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Akt: Protein Kinase B

BAD: BCL2 associated agonist of cell death

EEA 1: Early Endosome Antigen 1.

CF: PKC-0 cleaved fragment

CL: Cutaneous leishmaniasis

GFP: Green fluorescent protein

HI-FBS: heat inactivated foetal bovine serum

Ik-B: I kappa B

IF1: intermediate form 1

IL-1: interleukin 1

LAMP-1: Lysosomal-associated membrane protein 1

LPG: lipophosphoglycan

LPS: lipopolysaccharide

MCL: Mucocutaneous leishmaniasis

NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells
PBS: phosphate buffered saline

PMA: phorbol 12-myristate 13-acetate

PMN: polymorphonuclear neutrophils

PKC-6: Protein kinase C delta

PS: phosphatidyl serine

RA: Retinoic acid

ROCK: Rho-associated kinase

SEM: scanning electron microscope

Ser: Serine

Thr: Threonine

TNF: Tumour necrosis factor
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VL: Visceral leishmaniasis

7AAD: 7-aminoactinomycin D
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Abstract

Development of human leishmaniasis is dependent on the ability of intracellular Leishmania
parasites to spread and enter macrophages. The mechanism through which free promastigotes and
amastigotes, bind and enter host macrophages has been previously investigated, however little is
known about intracellular trafficking and cell-to-cell spreading. In this study, the mechanism
involved in the spreading of L. aethiopica and L. mexicana was investigated. A significant
increase in PS exhibition, cytochrome C release and active caspase 3 expression was detected
(P<0.05) during L. aethiopica, but not L. mexicana spreading. A decrease (p<0.05) of Akt protein
and BAD phosphorylation was also observed. The NF-kB signaling pathway and pro-apoptotic
protein PKC-6 were downregulated while inhibition of caspase-3 activation prevented L
aethiopica spreading. Overall suggesting that L. aethiopica induces host cell’s apoptosis during
spreading in a caspase-3-dependent manner. The trafficking of amastigotes within macrophages
following cell to cell spreading differed from that of axenic parasites and involved co-localization
with Lysosomal-associated membrane protein 1 (LAMP-1) within 10 minutes post-infection.
Interestingly, following infection with axenic amastigotes and promastigotes, co-localization of
parasites with LAMP-1 positive structures took place at 1 and 4 h respectively, suggesting that the
membrane coat and LAMP-1 protein was derived from the donor cell. Collectively, these findings
indicate that host cell apoptosis, demonstrated by PS exhibition, caspase 3 activation, cytochrome
C release, downregulation of Akt, BAD phosphorylation, NF-kB activation; and independent of
PKC-6 expression, is involved in L. aethiopica spreading. Moreover, L. aethiopica parasites

associate with LAMP-rich structures when taken up by neighbouring macrophages.
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Introduction

Leishmaniasis is a widespread, neglected tropical disease for which no vaccine and limited
treatment options exist. There are several barriers to the development of effective approaches for
the prevention and treatment of leishmaniasis. These barriers include the ability of its causative
agent, Leishmania to hide within host macrophages and successfully spread to neighbouring cells.
Relatively little is known about intracellular trafficking of parasites within their long-term hosts,
macrophages and consequent spreading. Of the over 20 species responsible for human infection
only few have been investigated and intrinsic differences between species makes it difficult to
generalise conclusions [1]. Recent findings suggest that L. amazonensis, L. aethiopica and L.
mexicana but not L. guyanensis amastigotes induce host macrophages apoptosis [2—4]. Although
apoptotic induction is thought to participate in the process of parasites egress within membrane
bound bodies rich in late endosomal markers [4], very little is known about the biochemical
pathways involved. At early stages of infection Leishmania are known to inhibit host cell
apoptosis with mechanisms involving a number of biochemical pathways. Following promastigote
infection with L. major, L. amazonensis and L. pifanoi, the anti-apoptotic signalling PI3K/AKT is
activated to confer resistance to the induction of macrophage apoptosis in murine models [5].
Interestingly, the survival of L. donovani in murine host macrophages was found to be linked to
downregulation of NF-kB and the associated activation of the apoptotic pathway [6]. L. infantum
infection was also able to reduce actinomycin D-induced apoptosis by impairing PKC 6 cleavage
in U-937 cells, suggesting a link between anti-apoptotic pathways and parasite survival in host
macrophages [7]. The involvement of the above pathways with the process of amastigote
spreading is not known and the molecular mechanisms behind apoptotic induction remain to be
characterized. Interestingly very little is also known on what happens to parasites after they have
been released from their host cells, with only one study looking at the cell-to-cell spreading of
intracellular parasites between human cells in vitro [2].

Promastigote and amastigote recognition, entrance and differentiation within macrophages
have been studied in a number of Leishmania species and results have shown that species and
stage-specific mechanisms are involved. L. donovani promastigote but not amastigote induce F-
actin accumulation around the PV and the entrance of L. infantum chagasi promastigote (but not
amastigote) was inhibited following lipid raft disruption [8,9]. It is less clear whether similar

processes take place following the cell-to-cell spreading of amastigote. Until recently it has been
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widely accepted that free Leishmania amastigotes were released following host cell lysis and then
subject to phagocytic capture by neighbouring macrophages. Later studies suggest that in some
species a regulated mechanism of parasite release from macrophages can take place [4,10]. Very
little information is available on whether this has an effect on entrance mechanisms and parasite
trafficking inside the new host cells. Studies on cell-to-cell transfer of amastigote are limited,
mostly because, until recently [2], an in vitro model of infection spreading between human cells
has not been available.

In the present study, the mechanism behind intracellular amastigotes spreading and trafficking
inside newly infected macrophages was investigated. Parasite spreading was associated with
upregulation of apoptotic features (PS exhibition and Cytochrome C release) and linked to caspase
3 activation and downregulation of Akt, BAD phosphorylation, p65 and Ik-B and was independent
of PKC-3 expression. Trafficking of L. aethiopica within host human macrophages was
investigated by a co-localization approach using early and late endosome markers (i.e. EEA1 and
LAMP-1). To detect differences between the uptake of free amastigotes and that of cell derived
ones, L. aethiopica axenic amastigotes were developed. Different models of infection were then
compared and model-dependent differences in parasites trafficking were reported. Co-localization
between the parasite and EEA1 positive structures was investigated, with axenic amastigotes
colocalising at 10 min and up to 4 h after infection. Colocalization with EEA-1 positive
compartments often occurs within 5-10 min of entry via the endocytic system, prior to
translocation to other sub-cellular organelles (e.g., late endosome, Golgi apparatus) within 1 h
[11,12] The prolonged retention of axenic amastigotes within EEA-1 positive structures suggests a
mechanism of interaction with the endosomal sorting machinery. Infection with promastigotes, on
the other hand, failed to identify co-localization with EEA1 positive compartments, consistent
with a previous report indicating an alternative pathway of entry for L. infantum chagasi
promastigotes via cholesterol-rich domains, avoiding EEA-1 positive structures [8]. Furthermore,
colocalization was observed with LAMP-1 positive (late endocytic) structures at four hours post-
infection and retained for up to 24 hours. Of interest, was the finding that axenic amastigote
colocalization with LAMP-1 positive structures was observed at 1 hour post-infection suggesting
an alternative mechanism of entry, possibly via a non-caveolae pathway. Analysis of spreading of
amastigotes from infected cells indicated the existence of a third mechanism. Exposure to
amastigotes derived from infected cells resulted in rapid co-localisation (less than 10 min) with

LAMP-1 positive structures, consistent with the theory that parasites can enter the new host cell
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while still associated with LAMP-1 positive membrane from the donor cell. Supporting the notion
that, similarly to L. amazonensis, intracellular L. aethiopica spreading between host cells does not

necessitate release of extracellular parasites.

Results

Leishmania spreading correlated with host cell externalization of PS

Although a link between Leishmania infection and apoptosis has been clearly evidenced by
several reports, whether and how induction of apoptosis is linked to infection spreading in human
cells remains unexplored. The recent development of an in vitro model of infection spreading in
human cells [2] allowed us to further investigate such possibility. One of the first changes that
take place during apoptosis is the externalization of PS. PS is normally present on the macrophage
membranes but is asymmetrically distributed on the cytosolic side by the action of ATP-dependent
enzymes known as floppases [17]. Apoptotic cells on the other hand expose PS residues on the
outer leaflet of the plasma membrane. Externalization of PS is a well-known induction signal for
phagocytosis [ 18] which makes its presence during spreading of particular relevance.

Spreading of parasites between cells was induced in a donor population of cells by early
camptothecin treatment as previously described [2]. Following 72 hours infection the donor
population was co-cultured with a newly differentiated set of THP-1 cells (recipient population).
Within this model spreading is known to take places within the first 24 hours from co-culture
corresponding with the detection apoptotic markers. The percentage of cells expressing PS on the
outer leaflet of their intact plasma membrane (PS+/7AAD-) at 1, 12 and 24 hours following co-
culture is shown in Figure 1. Percentage of apoptotic cells was detected for the total cell
population (Fig 1A) as well as the 2 sub-populations of infected (Fig 1B) and non-infected cells
(Fig 1C) separately via flow cytometry as described in Material and Methods. The result showed
a significant increase in the percentage of THP-1 cells expressing PS (p<0.05) co-cultured with
enriched L. aethiopica®®™ infected cells compared with the control populations (Fig 1). The
negative control population consisting of co-cultures with the uninfected THP-1 cells (RA treated
and camptothecin treated) displayed no significant changes in apoptosis within 12 hours (Figure
1A). The results suggest the effect on apoptotic induction was not dependent on the characteristics
of the uninfected donor cell populations but was associated with the presence of the intracellular

amastigotes. This is further confirmed by the fact that no significant differences in the percentage
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of 7AAD positive cells was detected in either time point following co-culture with infected or

non-infected cells respectively (Figure 1C).

Leishmania spreading link with caspase-3 activation.

Apoptotic cell death can follow either caspase-3 dependent or independent pathways [19].
Activation of caspase 3 is associated with ROCK (Rho-associated kinase) activation and induction
of cell blebbing. If apoptosis induction is the mechanism through which extrusion via formation of
apoptotic bodies is initiated, it is expected that caspase 3 activation would significantly increase
during spreading. To assess whether Leishmania utilizes a caspase-3 dependent pathway to initiate
apoptosis, the expression of activated caspase-3 was detected at several time points after co-
culture with cells infected with L. aethiopica and L. mexicana. Flow cytometry analysis showed a
species-specific and time dependent response (Figure 2A, B). Following co-culture with L.
aethiopica infected cells the percentage of cells expressing active caspase-3 at 1 hour was
comparable to uninfected controls but significantly increased from 3 to 12 hours (p<0.05) post-
infection. Interestingly, no significant differences were detected following co-culture with L.
mexicana infected cells at any time point tested.

To test whether caspase-3 activation is critical for parasite dissemination, the infected co-
culture was incubated in the presence of caspase-3 inhibitor, Z-DEVD-fmk. Z-DEVD-fmk is a
tetrapeptide caspase inhibitor that is considered selective for caspase-3 and has been widely used
in both in vitro and in vivo models to investigate roles for caspase 3 in cell death [20,21]. The
results showed that pre-treatment with 100 uM but not 25 uM significantly (p<0.05) reduced the
percentage of active caspase-3 at 3 and 12 hours respectively, when compared to non-treated
infected co-cultures (Figure 2C). Interestingly, this inhibitory effect was associated with a
significant reduction in the percentage of infected cells compared to non-treated sample at 12
hours (Figure 2D). Together the above findings demonstrate that amastigotes of L. aethiopica, but
not L. mexicana, induce caspase-3 activation and that cell-to-cell spreading of L. aethiopica is

impaired by caspase 3 inhibition.

De-regulation of AKT signaling pathway during L. aethiopica spreading
Activation of caspase-3 in apoptotic cells is regulated upstream by the AKT signalling
pathway. In physiological states, phosphorylation of Threonine (Thr) 308 and Serine (Ser) 473

residues results in AKT activation, via phosphorylation, and attenuates the pro-apoptotic protein,
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BAD [22]. This effect inhibits the release of cytochrome C from mitochondria, hence preventing
caspase-3 activation. If caspase 3 activation is induced via AKT pathway a reduction in AKT
phosphorylation of both Thr 308 (p-AKT Thr308) and Ser 473 (p-AKT Ser473) residues is
expected. Expression of total AKT as well as (p-AKT Thr308) and p-AKT Ser473 was analyzed
via western blot using B-actin as a loading control (Figure 3A-C and F). At 1 hour of co-culture, a
significant decrease in band intensity was detected for both Thr 308 and Ser 473 residues of AKT
in L. aethiopica infected cells compared to uninfected control (Figure 3A, B and F). Interestingly,
from 6 hours onwards, there was approximately a twofold reduction of total AKT in the infected
co-culture when compared to control, suggesting inhibition of AKT expression takes place
following dephosphorylation of p-AKT (Figure 3C and F).

To confirm whether the decrease in AKT expression translated into downregulation of BAD
activation, cell lysates from the infected co-cultures were assessed for the expression of BAD
protein and phosphorylated BAD (Ser136) through western blot. The result showed a significant
reduction in BAD phosphorylation compared to the control throughout all time points tested from
1 to 24 hours (Figure 3D and F). Overall BAD expression on the other hand remained constant
throughout the time period (Figure 3F), suggesting that AKT reduction positively enhances BAD
de-phosphorylation during in vitro spreading without affecting expression of BAD.

Furthermore, to assess whether BAD de-phosphorylation affects mitochondrial permeability,
the presence of cytochrome C in the cytosolic extract from infected co-culture was detected by
western blot. Starting from 6 hours post-infection, release of cytochrome C was markedly
increased, approximately two-fold, when compared to the control (Figure 3E, F). Since elevated
levels of active caspase-3 was detected between 6 and 12 hours post co-culture, the combined
results suggest a positive correlation between activated BAD, cytochrome C release and caspase-3

activation during L. aethiopica spreading.

Attenuation of NF-kB signalling pathway during L. aethiopica infection spreading

NF-kB is a nuclear factor that regulates DNA transcription of several genes, including those
that control cell survival. Activation of NF-kB is linked to the production of anti-apoptotic
proteins. Release of NF-kB from its inhibitor and its consequent translocation to the nucleus
results in upregulation of apoptotic inhibitors, including XIAP or cIAP-1 which block the initiator
caspase 9 and the effector caspase 3. Various stimuli including LPS, TNF-a and IL-1 results in

phosphorylation of Serine 32 and 36 residues (Ser 32/36), polyubiquitination and subsequent
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degradation of the inhibitory Ix-Ba, releasing the NF-kB dimers, principally p65-p50. The
expression of phosphorylated Ix-Ba (Ser 32/36), IkB and p65 was investigated via western blot.

A significant (p<0.01) decrease in phosphorylation was detected within infected co-cultures
between 1 and 24 hours post co-culture, when compared to uninfected control co-cultures (Figure
4A, D). This was correlated to a significantly lower expression of total Ik-Ba protein (Figure 4B,
D) suggesting that p65 is free from its inhibitor Ix-Ba. However, when the infected cell lysates
were probed with p65 antibody, a marked reduction of total p65 protein was detected throughout
the time period (Figure 4C, D), indicating a disruption in the NF-kB signalling pathway.
Interestingly, unlike other Leishmania species [23], L aethiopica did not cause cleavage of p65 in

infected cells as shown by the absence of a 35 kDa fragment (fig 4E).

Decrease of PKC-0 during L. aethiopica infection spreading

Leishmania is known to alter the macrophage PKC signalling pathways, which results in
the disruption of reactive oxygen species production. Although PKC subtypes are known to have
either pro or anti-apoptotic function, only PKC-9 has been studied so far in the field of Leishmania
infection and host cell death. Previous work has shown that early stage L. infantum infection
prevents actinomycin D induced host apoptosis via PKC-9 inactivation [7]. This inactivation was
due to the ability of LPG molecule to inhibit PKC-6 cleavage, which was further associated with
reduced expression of activated caspase-3. Since we have previously demonstrated caspase-3
involvement in cell-to-cell infection [2], an investigation was carried out to assess whether there is
a link between the activation of caspase-3 and PKC-6 inactivation during L. aethiopica®®”
infection spreading. After isolating cell lysates at 1, 6, 12 and 24 hours, the infected co-culture was
analysed for PKC-d expression through western blot. A band of approximately 78 kDa
representative of total PKC- protein was detected in the uninfected control group from 1 to 24
hours (Figure 4D, E). However, throughout the time period, the PKC-6 intensity was significantly
reduced (p<0.01) in the infected co-culture (Figure 4D). Interestingly, this effect was not due to
accumulation of PKC-8 cleaved fragment (CF) as there was no protein band present at 45 kDa
which is the expected size of CF (data not shown). This observation clearly shows that caspase-3
activation during infection spreading is not linked to PKC-§ activation but results in parasite

dependent downregulation of PKC-6 during infection spreading.

Generation and validation of L. aethiopica axenic amastigotes
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Two previously used media (JH30 and UMS54) [24,25] were tested for their ability to support
L. aethiopica amastigote growth in vitro. Parasites were cultured under the same conditions and at
the same time in both media and samples were taken at regular intervals until complete
transformation into amastigotes was reached. The concentration of parasites in each media
significantly differed with JH30 clearly supporting a faster rate of replication. From day 5
parasites started replicating in JH30 medium at a rate of one division every 6 hours, in UM54
parasites did not enter a log phase of growth, suggesting that UM54 media does not support L.
aethiopica amastigote replication (Figure 5A).

Leishmania morphology showed major changes in both media (Figure 5B). After 2 days
the parasites moved closer together in clumps and their body shapes changed to oval/rounded. The
parasites in JH30 were actively dividing while the flagella had generally begun to disassemble,
whilst in UM54 media the cytoplasm appeared vacuolated. On day 7, parasites growing in JH30
showed no flagella and a small rounded shape, closely resembling intracellular amastigotes
(Figure 5C). Promastigote-shaped parasites, that were completely absent in JH30, were still
present in UM54 with long flagella (Figure 5B, day 7). Rounded parasites in UM54 were heavily
vacuolated confirming that UMS54 as an unsuitable media to support differentiation and growth of
axenic L. aethiopica amastigotes. The amastigote-like parasites obtained in JH30 were
successfully sub-cultured in cell-free medium for over a year.

A closer view of the transformation process of promastigote in JH30 media was obtained
by SEM (Figure 5D-G). The population observed was heterogeneous with different shaped
parasites representing the various stages of the transformation process (Figure 5E). A high
percentage of parasites during the first and second day of transformation maintained the
promastigote elongated shape but also appeared wider with a long flagellum (intermediate form1:
IF1). IF1 appeared shorter when compared to a normal promastigote (Figure 5D), with a length
between 5 and 10 um and an increased diameter (the largest part of the body measuring between 3
and 5 um). Together with IF1 a new form was observed indicated as intermediate form 2 (IF2).
The rounded/oval body measured 4 to 6 um in diameter and appeared shorter (5 to 8§ um) and
rounded. The flagella measured at least half the size and, in some cases, just 20% of the
promastigotes flagella length. From day 0 to day 7, small rounded bodies with long flagella (LF)
can be found. When observed under an inverted microscope the latter were immotile suggesting
that they represent a population of dead parasites. Finally, dividing parasites were observed

(Figure 5F). From day 5 onwards small, rounded aflagelleted parasites resembling amastigotes
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(Figure 5G) were present in higher percentage until they became the only shape present in the
sample. Differences within a transforming population such as the number of parasites that lose
promastigote features and start transforming into amastigotes were quantified.

Both stationary phase promastigotes and newly generated axenic amastigotes in JH30
media were used to infect terminally differentiated THP-1 cells. As expected [26], amastigotes
showed a significantly higher infectivity (P<0.05) than the promastigotes with 49 (SEM +5)%
infected cells obtained following infection with axenic amastigotes compared to 28 (SEM £2)%
infected cells following infection with stationary phase promastigotes. Axenic amastigotes grown
in JH30 media were therefore considered as good model for amastigotes infection and used to

study intracellular trafficking following exposure to THP-1 cells.

Development of a cell to cell infection model, RA-L8G-THP-1

In order to compare trafficking of the parasite following infection with axenic amastigotes
or cell-derived amastigotes, we used a modified version of a model of cell to cell spreading our
group previously developed [2]. Adherent (PMA-treated) THP-1 cells (recipient cells) were co-
cultured with non-adherent (RA-treated), THP-1 cells heavily infected with L. aethiopica®" (RA-
L8G-THP-1) which acted as donor cells in the spreading model. A population of RA-treated
infected cells was used to control for donor cell adherence, and thus being assessed as a recipient
population, and were found not to adhere to the plate.

The percentage of infection in non-adherent (donor) and adherent (recipient) cells was
analysed by flow cytometry over a 5 days period Within 1 h of infection with RA-L8G-THP-1
cells the percentage of infected recipient cells increased from 0 to 28% (P<0.0001). This was
accompanied by a drop in the percentage of infected donor cells (Figure 6A) suggesting the rapid
cell-to-cell spreading of the parasite. The percentage infected recipient cells doubled between 1
and 24 h post infection, whilst that of infected donor cells showed no significant changes
(P>0.05). Interestingly the total number of donor cells significantly decreased after 1 hour
(P<0.05), reaching a baseline at 48 hours (Figure 6B), confirming their role as parasite donors.
The percentage of infection, between 24 and 96 hours, significantly decreased in both populations
(Figure 6A). Such decrease in recipient cells could be due to experimental limitations, specifically
time-limited effect of PMA on the terminal differentiation of THP-1 cells leading to their
detachment and replication. Taken together these findings clearly show that parasites spread from

donor to recipient cells within the first 24 hours of contact and intracellular parasites remain inside

This article is protected by copyright. All rights reserved



