+ 1.2).
The reduction of proliferation
was more pronounced com-
pared to proliferation induced
by hMDM in which apoptotic
parasites reside (25.8% =+ 2.1).
We reasoned that autophagy
induction might compromise
uptake of Lm parasites leading
to the reduced T-cell activation.
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Figure 4. Proliferation leads to a reduced parasite survival. (A and B) hMDM were infected with log.ph. or stat.
ph. transgenic dsRed expressing Lm (MOl = 10). After 24 h hMDM were washed following coculturing with (w/,
black bars) or without (w/o, white bars) autologous CFSE labeled PBMCs (ratio 1:5). After 6 d, infection rates of
hMDM were analyzed by flow cytometry, as dsRed (PE™) positive hMDM (A). The mean fluorescence intensity
(MFI1) of Lm dsRed infected (PE*T) hMDM were analyzed to determine the parasite load (B). Data were normalized
(n = 9 to 13). (C) Representative DiffQuick® pictures of hMDM infected with log.ph. or stat.ph. Lm in the pres-
ence or absence of autologous PBMCs, are depicted. Data, presented as mean =+ SEM, are of 6 independent
experiments.
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Figure 5. In the presence of apoptotic-like parasites, production of proinflammatory cytokines is reduced. (A-E) hMDM (gray bars) were infected with
log.ph. (black bars) or stat.ph. Lm (white bars) (MOl = 10). After 24 h, infected and control hMDM were washed and the supernatant fraction was col-
lected. Next, autologous CFSE labeled PBMCs were cocultured (ratio 1:5). After 6 d, also supernatant fraction was collected. The supernatant fractions,
24 h post infection (w/o PBMCs) and 6 d after coculturing (w/ PBMCs), were tested for the presence of TNF (A), IL6 (B), IL1B (C), IFNG (D) and IL10 (E) by
flow cytometry using a BD Cytometric Bead Array (n = 4 to 8). Data are presented as mean =+ SEM, of 3 independent experiments; ND not determinable.

However after 24 h, no reduction in infection rate was detected
regardless whether macrophages were treated with autophagy
modulators or not. Only with PI-103 treatment a slight reduc-
tion was observed (data not shown). By modulating autophagy
negatively using spautin-1, we could observe an elevated prolifer-
ation (31.8% = 5.8), which did not differ significantly from
proliferation induced by log.ph. Lm (Fig. 6A). Finally we
assessed the effect of autophagy induction on parasite survival
during PBMC cocultivation. In the presence of T-cells, the
induction of autophagy secured intracellular Lm survival. Lm
infection rate increased up to 3.3 (£ 0.2) fold upon treatment
with rapamycin (Fig. 6B), 1.3 (£ 0.1) fold using PI-103,
2.1 (£ 0.1) fold using AZD-8055 or (data not shown). By mod-
ulating autophagy negatively, no difference was observed in para-
site survival (data not shown). These data suggest that the
activation of the autophagy machinery, induced chemically or by
apoptotic-like parasites, leads to an increased overall parasite
survival.
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Discussion

An optimal T-cell response is of great importance for intracel-
lular pathogen clearance. Our data indicate that in the presence
of proliferating T-cells, the Leishmania infection rate and parasite
load in hMDM is reduced. The observed T-cell activation was
depending on antigen processing and MHCII restricted, which is
in agreement with reports describing a proliferation of naive
CD4™1 T-cells upon stimulation with membrane derived antigens
from Leishmania infantum.>® We assessed the precursor frequen-
cies after Leishmania infection based on CFSE dilutions.
We found them to be higher compared to antigen-specific T-cell
frequencies obtained by tetramer staining. This is in line
with reports of Danke et al. and Novak et al. showing only
a minority of the CFSE"*" proliferating cells to be antigen spe-
cific. A majority (80% to 96%) of tetramer-negative proliferating
cells was found to proliferate as a result of bystander
activation.””?®
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Similarly, Leishmania donovani
delays phagolysosomal matura-
tion to transform into the dis-
ease-propagating amastigote
form.” A recent study in mice
using L. donovani demonstrated

a reduced T-cell proliferation

Figure 6. Autophagy induction leads to a reduced T-cell proliferation and an enhanced parasite survival. (A)
hMDM were treated with rapamycin (1 wM) or spautin-1 (10 wM) 30 min and 24 h, respectively, prior to infec-
tion with log.ph. (black bars) or stat.ph. Lm parasites (gray bars) (MOl = 10). After 24 h hMDM were washed
and cocultured with autologous CFSE labeled PBMCs (ratio 1:5). After 6 d the CFSE'" proliferating cells were
quantified by flow cytometry (n = 7 to 24). (B) hMDM were treated with rapamycin (1 wM) or spautin-1
(10 M) 30 min or 24 h prior to infection with log.ph. (black bars) or stat.ph. (gray bars) transgenic dsRed para-
sites (MO = 110). After 24 h hMDM were washed and cocultured with autologous PBMCs (ratio 1:5). After 6 d,
Lm infection rates (PE") of hMDM were analyzed by flow cytometry (n = 5 to 14). Data are presented as
mean =+ SEM and are representative of at least 3 independent experiments.

caused by the inhibition of
Leishmania antigens cross-pre-
sented on MHC class I molecules.”® In agreement with these
data we could observe Leishmania major parasites to indirectly
reduce T-cell proliferation and this inhibitory effect was depend-
ing on the presence of apoptotic-like Leishmania parasites.

Apoptosis among parasites is still extensively debated. Various
reports state that parasites use “apoptotic mimicry” in order to
silence phagocytes enabling survival.***> By applying unified cri-
teria of the Nomenclature Committee on Cell Death, we could
define a subpopulation of the Leishmania infectious inoculum to
show characteristics of apoptosis. Interestingly, viable parasites,
residing in the G, phase, also were shown to be positive for
TUNEL staining, a finding which could be misinterpreted as
apoptotic mimicry. Taking a closer look at these viable parasites,
negative for ANXA5-binding, we observed only the kinetoplast,
comprising maxi- and minicircles DNA, to stain TUNEL-posi-
tive. In line with previous observations, this phenomenon is
explained by the fact that prior to Leishmania divisions, the prog-
eny minicircles replicate and contain nicks or gaps.*®*” These
nicks and gaps are repaired upon division, however our data sug-
gest that these nicks are detectable by TUNEL staining in stages
where the parasites is preparing for division.*®

While apoptosis-like cell death plays a crucial role for popula-
tion survival, also for several other protozoan parasites, it is still a
matter of debate how cell death could be beneficial for a single-
cell organism. As Leishmania parasites are transferred by the
sandfly, apoptosis-like cell death could serve to restrict popula-
tion growth in the vector, hereby increasing the life span of the
vector and increasing the transmission rate, as shown for other
protozoan parasites.”® From another point of view it is also
tempted to speculate that the presence of apoptotic-like parasites
has an immune-silencing effect, as has been shown upon apopto-
tic cell clearance during homeostasis. Santos et al. already showed
that phosphatidylserine exposure by Toxoplasma gondii is funda-
mental for granting survival of the parasite in murine
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macrophages.” In concordance, phagocytosis of apoptotic cells
by macrophages plays a role in Trypanosoma cruzi persistence.®
Indeed, we have also found that during Leishmania infection, dis-
ease development relies on the presence of apoptotic-like promas-
tigotes as infection of mice with only viable Leishmania
promastigotes does not result in disease development.' In this
study employing human primary cells, we could confirm apopto-
tic-like parasites to be crucial for an enhanced parasite survival.
To clarify how the apoptotic-like population secures survival of
the viable ones, we analyzed their intracellular fate. Upon phago-
cytosis, apoptotic-like parasites were found to reside in a com-
partment decorated with the autophagy marker LC3. This
finding is in agreement with murine data showing that Leish-
mania parasites engage PI3K-AKT signaling, which is an
upstream event able to initiate autophagy.*’ In contrast to con-
ventional autophagy, only a single lipid bilayer was found to sur-
round the parasite, indicating that processing of apoptotic-like
parasites occurred in a compartment formed by LC3-associated
phagocytosis.'>*>! Moreover, we found the protein SQSTM1/
p62 not to be involved in the process of LAP induced by apopto-
tic-like parasites, as described for Listeria as well.>? As described,
autophagy is a key player in maintaining homeostasis, enabling
phagocytes to clear apoptotic and necrotic cells efficiently and
silently to prevent inflammation and development of autoim-
mune disorders, like systemic lupus erythematous.” Also in the
presence of apoptotic parasites, immune responses were damp-
ened, as infected hMDM induced a lower T-cell proliferation.
Clearance of dying cells or even apoptotic-like Lm is known to
create a more anti-inflammatory environment that is dominated
by cytokines such as IL10 and TGFB and suppression of TNF,
ILG and IL1B."" Although uptake of apoptotic-like parasites led
to a reduced IL6 and IL1B production, IL10 was strongly pro-
duced in response to viable parasites. This is in agreement with
the fact that a strong proinflammatory response may be
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dampened by anti-inflammatory mediators.”® Tiemessen et al.
showed that TGFB has a pronounced inhibitory effect on prolif-
eration of antigen-specific CD4™ T cells, a mechanism that could
also be functional in our context.”® Alternatively, the activation
of the autophagy machinery could also lead to an increased pre-
sentation of innocuous self-antigens, which contributes to toler-
ance-inducing mechanisms also dampening adaptive immune
responses.”® As a consequence of the reduced T-cell response,
the parasite’s survival was enhanced, leading to the assumption
that activation of the autophagy machinery is beneficial for the
parasite. To underscore this statement, we could demonstrate
that induction of autophagy by rapamycin or by other means,
hereby simulating the role of apoptotic-like parasites, even led to
a higher infection rate, which was previously observed upon
infection with the related protozoa T.cruz:.’® In addition, Rob-
erta O. Pinheiro et al. have found that autophagy increases the
parasitic replication of Leishmania amazonensis inside macro-
phages.”® In contrast, our data did not indicate autophagy to
influence replication. However our data suggest that an elevated
autophagy activity prevents the elimination of promastigotes.
The increased amount of viable promastigotes is then able to
transform into the amastigote form, presumably being the source
of a higher parasite load. Upon modulating autophagy nega-
tively, we observed T-cell proliferation to be slightly increased,
without having a profound effect on parasite survival. We used
spautin-1, which targets BECN1/Beclin 1 for degradation, which
fit the data of Martinez et al. stating that LAP depends on
BECN1.”*? In addition, LAP is induced by several stimuli-like
ROS, TLR ligands, and PS receptors like TIM4.°%° In our
model, inhibiting one of these potential LAP-inducing signals
might strongly influence LAP with a consequence for Leishmania
parasites survival.

In conclusion, cell death among Leishmania parasites is neces-
sary to guarantee an overall parasite population survival. Apopto-
sis-like cell death is used as a “death-deceiving” immune evasion
mechanism to silence phagocytes, involving the host-cell autoph-
agy machinery, resulting in a significantly reduced T-cell prolifer-
ation. This promotes overall parasite survival in the host, thereby
defining a novel mechanism, which explains the benefit of apo-
ptosis-like cell death in a single-cell parasite. Additionally, our
data define the host autophagy pathway as a potential therapeutic
target in treating Leishmaniasis.”

Materials and Methods

Leishmania major parasites

Leishmania major (MHOM/IL/81/FEBNI) parasites, wild-
type, and transgenic parasites, were cultured as described.®"®*
Apoptotic and viable promastigotes were purified from stationary
phase promastigotes by magnetic separation, as described
previously.'

Assessing apoptosis
To assess apoptosis-like cell death, log.ph. Lm were treated
with 25 pM (Sigma, S4400) or 25 pM

staurosporine
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miltefosine (Calbiochem, 475841) for 48 h. DNA fragmentation
was assessed by flow cytometry or immunofluorescence imaging
using an 7z situ cell-death detection kit, based on terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL)
(Roche, 11684795910), as described by the manufacturer. PS
exposure was analyzed by ANXA5/annexin V (Invitrogen, A-
23204) binding or PS antibody (Upstate, 05-719) positivity,
using flow cytometry. Cell cycle analysis was performed using
propidium iodide staining, as described.®®

Human peripheral mononuclear cells

Human peripheral mononuclear cells (PBMCs) were isolated
from buffy coats (DRK-Blutspendedienst Hessen GmbH,
506838) by passage over a Leukocyte Separation Medium (PAA,
J15-004) gradient. The donors were healthy German adults with-
out known exposure to Leishmania parasites. After separation,
PBMCs were washed and resuspended in complete medium
(CM), consisting out of RPMI 1640 (R0883) supplemented
with 10% heat inactivated fetal calf serum (F7524), 50 uM
B-mercaptoethanol (M6250) (all from Sigma Aldrich), 2 mM L-
glutamine (K 0282), 100 U/ml penicillin and 100 wg/ml strep-
tomycin (A 2213), 10 mM HEPES (L 1613) (all from Bio-
chrom). Monocytes were isolated by exploiting their ability to
adhere to plastic, or by CD14 positive selection (Miltenyi, 130-
050-201). Nonadherent or CD14-negative cells were collected
and frozen in CM containing 40% fetal calf serum and 10%
DMSO for lymphocyte proliferation assays. Monocytes were dif-
ferentiated into human monocyte derived macrophages by addi-
tion of 10 ng/ml recombinant human macrophages colony
stimulating factor (M-CSF) (R&D, 216-MC), for a period of 5
to 7 d at 37°C, 5% CO,.

Infection of human primary macrophages

Adherent h(MDM were detached, counted and subsequently
seeded in 96-well plates, chamber slides or 1.5 ml microcentri-
fuge tubes. For infection, Lm promastigotes (logarithmic/station-
ary phase/apoptotic/viable) were added at an MOI of 1:10. After
3 or 24 h of incubation at 37°C, 5% CO,, extracellular parasites
were removed by (i) washing 96-well plates and chamber slides
with CM or (ii) centrifugation of microcentrifuge tubes. Freshly
prewarmed CM was added to the infected hMDM and the sam-
ples were further incubated at 37°C until the desired time point
of interest was reached. As a readout to assess infection rate and
parasite load, FACS analysis of hMDM infected with transgenic
parasites, or histological staining using Diff Quick (Medion
Diagnostics AG, 130834, 130835, 130833) of hMDM infected
with wild-type parasites, were performed.

During infection experiments, autophagy was induced by pre-
incubation of h(MDM with 10 uM of PI-103 (S1038), 10 uM
of AZD-8055 (S1555) or 1 wM of rapamycin (S1039) (all from
Selleckchem) for 30 min prior to infection, following washing.
To investigate the autophagy flux, hMDM were treated with
30 nM of bafilomycin A; (Sigma, B1793) for 1 h, following
autophagy induction or Lm infection. To negative modulate
autophagy, hMDM were pretreated with 20 uM spautin-1
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(Sigma, SML0440) for 24 h. After the given time points, lysates
were made or infection experiments were performed.

Immunofluorescence analysis

For immunofluorescence (IF) staining, hMDM containing
chamber slides were fixed in 4% paraformaldehyde. Cells were
permeabilized by saponin (Sigma, S7900) and stained with
DAPI, a polyclonal rabbit anti-human LC3 Ab (Cell Signaling
Technology, 2775S), and an anti-Lm polyclonal Ab obtained
from Lm infected Balb/c mice.®® For detection, chicken anti-
mouse Alexa 488 (A21200) and goat anti-rabbit Alexa Fluor 568
(A11036) were used (Molecular Probes/Invitrogen). Chamber
slides were analyzed using a Zeiss Observer, Zeiss LSM7 Live
and Axiovision/ZEN 2009 Software (Carl Zeiss, Gottingen, Ger-
many). Quantification of LC3" compartments was assessed by
counting > 20 Lm infected cells.

Transmission electron microscopy

The hMDM were seeded on carbon-coated sapphire discs
(3 mm in diameter) in 6-well cell culture plates and infected
with Lm promastigotes (MOI = 10). After coincubation for 3 h
extracellular parasites were removed by washing. Subsequently
the viable cells were directly frozen by high-pressure freezing
with an HPF 01 apparatus. Samples were freeze substituted in
acetone containing 0.1% (w/v) uranyl acetate, 0.2% (w/v)
osmium tetroxide and 5% (v/v) water and embedded in epon as
described previously.®>* The samples were imaged with a Zeiss
EM109 transmission electron microscope (Carl Zeiss, Oberko-
chen, Germany) at an acceleration voltage of 80 kV.

Immunoblotting

Microcentrifuge tubes, containing hMDM (0.5 x 10°), were
centrifuged and washed with cold phosphate-buffered saline (dis-
tilled water containing 137 mM NaCl, 2.7 mM KCL, 8.1
Na,hPO4, 1.5 mM KH,POy, pH 7.1, in house facility, Lan-
gen). Pellets were lysed with Laemmli at 95°C for 10 min. Sam-
ples were separated on 15% polyacrylamide SDS-PAGE gels and
transferred onto nitrocellulose membranes. The membrane was
blocked with TBST (PBS containing 0.05% Tween 20, Sigma,
93773) (+ 5% milk powder) following overnight incubation at
4 °C with a polyclonal rabbit anti-human LC3 Ab (Cell Signal-
ing Technology, 2775S), anti-SQSTM1/p62 (Santa Cruz Bio-
technology, sc-28359) or ACTB/B-actin (Cell Signaling
Technology, 8H10D10) diluted in TBST (4 5% Albumin Frac-
tion V, PanReac AppliChem, A1391). The membrane was incu-
bated with HRP-conjugated secondary antibodies (Thermo
Scientific Pierce, 31430 and Santa Cruz Biotechnology, sc-2004/
sc-2005) in TBST (4 5% Albumin Fraction V) for 1 h at room
temperature, following visualization with chemiluminescence
protein detection reagents (GE Healthcare, RPN2109). Protein
quantification in western blots was performed using Image].

CFSE-based proliferation assay

The hMDM were stained, using CFSE (Sigma, C1157),
modified from protocols described previously.®> Briefly hMDM
were incubated with CFSE (1 to 5 pM) followed by incubation
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at 37°C for 10 min. After washing with CM, cells were resus-
pended and seeded in 1.5 ml eppendorf tubes at 0.4 x 10%/ml.
The hMDM were infected with Lm parasites (MOI = 10). After
24 h incubation, 37°C, 5%CO,, extracellular parasites were
removed by washing and hMDM were put in new 1.5 ml micro-
centrifuge tubes or in 96-well, round bottom plates. Autologous
PBMCs were thawed and similarly labeled with CFSE. The
PBMCs were coincubated with the (un)infected hMDM, at a
ratio of 1:5. After 6 d of culture at 37°C, 5% CO,, cells were col-
lected and proliferation (CFSE"™ cells) was analyzed by flow
cytometry.

Ag processing and presentation assays

MHC blocking antibodies (MHCII L243 and MHCI W6/
32) were produced in a hybridoma cell line. The supernatant
fraction was added to hMDM in various dilutions following
Leishmania infection (MOI = 10). To assess antigen processing,
30 nM bafilomycin A; (Sigma, B1793) was added to the
hMDM during infection. After 24 h of infection, autologous
CFSE labeled PBMCs were coincubated (ratio 1:5). After 6 d,
proliferation (CFSE"™  population) was assessed by flow
cytometry.

Cytometric bead array

To profile cytokine production, hMDM were infected with
Lm (MOI = 10) for 24 h after which the supernatant fraction
was collected. Infected hMDM were additionally cocultured
with autologous PBMCs for 6 d, after which the supernatant
fraction was also collected. Both samples were tested for the pres-
ence of IL6, IL10, TNF, IFNG and ILIB using the BD CBA
Flex Set System, according to the manufacturer’s instruction

(BD Bioscience, 558276, 558274, 560112, 560111, 558279).

Flow cytometry

FACS analysis of Leishmania promastigotes was performed as
described.®> To determine the apoptotic rate of the promasti-
gotes populations, parasites were stained using ANXAS Alexa
Fluor 647 (Molecular Probes/Invitrogen, A23204). For FACS
analysis of human cells, 0.3 x 10° cells were labeled with mouse
anti-human CD3-PE (556612), CD4-PE (555347), or CDS8§-
pacific blue (558207), all purchased from BD Bioscience and the
additional isotype controls as defined by the manufacturer. Upon
analyzing, at least 10,000 events (human cells) or 20,000 (para-
sites) were recorded using a BD LSR II flow cytometer (BD Bio-
science, Heidelberg, Germany). Data were analyzed by BD
FACS Diva or FlowJo software (Treestar). Precursor frequencies
of T-cells were calculated using Flow]o software (Treestar), based
on an algorithm as described.®’

Statistical analysis

Data were assessed for normality using a D’Agostino and
Pearson omnibus normality test. Subsequently statistical analysis
was determined by a paired Student # test using Microsoft Excel
and Graph-Pad Prism version 4. A value of P < 0.05 was consid-
ered statistically significant.
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