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Abstract

Immediately following their deposition into the mammalian host by an infected sand fly vec-

tor, Leishmania parasites encounter and are engulfed by a variety of cell types. From there,

parasites may transit to other cell types, primarily macrophages or dendritic cells, where

they replicate and induce pathology. During this time, Leishmania cells undergo a dramatic

transformation from the motile non-replicating metacyclic stage to the non-motile replicative

amastigote stage, a differentiative process that can be termed amastigogenesis. To follow

this at the single cell level, we identified a suite of experimental ‘landmarks’ delineating dif-

ferent stages of amastigogenesis qualitatively or quantitatively, including new uses of amas-

tigote-specific markers that showed interesting cellular localizations at the anterior or

posterior ends. We compared amastigogenesis in synchronous infections of peritoneal and

bone-marrow derived macrophages (PEM, BMM) or dendritic cells (BMDC). Overall, the

marker suite expression showed an orderly transition post-infection with similar kinetics

between host cell types, with the emergence of several amastigote traits within 12 hours, fol-

lowed by parasite replication after 24 hours, with parasites in BMM or BMDC initiating DNA

replication more slowly. Lipophosphoglycan (LPG) is a Leishmania virulence factor that

facilitates metacyclic establishment in host cells but declines in amastigotes. Whereas LPG

expression was lost by parasites within PEM by 48 hours, >40% of the parasites infecting

BMM or BMDC retained metacyclic-level LPG expression at 72 hr. Thus L. major may pro-

long LPG expression in different intracellular environments, thereby extending its efficacy in

promoting infectivity in situ and during cell-to-cell transfer of parasites expressing this key

virulence factor.
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Author summary

Leishmaniasis caused by species of the trypanosomatid protozoan parasite Leishmania is

an important widespread global health problem. Humans become infected by Leishmania
following the bite of sand flies bearing the flagellated metacyclic promastigote stage, and

the first 24–48 hours thereafter are critical to the outcome of infection. During this time,

parasites are engulfed by several host cell types, where they differentiate into the rounded

amastigote stage, adapted for intracellular survival and proliferation, with concomitant

changes in metabolism and virulence factor expression. We developed a suite of markers

that allowed us to monitor promastigote-to-amastigote differentiation (amastigogenesis)

on a single-cell level. Two showed amastigote-specific expression and localized to the

anterior or posterior regions. Our marker suite allowed us to chart the course of amastigo-

genesis in different host cell environments and to determine the timing of amastigote

development relative to the initiation of parasite replication and the expression of the vir-

ulence factor lipophosphoglycan (LPG). We report that the amastigogenesis process fol-

lows a determined sequence of events that occurs prior to parasite replication. In contrast,

parasites may respond to different host cell environments by prolonging LPG expression,

thereby extending the duration of its pro-infectivity functions within or in transit between

host cell destinations.

Introduction

The establishment phase of infection following the initial encounter with the host is a crucial

time for parasites, as it is during this time that an often-small number of colonizing organisms

are either successfully transmitted allowing for replication or are eliminated. Pathogens trans-

mitted by arthropod vectors face additional challenges in that they must transition from an

insect host-adapted to a mammalian host-adapted stage of the life cycle. Leishmania parasites

are transmitted to their mammalian hosts by the bite of an infected sand fly which deposits

non-replicating, flagellated metacyclic-stage parasites into wounded dermis while taking a

blood meal [1]. In order to establish a successful infection, parasites must overcome many

obstacles. First, they must survive lysis by complement [2] and entanglement in neutrophil

nets [3,4] while in the extracellular milieu. Next, the parasites must encounter and be engulfed

by a phagocytic cell. Once inside, a parasite must convert the host cell into an environment

suitable for replication [5], differentiate into the non-motile amastigote stage of the life cycle in

a process that we refer to as amastigogenesis, and re-enter the cell cycle [1].

Because macrophages are the cell type most commonly infected in established Leishmania
infections, in vitro studies investigating the various parasite and host processes implicated in

virulence have been primarily carried out in these cells. While these studies typically employ

relatively homogenous populations of macrophages, reality is more heterogeneous as the

incoming population of infecting parasites individually encounter a wide variety of different

cell types in vivo, whose full complexity of interactions is not fully understood. Most studies in
vitro or in vivo emphasize the role of professional phagocytes encountering and engulfing

infective metacyclic stage parasites, including various macrophage subsets, monocytes, neutro-

phils and dendritic cells (DCs) [6–8]. Many of these are rapidly recruited to the infection site,

and collectively may predominate over macrophages as Leishmania host cells [6–8]. Non-

immune cell types such as keratinocytes have also been observed harboring parasites in vivo
where they may play significant roles [9, 10]. Moreover, parasites can ‘transit’ from one cell

type to another, for example from neutrophils to DCs or macrophages [6–8,11]. These cell-to-
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cell transitions likely happen within 1–2 days after infection, since the majority of parasites are

found within macrophages after this period [7,8,12,13].

Different cell types encountered by invading Leishmania metacyclics likely present different

challenges, reflecting variation in the intracellular environment and innate immune responses.

How the parasites differentiate within and respond to varying cell-type specific environments

is not completely understood. In order to overcome the obstacles inherent in becoming estab-

lished, Leishmania parasites employ an array of temporally regulated virulence factors which

have important roles early in infection by metacyclic-stage parasites but are down-regulated

later in infection [14,15]. One such virulence factor is the promastigote surface glycoconjugate,

lipophosphoglycan (LPG) [5]. LPG is the most abundant molecule on the surface of invading

metacyclic-stage parasites [16], and protects Leishmania parasites from killing by complement

and neutrophil extracellular traps [4,17]. LPG also has important roles in rendering infected

cells safe niches for parasite survival and replication [18]. LPG is shed into the infected host

cell where it interferes with phagosome biogenesis [19], oxidant defenses [17], signal transduc-

tion pathways [20], antigen presentation [21], and transiently inhibits phagolysosomal fusion

and acidification [22,23]. Despite these important roles for LPG in early infection, its synthesis

is reduced in amastigote-stage parasites, possibly to avoid activation of Caspase-11 or other

immune regulators [24].

Here, we tested whether the nature of the host cell encountered by L. major metacyclic

stage parasites has consequences for the parasite in terms of its ability to differentiate into the

amastigote stage and commence replication. To this end, we identified temporally spaced

experimental “landmarks” that clearly distinguish metacyclics from amastigotes and allow

microscopic visualization of the process of amastigogenesis at the single cell level. Interestingly,

two new marker epitopes were found which additionally exhibited striking cellular localization

at the anterior and posterior amastigote ends, which may warrant further study in the future.

Using these “landmarks” in synchronous infections, we found that parasite differentiation pro-

ceeded during the first 12 hours after infection in all cell types tested with an orderly sequence

of marker transitions. Despite synchronous expression of amastigote markers, parasite re-

entry into the cell cycle differed significantly between host cell types. Parasites within cells that

supported reduced parasite replication prolonged expression of LPG relative to parasites

within the more highly permissive cell types. Together, these data show that different host cell

types present different intracellular environments and that Leishmania can respond to these

different environments by modulating the duration of virulence factor expression.

Results

Characterization of differentiation markers and their expression following

metacyclic l. Major infection

We first sought markers that clearly distinguished L. major metacyclic parasites from authentic

amastigotes, and which could serve as useful temporal ‘landmarks’ to assess amastigogenesis

following infection across populations of cells microscopically following synchronous infec-

tions. While multiple genes showing quantitative differences in promastigote or amastigote

expression are known from microarray or proteomic studies [25–31], few show qualitatively

on/off properties suitable for microscopic evaluation of the dynamics of amastigote differentia-

tion on a cellular level. Candidate markers were evaluated using comparisons of purified

infecting metacyclic-stage parasites versus replicating amastigotes (72 hours after infection of

PEMs; Fig 1). In these experiments, metacyclics were allowed to attach/invade for only 2 hours

prior to removal of unbound parasites, in order to have a relatively synchronous infection. We

identified six useful markers, four of which show qualitatively on/off properties.
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As a marker that is ‘on’ in procyclic and metacyclic promastigotes and transitions to ‘off’ in

amastigotes, we chose the expression of the paraflagellar rod protein PFR2, which is lost along

with the flagellum during differentiation (Fig 1, top row) [32,33].

As markers ‘off’ in promastigotes and ‘on’ in amastigotes, we selected expression of the

amastigote-specific antigens recognized by the monoclonal antibodies T17 and T18, which

emerged from studies seeking stage or species-specific tools [34]. Both antisera yielded a strong

labelling of amastigotes but not incoming metacyclics (Fig 1, rows 2 and 3). The molecular

identity of the epitopes recognized by T17 and T18 are unknown, but amastigote localization

data suggest they represent independent molecular entities as discussed in a later section.

A fourth marker consisted of a YFP transgene inserted into the ribosomal SSU locus, where

YFP is “off” in metacyclic promastigotes but “on” in other stages (Fig 1, bottom row). YFP

fluorescence is lost as parasites enter stationary growth phase (S1 Fig); it is during this stage of

in vitro growth that a subset of parasites differentiate into the metacylic stage [35,36]. Station-

ary-phase parasites express less YFP at both the protein and mRNA level (S1 Fig) demonstrat-

ing that YFP is down-regulated at the transcriptional level, although the precise mechanism

has not been studied. As discussed below, YFP fluorescence is restored in most, but not all,

amastigotes.

Morphological changes associated with amastigogenesis

We additionally established two quantitative markers for amastigogenesis: loss of the metacyc-

lic flagellum and the transition to the more rounded amastigote morphology. We first assessed

the disappearance of the parasite flagella (Fig 2A and 2B). Because PFR2 expression is lost very

rapidly following infection, other markers were used to detect flagella. At early time points, we

used an antibody against the parasite glycocalyx component lipophosphoglycan (LPG), which

allowed visualization of the entire parasite surface (Fig 2A, left panel). However, as LPG

expression is eventually lost following infection of mammalian cells, at later time points over 8

Fig 1. Cytological markers differentiate metacyclic promastigote from amastigote stage Leishmania major.
Comparison of marker expression on metacyclic promastigotes (left) or parasites 72 hours post infection of PEMs (i.e.

amastigotes, right). (i) Parasite nuclei are detected with antisera against L. major histone proteins (green), and PFR is

shown in red. (ii) Parasite histones, red. mAB T17, green. (iii) Parasite histones, red. mAB T18, green. (iv) YFP

fluorescence (yellow) overlaid onto DIC image. Scale bar represents 5 μm.

https://doi.org/10.1371/journal.pntd.0010893.g001
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hours we visualize parasite flagella using the T17 marker (Fig 2A, right panel). We then deter-

mined what fraction of parasites had “long” flagella (LF;� 5 μm; Fig 2B). As expected, 100% of

metacyclic stage parasites had LF prior to infection. Two hours after infection, the overwhelm-

ing majority (89 ± 3%) of parasites retained LF. However, by 8 hours after infection the frac-

tion of parasites with LF had sharply declined to 21 ± 4%, and by 24 h only 6 ± 1% had LF.

Fig 2. Timing of developmental changes associated with amastigote differentiation in PEMs. (A) Parasite flagella

were identified at different time points following infection of PEMs with anti-LPG (� 8 h post infection) or mAb T17

at longer time points. The fraction of parasites retaining long flagella (� 5 μm; arrows) was determined at the indicated

time points and plotted in (B). Scale bar represents 5 μm. N> 100 parasites analyzed per time point. (C) Quantitative

analysis of parasite flagellar length of metacyclics or parasites at the indicated time points post infection of PEMs. Each

data point represents one parasite. (D) The kinetics of L. major metacyclic-stage parasites acquiring amastigote-like

shape characteristics. Metacyclic-stage parasites, parasites at the indicated time points post infection of PEMs, or

amastigotes from infected mouse footpad tissue 2 weeks post infection were stained to detect the parasite cell body and

imaged by confocal microscopy. Image analysis was then performed to determine the length and width of each

parasite, with cell shape determined as the ratio between parasite length and width. Metacyclic parasites and parasites

within PEMs were stained with anti-LPG (time points� 8 h or mAb T18 (time points> 8 h). Tissue amastigotes were

detected by YFP fluorescence. N> 50 parasites. (E) Confocal micrograph of BrdU-labeled parasites. PEMs were

infected with metacyclic-stage L. major for 72 h in the presence of 0.1 mM BrdU prior to fixation and immunolabeling

to detect BrdU (green) and Leishmania histones (red). Arrows indicate parasite nuclei showing BrdU-labeling.

Arrowhead, BrdU-negative parasite nucleus. Boxed region is magnified in the images on the right. k, BrdU-positive

kinetoplast. Scale bar, 5 μm. (F) The percentage of parasites showing an “amastigote-like” phenotype for the various

markers is plotted as a function of time after infection of PEMs. N> 200 parasites analyzed per marker per time point.

(G) Schematic summary of the data in (F) showing the timing of amastigote development culminating in new DNA

synthesis. Data, means ± S.E.M for 3 independent experiments; �, P< 0.05; ��, P< 0.001 by ANOVA.

https://doi.org/10.1371/journal.pntd.0010893.g002
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Similar to what was described for L. mexicana [37], our data indicate that the acquisition of the

amastigote flagellum resulted from flagellar shortening rather than a digital switch between

long and short flagella, as we measured flagellar lengths intermediate between metacyclic

(11.8 ± 0.5 μm) and amastigote (2.8 ± 0.1 μm) at 8 hours post infection (4.8 ± 0.4 μm; Fig 2C).

To assess parasite rounding during amastigogenesis, we determined the ratio between the

length and width of the parasite cell body. For these experiments, metacyclics and parasites up

to 8 h after infection were detected with anti-LPG antibodies, while parasites at later time

points were visualized with T18 antibody. We found that L. major assumes an “amastigote”

shape very rapidly (Fig 2D), with parasites 2 h after infection being substantially more round

than metacyclics (metacyclic length to width ratio 9.2 ± 1.1 vs 3.2 ± 0.2 two hours post infec-

tion; P < 0.001). By 8 h after infection, the average parasite shape was indistinguishable from

that seen in tissue sections from mice that had been infected for 2–3 weeks.

Sequence and timing of metacyclic/amastigote differentiation marker

expression

We then performed a time course analysis of the expression of our suite of parasite differentia-

tion markers following infection of PEMs by metacyclics (Fig 2F). In addition to the markers

described above, we determined the timing at which non-replicating metacyclics resume repli-

cation after infection by assessing BrdU incorporation as a measure of parasite DNA synthesis

(Fig 2E) [38]. The first event was a rapid and nearly quantitative loss in reactivity with anti-

PFR2 antisera which preceded the disappearance of the flagella. By 4 hours post-infection (the

earliest time point attempted), most parasites had lost anti-PFR staining (89 ± 6%), and by 24

hours essentially no parasites (0.2 ± 0.6%) were recognized with this antibody. These next were

followed by parasite rounding and flagellar loss as described above.

The emergence of reactivity with mAbs T17 and T18 is first observed around 8 hr after

infection. At four hours post-infection, only a small percentage of parasites (<5%) showed

reactivity with either antibody. By 8 hours post-infection, 37 ± 7% and 41 ± 12% were strongly

positive for T17 or T18 reactivity, and by 11 hours after infection, 97 ± 4% or 96 ± 8% were

positive for T17 and T18 reactivity, respectively. Because both primary antibodies are raised in

mice, using indirect IFA we could not simultaneously determine both markers, however the

quantitative data suggest they emerge together.

The SSU:YFP transgene expression first became weakly detectable 8 hours after infection,

with 18 ± 3% of the parasites YFP+ at 12 hours post-infection. By 24 hours, the percentage of

YFP+ parasites had increased to 51 ± 13%. While the percent of parasites displaying YFP fluo-

rescence continued to increase reaching 70 ± 17% at 72 hours post-infection, thereafter it

never exceeded that value in vitro (Fig 2F) or in vivo as monitored in infected mouse footpads

(S2 Fig). The reason this marker never attains 100% expression in amastigotes is unknown,

but the effect seems to be transitory since 100% of promastigotes show YFP fluorescence after

isolation from mouse tissue (log-phase parasites in S1 Fig originated from a mouse-passaged

line). In dual-labeling experiments, we found that induction of T17 and T18 reactivity always

preceded YFP expression at a time point at which neither marker has reached its maximum

(10 hrs after infection), since at this time point 100% of YFP-positive parasites were T17 or

T18 positive (S2 Fig)

As judged by BrdU incorporation, DNA replication did not commence significantly until

after 24 hr, well after other markers had transitioned to the amastigote state. At 24 hr, PFR

expression was undetectable while T17 and T18 expression were maximal; in contrast, only

8 ± 1% of the parasites showed labeling with anti-BrdU antisera at this time, increasing to 70%

at 72 hr (Fig 2F).
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Together, these data show an ordered sequence, with promastigote-specific PFR2 gene

expression turning off by 4 hr post-infection, T17 and T18 expression turning on by 8–11 hr,

SSU:YFP expression turning on by 11–24 hr, and finally replication commencing after 24 hr.

These data establish a useful developmental sequence of marker expression for analysis of

Leishmania amastigogenesis (Fig 2G).

Congruent induction profiles of amastigogenesis markers in PEM, BMM,

and BMDC

We then used the amastigogenesis marker suite to compare the timing of L. major develop-

ment following synchronous infection of two different macrophage types (PEM, BMM) as well

as DC (BMDC) in vitro. These cell types have been used in numerous Leishmania infection

studies in vitro, and they were chosen because they allowed us to assess the diversity of parasite

responses to entry into different host cell environments. Loss of anti-PFR2 reactivity in BMM

and DCs was similar to what is seen in PEMs at either 4 or 24 hours post-infection with

35 ± 25% and 0.5 ± 0.6% of parasites in BMMs and 15 ± 13% and 0.4 ± 4% of parasites in DCs

labeling at these time points (Fig 3A). The induction of T18 reactivity and SSU:YFP fluores-

cence also showed similar time courses in the three cell types (Fig 3B and 3C). Induction of

T17 reactivity appeared to be slower in BMMs than in PEMs in that a lower percentage of the

parasites at 8 hours post-infection were T17+ (10 ± 8%, P < 0.01). This difference disappeared

by 24 hours, with 89 ± 10% of the parasites within BMMs showing T17-positivity. Parasites

within DCs were intermediate between the profile seen for PEMs and BMMs in terms of T17

labeling at 8 hours post infection, but were not significantly different from the PEM results

(Fig 3D). We also found that parasites within BMM and BMDC were comparable to parasites

in PEM in terms of cell shape 24 hours after infection (Fig 3E).

These data suggested the possibility of a conserved ‘core’ amastigogenesis program. To test

this, we transferred stationary phase L. major (the time at which metacyclogenesis is maximal)

Fig 3. Metacyclic-to-amastigote transition is similar in different host cell types. (A-D) Comparison of metacyclic-

to-amastigote transition in PEM (black diamonds), BMM (gray squares) and BMDC (open triangles) for the percent of

parasites positive for PFR labeling (A), mAb T18 labeling (B), YFP signal (C), and mAb T17 labeling (D). (E)

Comparison of parasite cell shape 24 h after infection of the indicated cell types with metacyclic-stage L. major. Data,

means ± S.E.M for 3 independent experiments; �, P< 0.05; ��, P< 0.001 by ANOVA; N.S., not significant. N> 350

parasites per marker/time point.

https://doi.org/10.1371/journal.pntd.0010893.g003
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from 25˚ C to 37˚ C in the absence of host cells for 24 hr. As in other Leishmania systems, this

was sufficient to trigger amastigote marker transitions and amastigote morphology. Under

these conditions, 90% of parasites showed PFR loss, 60% showed upregulation of T17 and T18

antigens, and 27% showed YFP positivity, (S3 Fig). That these developmental changes also

occurred in axenic culture demonstrates that early steps of amastigogenesis are largely inde-

pendent of host cell type.

Parasite replication is delayed in BMM and BMDC

We asked whether the timing of parasite re-entry into the cell cycle differed following infection

of the different cell types using the BrdU incorporation assay. In all host cell types, very few

parasites (5–8%) labeled with BrdU during the first 24 h post-infection (Fig 4A). By 72 hr after

infection, 35 ± 8% of parasites in BMM and 46 ± 5% of parasites in BMDC were BrdU positive,

significantly less than what is seen in PEM (72 ± 7%). In agreement with these results, we

observed substantial parasite replication as measured by the number of parasites per host cell

in PEM but not in BM-derived cells over a 72 hr infection time course (Fig 4B). Taken

together, these data indicate that PEMs are a relatively more permissive host cell type for repli-

cation of L. major following metacyclic infection than BMM or BMDC.

Quantitation of LPG expression

Given the similarities in overall amastigogenesis in the three cell types, we then explored the

timing of expression of the Leishmania virulence factor LPG, which normally shuts off in

amastigotes. In PEM, LPG expression was assessed at different time points after infection by

its reactivity with the phosphoglycan (PG) specific monoclonal antibody WIC79.3, which rec-

ognizes galactose modifications of LPG and proteophosphoglycan (PPG) [18, 39]. While these

modifications may be further capped by arabinose in metacyclic LPG in L. major, previous

studies showed metacyclic parasites purified by gradient centrifugation retain high levels of

Fig 4. Initiation of parasite replication delayed in bone-marrow derived macrophages and DC. (A) PEM, BMM,

and BMDC were infected with metacyclic-stage parasites and cultured in the presence of BrdU for the indicated time

points prior to fixation. The percent of parasites showing BrdU-positive nuclei was determined by analysis of samples

stained with anti-BrdU and anti-L. major histone antibodies. N> 350 parasites per cell type/time point. (B) The

number of parasites per 100 host cells at 24 and 72 h post infection of PEM, BMM, and BMDC. Data, mean ± S.E.M. of

three independent experiments. �, P< 0.05, ��, P< 0.001 by ANOVA. N.S., not significant.

https://doi.org/10.1371/journal.pntd.0010893.g004
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exposed Gal-residues and WIC79.3 reactivity [36]. While PPGs also react with WIC79.3, they

are much less abundant than LPG (<1%) [39].

First, LPG expression was assessed qualitatively, scoring parasites as either “LPG-positive”

or “LPG-negative”. By this assay, 99 ± 1% of metacyclic stage parasites were LPG+. By 24 hours

after infection of PEMs, this number had declined to 81 ± 2%, and by 72 hours post infection,

only a few (5 ± 3%) of the parasites had detectable LPG. Experiments monitoring the presence

of arabinose-capped metacyclic-specific LPG using the monoclonal antibody 3F12 yielded

comparable results with a modest decrease in the percentage of 3F12-positive parasites by 24

hours after infection and almost complete loss of 3F12+ parasites by 72 hours post infection

(S4 Fig).

The intensity of WIC79.3 reactivity was then used to quantitate LPG expression per L.

major cell (Fig 5A). All metacyclic parasites showed high levels of LPG, with a mean labeling

intensity of 46,000 ± 2,600 arbitrary units. At two hours post infection the mean per-cell

WIC79.3-reactivity increased to 66,100 ± 3,530 units (P< 0.0001), and thereafter, LPG expres-

sion gradually declined steadily over the next 24 hr. By 48 hours post infection, LPG levels had

declined to background levels, as established by comparisons to the Δlpg1- mutant lacking

LPG [18] (Fig 5A). LPG loss occurs during the period where the amastigote marker YFP is

induced, and so we tested whether these two events occurred in an ordered sequence (e.g. YFP

“on” before LPG “off” or vice versa). However, quantitative analysis indicated that the timing

of LPG loss appears to be random relative to YFP induction (S4 Fig), suggesting that these two

events do not happen in an ordered sequence.

High levels of LPG are retained on some parasites for an extended period in

BMMs and BMDCs

We examined LPG expression following metacyclic infection of BMM and BMDCs (Fig 5B–

5D). The profiles were very similar to what was seen in PEMs for the first 24 hr, with few para-

sites showing LPG-negativity in the three host cell types (Fig 5C). However, by 72 hours after

infection, a striking difference emerged. Whereas 95 ± 3% of parasites within PEMs were qual-

itatively LPG-negative at 72 hours after infection, in both BMMs and BMDCs a much higher

percentage of parasites retained LPG expression with 65 ± 5% of parasites in BMMs

(P< 0.0001) and 37 ± 14% of parasites in BMDCs retaining LPG (P< 0.001) (Fig 5B and 5C).

Accordingly, fluorescence intensity measurement showed that the LPG-positive subset of par-

asites at late time points expressed quantitatively robust levels of LPG within BMM and

BMDC (Fig 5D). At 24 hours after infection, the mean LPG intensity of parasites within PEMs

had declined by ~25% with 7% of the cells showing staining intensity comparable to back-

ground. In contrast, LPG expression on parasites within BMM and BMDC was not different

from what was seen on metacyclics with essentially no LPG-negative parasites detected. By 72

hours post infection, 78% of parasites in PEM had background levels of LPG staining and the

mean anti-LPG intensity had gone down by ~60% (17,600 ± 900 units versus 44,800 ± 2,300

units for metacyclics). While the LPG staining intensity of parasites within BMM and BMDC

did decline by the 72 hour time point, these parasites retained significantly more LPG

(28,600 ± 2,100 and 24,900 ± 1,700 mean anti-LPG intensity, respectively) than did parasites in

PEM. Notably, we observed a great deal of heterogeneity between L. major cells within the

BMM and BMDC. While some parasites (~35%) were LPG-negative and resembled those seen

in PEMs, ~15% of the parasites retained levels of LPG expression as high as that seen in meta-

cyclic-stage parasites (>43,400 units). Together, these data show that L. major can alter the

duration of LPG expression in response to different host cell environments with a population

of parasites retaining biologically relevant amounts of LPG for at least 72 hours after infection.
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LPG-retaining parasites within bone-marrow dendritic cells and

macrophages have not initiated DNA synthesis

We asked whether the strongly LPG+ sub-populations of infected BMM or BMDC cells after 72

hr had initiated DNA synthesis. We used the Click-iT EdU system (Life Technologies) [40] to

facilitate simultaneous visualization of LPG and the incorporation of thymidine analogue (EdU)

into parasite DNA. BMDCs were infected with metacyclics and then cultured in the presence of

EdU for 72 hours, after which the samples were fixed and stained to simultaneously detect

Fig 5. Retention of LPG expression following infection of BMMs and BMDCs. (A) Anti-LPG fluorescence intensity

on a per-parasite basis. Anti-LPG intensity of WT metacyclic-stage parasites as well as at various time points after

infection of PEMs was measured as described in Methods. As a negative control, the anti-LPG intensity of L. major
lpg1- (open circles) was measured 0.3 hr after infection of PEMs. The gray line shows the mean anti-LPG intensity of

‘LPG-negative’ WT parasites plus two standard deviations, and any parasite with anti-LPG values below that line

would be considered “LPG-negative”. Black bars represent geometric mean of the data for each sample. Data shown is

pooled from at least two independent experiments. ���, P< 0.0001 compared to the values for metacyclics using

ANOVA with Bonferroni post hoc analysis. (B) Representative images comparing the LPG-positivity of purified

metacyclics and parasites within PEMs, DCs, and BMMs at 72 hours post-infection. Parasite nuclei are shown in green,

LPG is shown in red. Scale bar represents 5 μm. (C) Percent of parasites within the three host cell types that are LPG+

as determined by the ‘qualitative’ assay. PEM data, black diamonds, BMM data, gray squares, DC data, open triangles.

N> 200 parasites per time point/cell type. (D) Quantitation of LPG on the surface of parasites within PEMs, BMMs,

and DCs at 24 and 72 hours post infection. For comparison, anti-LPG intensity data for metacyclic-stage parasites is

also shown. The gray line shows the cut-off for LPG-positivity. Black bars represent geometric mean of the data for

each sample. n� 3 experiments. N.S, not significant, �, P< 0.05; ��, P< 0.001; ���, P< 0.0001 (ANOVA).

https://doi.org/10.1371/journal.pntd.0010893.g005
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L. major histones, LPG, and EdU. Importantly, the results obtained using EdU were similar to the

results described above with BrdU. We imaged a total of 1174 parasites, 44% of which were EdU+

and 21% of which were LPG+ (Fig 6A and 6B). While 54% of LPG-negative parasites were EdU+,

only 7% of the LPG-positive parasites were EdU+, significantly less than what would be expected

if LPG- and EdU-positivity behaved independently of each other (P< 10−30 by a Chi-square anal-

ysis; Fig 6B). Similar results were obtained when BMM were tested following BrdU labeling (S5

Fig). This demonstrates that L. major parasites in BMDC and BMM have a strong tendency to

down-regulate LPG expression prior to cell cycle re-entry. Next, we asked if LPG loss occurred in

an ordered fashion and always preceded initiation of DNA synthesis. To assess this, we performed

the same analysis as above on parasites within PEM at 24 hours post infection, a time point at

which most parasites retain LPG expression yet a few parasites have become BrdU-positive.

Unlike in BMM and BMDC at 72 hours, LPG-positivity of EdU-positive parasites was essentially

random with LPG/EdU double positive parasites readily observed (S5 Fig). A summary compar-

ing the course of events following parasite entry of PEM, BMDC, and BMM is shown in Fig 6C.

Overall, our data indicate that LPG loss is not a prerequisite for parasite replication, but there is a

strong tendency for non-replicating parasites to retain LPG.

Localization of T17 and T18 epitopes in amastigotes infecting macrophages

in vitro
Since the identity of the molecular epitopes recognized by antibodies T17 or T18 were

unknown, we attempted to identify them in parasites after induction of in vitro

Fig 6. LPG-retaining parasites within DCs 72 hours post-infection have not undergone DNA synthesis. (A, B)

Parasites were cultured in the presence of thymidine analogue (EdU) for 72 hours following infection of BMDC. Cells

were stained to detect EdU-incorporation (green), LPG (red) and parasite nuclei (blue). (A) Representative image of

parasites within DCs stained as above. Arrows, parasites showing LPG-positivity. Scale bar, 5 μm. (B) Percent of

parasites within DCs 72 hours post-infection that are positive for EdU-incorporation. Data shown include the percent

of total parasites that are EdU+, as well as the EdU-positivity of parasites that are either LPG-negative or LPG-positive.

Data, means ± S.E., n = 3 experiments, ����, P< 0.0001 (Chi-square; N = 1185 parasites). (C) Comparison of L. major
amastigogenesis marker transitions, LPG loss, and cell cycle re-entry following infection of PEM, BMM, and BMDC.

Overall, the acquisition of early amastigote characteristics is the same in the three host cell types, but LPG loss and

DNA replication are reduced or substantially delayed following infection of BMM and BMDC.

https://doi.org/10.1371/journal.pntd.0010893.g006
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amastigogenesis (S3 Fig), via pull-down and mass spectrometry, ultimately without success.

Amongst many challenges, one possibility is that these antibodies may recognize glycans or

other non-protein moieties. We then performed confocal and immuno-electron microscopy

to define their localization within amastigotes infecting PEM in vitro.

T17. By light microscopy, the T17 antibody primarily labelled the amastigote flagellum,

with some signal present on the parasite periphery (Figs 1, 2nd row and Fig 7A). Examination

of T17 immuno-gold labeled L. major-infected PEM revealed labelling of the membrane sur-

rounding the amastigote flagellum as well as the flagellum itself (Fig 7B and 7C). T17 reactivity

also appeared concentrated at the junction between the parasite’s apical end and the phagoly-

sosome membrane (Fig 7B and 7D). Remarkably, in these experiments we observed punctate

T17 staining within the macrophage cytoplasm in confocal images (Fig 7E), which corre-

sponded with T17 immuno-EM labeling of the lumen of vesicular structures within the cyto-

plasm of infected PEMs (Fig 7F). These data suggest that the T17 epitope may be secreted by

amastigote-stage L. major, perhaps by trafficking along the flagellum, and suggestive of a role

in macrophage infectivity.

T18. In contrast to antibody T17, by immunofluorescence microscopy antibody T18 recog-

nized an epitope localized to the parasite surface (Fig 1, row 3), as well as to a region located

within the posterior end of the amastigote (furthest from the kinetoplast DNA network; Fig

8A). These data suggest that T17 and T18 epitopes likely reside on different parasite molecules.

By T18 immuno-EM, the posterior tip region showed unexpected morphology, with vesi-

cles and invaginations, with T18 labelling found on the posterior surface and the surface of the

invagination (Fig 8B–8E). In many images the invagination lumen appeared to contain mate-

rial, although whether of parasite or host origin is unknown (Fig 8C–8E). Mitigating concerns

about experimental artefacts, the invagination was seen with other fixation techniques as well

(Fig 8F). The nature of the structure(s), and its biological function, if any, are a matter of con-

jecture. While a similar structure has been previously noted in classic TEM studies of old-

world and new-world Leishmania amastigotes more than 40 years ago [41–43], it has largely

escaped notice and has not previously been defined as being antigenically distinct.

Discussion

Our study demonstrates that L. major parasites can respond to different host cell environments

by prolonging their expression of the promastigote stage-specific virulence factor LPG. These

studies were enabled by first developing a suite of markers suitable for mapping the process of

amastigogenesis at the single cell level, as discussed further below. Interestingly, LPG retention

was higher in cell types in which the parasites also showed delayed or reduced initiation of

DNA synthesis (BMM and BMDC). Retention of LPG expression is not a result of the para-

site’s failure to differentiate into the amastigote stage, as parasites infecting BMM or BMDC

clearly did not remain metacyclics and showed nearly identical transitions in terms of several

amastigote developmental markers as parasites within highly-permissive PEM.

Our studies identify a population of parasites that resemble amastigotes in terms of lacking

PFR expression and being T17, T18, and YFP positive, but that also resemble metacyclics in

terms of high-level LPG expression, raising questions as to their nature. Potentially, LPG-loss

could represent a “late” marker of amastigogenesis and the PFR- T17+ T18+ YFP+ LPG+ cells

are an intermediate between the metacyclic and the amastigote stages. However, we identified

a number of LPG-positive parasites that had undergone DNA synthesis in BMM and BMDC

at 72 hours post infection (Figs 6B and S5) and in PEM 24 hours post-infection (S5 Fig), indi-

cating that LPG loss is not a prerequisite for cell cycle re-entry. Zilberstein et al have described

a ‘maturation’ phase of axenic amastigogenesis that continues to take place even after
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Fig 7. Localization of T17 antibody labeling in amastigotes. (A) Epifluorescent microscopy of an amastigote (72 h

post metacyclic infection) within a PEM labeled with T17 antibody along with antibodies recognizing parasite histones

and DNA stain Hoechst 33342. Scale bar, 2 μm. (B) Electron micrograph of an L. major amastigote within a PEM

following immuno-gold labeling with T17 antibody. Scale bar, 0.5 μm. Arrowhead indicates concentration of T17

immuno-labeling at the distal tip of the amastigote flagellum. (C) T17 immuno-labeling around the perimeter of the

parasite flagellum. Scale bar, 0.5 μm. (D) T17 immuno-labeling is concentrated at the phagolysosome-parasite

flagellum contact site, with some signal on the host cell-side of the phagolysosome. Scale bar, 0.5 μm. (E) Confocal
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amastigote-like forms of L. donovani have undergone replication [28,44,45], and it is possible

that the replicative LPG-positive L. major are a manifestation of this. Alternatively, their stud-

ies differ from those presented here in that they were initiated with replicating log phase pro-

mastigotes, rather than purified infective stage metacyclic parasites. A final possibility is that

the parasites have completed amastigogenesis yet respond to unfavorable environmental cues

by retaining LPG virulence factor expression.

Significance of LPG persistence

Although none of the host cell types used in this study (PEMs, BMMs, BMDCs) directly

mimic any of the various cell types likely to be encountered by metacyclic-stage Leishmania
following sand fly transmission (e.g. tissue resident dermal macrophages, neutrophils, Langer-

hans cells, or others), they represent common experimental models which did allow us achieve

our goal of exploring the diversity of parasite responses to entry of different host cell types.

While amastigote marker transitions were similar regardless of host cell type, we found that

parasites display a continuum of responses to different host cell environments in terms of the

timing of cell cycle reentry and the expression of the LPG virulence factor, ranging from rapid

resumption of replication and LPG loss in some cell types to slower resumption of replication

micrograph of PEM 3 d after L. major or mock infection. Samples were stained with T17, antibodies reactive to

Leishmania histones, and a DNA stain. Zoomed in images of the boxed regions are shown to the right. Scale bar,

10 μm. (F) ImmunoEM labeling with T17 of vesicular structures in L. major-infected PEM. Images from three

different cells shown. Arrows indicate membranous structures containing the parasite antigen recognized by T17

within the PEM cytoplasm. Scale bar, 0.5 μm. Abbreviations: p, parasite posterior; n, nucleus; k, kinetoplast; pf, parasite

flagellum.

https://doi.org/10.1371/journal.pntd.0010893.g007

Fig 8. Localization of T18 antibody labeling. (A) Epifluorescent microscopy of an amastigote (72 h post metacyclic

infection) within a PEM labeled with T18 antibody along with antibodies recognizing parasite histones and DNA stain

Hoechst 33342. Scale bar, 2 μm. (B, C) Electron micrograph of an L. major amastigote within a PEM following

immuno-gold labeling with T18 antibody. The region within the dashed box (left) is shown to the right at higher

magnification in panel C. (D, E) Additional examples of the posterior end of T18 immuno-gold-labeled parasites. (F)

TEM image of the posterior end of an L. major amastigote. These cells were subjected to a different fixation protocol

than what was used for immunoEM (see Methods). Arrowheads in panels C-F point to the amastigote-specific

structure at the posterior end of the parasite. Scale bar for EM images, 0.5 μm. Abbreviations: p, parasite posterior; n,

nucleus; k, kinetoplast.

https://doi.org/10.1371/journal.pntd.0010893.g008
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and LPG retention in others. Importantly, these LPG+ parasites likely have biologically rele-

vant levels of LPG, as quantitation demonstrated that they express comparable amounts of

LPG to metacyclic-stage parasites on a per-cell basis.

Retention of LPG, and potentially other “early” virulence factors that act in parasite estab-

lishment, may have important effects on the infected hosts. LPG has roles in parasite survival

in macrophages and neutrophils, protection against complement-mediated lysis, oxidant

avoidance, cytokine production and the inhibition of phagolysosomal fusion [5,17,19–

23,46,47]. LPG retention would serve to prolong its actions and remodeling the host cell envi-

ronment, and impacting innate and acquired immune responses susceptible to LPG inhibition

[21]. For example, prolonged expression of LPG within DCs as shown here could dramatically

impact antigen processing and presentation as well as cytokine production and T-cell activa-

tion [46].

Additionally, LPG retention may be beneficial to the parasites as they are transferred from

the first host cell infected to the second, through one of several ‘Trojan horse’ routes. In addi-

tion to tissue resident macrophages, invading metacyclic-stage parasites are commonly

observed infecting neutrophils and dendritic cells in vivo, followed by subsequent transfer to

macrophages within 24–48 hours after infection [6–8,48]. In BMM and BMDC, many para-

sites retained high levels of LPG expression up to 72 hours post infection. As this is well

beyond the estimated transit time of Leishmania through “first contact” cells to macrophages

(~24 hours), these data establish that the destination macrophages likely encounter a signifi-

cant number of Leishmania retaining biologically relevant levels of LPG capable of mediating

virulence functions. For neutrophils, persistence of LPG expression is a necessary step for sur-

vival and likely transit [23,49].

How this transfer of the parasite from the first cell type infected to macrophages occurs is

an area of intense study; parasites could be released from the infected cell and subsequently

taken up [7] and/or the infected cell itself is engulfed [8, 12, 23, 50], with both routes seeming

likely to transfer LPG-retaining parasites. In the future it would be interesting to extend the

quantitative single cell approaches developed here to the question of LPG retention in other

cell types (neutrophils, inflammatory monocytes, tissue resident macrophages, keratinocytes

or other cell types known to harbor Leishmania during establishment [6–11]) in vitro or in
vivo. Testing the role of LPG in these widely varying settings will require the application of

technologies in which parasite glycoconjugate expression can be manipulated over a short

time frame, while the parasite is within the phagolysosome or in transit [51].

A marker suite for the study of amastigogenesis in Leishmania major
Although the primary aim of our study was to determine whether and how Leishmania
respond to the differing intracellular environments presented by different host cell types, we

also developed or characterized a marker suite enabling visualization of the differentiation pro-

cess of amastigotigenesis at the single cell level that will be generally applicable. Some of the

developmental changes associated with amastigogenesis, such as the loss of PFR expression,

happened very rapidly upon parasite infection of these cells, with more than 90% of the para-

sites displaying a PFR- phenotype by 4 hours post-infection. It is well known that the Leish-
mania flagellum undergoes dramatic changes during amastigogenesis [52,53]. Our results

from macrophage-infecting L. major are in good agreement with a study tracing flagellar

remodeling in L. mexicana undergoing amastigotigenesis under host-free axenic conditions in
vitro [37], with both studies reporting flagellar shortening and PFR loss following host cell

infection. Other developmental changes as assessed by amastigote markers occurred later, with

T17 and T18 reactivity being the next “markers” to be induced, followed by the induction of
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YFP fluorescence. Despite the fact that the nature of the antigens recognized by T17 and T18

and the mechanism of YFP down-regulation in metacyclic-stage parasites have not been

defined, these still proved to be excellent temporal, cell-based ‘digital’ markers of amastigogen-

esis. The findings that the induction of amastigote markers appears to occur in an ordered

manner (Fig 2) that is largely independent of host cell type (Fig 3) and can even occur in the

absence of host cell entry (S3 Fig) is overall consistent with the sequential progression of a set

of ‘core amastigogenesis’ gene expression and morphological changes seen by microarray stud-

ies as L. donovani differentiates in axenic culture [25–27,29,45,54]. These changes preceded

reentry into the cell cycle, as they had largely gone to completion by 24 hours post infection, a

time point at which only 8% of the parasites were BrdU+.

Cellular localization of amastigote-stage markers

Our search for amastigote stage markers led to the selection of the epitopes recognized by

monoclonal antibodies T17 and T18 which fulfilled this goal perfectly (Fig 1). While the identi-

fication of the antigens recognized by these antibodies was not required for their use as amasti-

gogenesis markers, it did establish their independence, and their serendipitously interesting

cellular localization patterns described below motivated us to undertake further study. Unfor-

tunately, our efforts to identify these antibodies’ molecular targets through combined proteo-

mic and genetic approaches were unsuccessful.

For the epitope recognized by antibody T17, immuno-EM labelling show surface localiza-

tion to the amastigote flagellum, concentration at the flagellar-parasitophorous vacuole inter-

face, and presence within vesicular structures in the host cell cytoplasm (Figs 1 and 7). This is

interesting when viewed through proposed roles of the amastigote flagellum as a sensory

organelle and potentially as a vehicle for delivering virulence factors to or across the phagoly-

sosomal membrane [52]. Indeed, the T17 epitope’s likely path within the infected macrophage

would fit this model well.

For the epitope recognized by antibody T18, immunofluorescence and immuno-EM stud-

ies showed it to localize to the parasite surface, positioning it to potentially interact with host

defenses within the parasitophorous vacuole (Fig 1). Additionally, the T18 epitope showed

strong localization to the parasite’s posterior end, which displayed posterior tip vesicles and

invaginations, whose lumen appeared to contain material of undetermined origin (Fig 8B–

8E). The cup-like structure seen at the parasite’s posterior end has previously been noted by

electron microscopy of amastigotes from a few Leishmania species several decades ago [41–

43], but this observation received little attention in the field since no molecular marker for this

structure was known prior to our work. However, recent genome wide surveys of protein

localization in cultured African trypanosomes have revealed at least 36 candidates with signifi-

cant posterior location, most of which have Leishmania orthologs [55]. Several of these play

roles in the parasite cytoskeleton, but many are of unknown function. Interestingly, L. mexi-
cana and L. amazonensis amastigotes were shown to sequester host proteins including MHC II

molecules at a site near their posterior ends [56], possibly connecting the under-studied amas-

tigote posterior structure labeled by T18 with new, interesting biology. Regardless, future stud-

ies will be needed to both identify the T18 epitope and dissect its potential roles within the

parasite, if any.

In summary, our study traced amastigote development in dendritic cells and two different

types of macrophages. We found that overall parasite differentiation was comparable in the

three cell types, yet the timing of reentry into the cell cycle and down-regulation of the pro-

mastigote-specific virulence factor LPG differed depending on the host cell type (Fig 6C). This

variability in parasite behavior could reflect Leishmania responses to the different host cell
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environments encountered by the parasites early in infection. Finally, the amastigote markers

developed in our study will be important tools that can help lay the groundwork for future

studies aimed at better understanding the process of amastigogenesis and its regulation.

Materials and methods

Parasite strains and culture

Leishmania major Friedlin V1 strain (MHOM/IL/80/Friedlin; abbreviated as LmjF) parasites

were grown at 26˚C in M199 medium (US Biologicals) supplemented with 40 mM 4-(2-hydro-

xyethyl)-1-piperazine-ethanesulfonic acid (HEPES) pH 7.4, 50 μM adenosine, 1 μg ml−1 biotin,

5 μg ml−1 hemin, 2 μg ml−1 biopterin and 10% (v/v) heat-inactivated fetal calf serum [51], in

some cases containing selective drugs. LmjF parasites expressing YFP (yellow fluorescent pro-

tein; SSU:IR1PHLEO-YFP) were described previously [51]. L. major LV39cl5 Δlpg1- [18] was

cultured in the above media supplemented with 2 mM L-glutamine, 9 μg ml-1 folate and RPMI

Vitamin Mix (Sigma). Infective metacyclic-stage parasites were recovered using the density

gradient centrifugation method [36]. Prior to infection of host cells, purified metacyclic-stage

parasites were opsonized with serum from C5-deficient mice as described [57]. For axenic

amastigogenesis experiments shown in S3 Fig, day 3-stationary phase parasites were pelleted

and resuspended in warm (37˚ C) RPMI 1640 media containing L-glutamine and then cul-

tured for 24 h at 37˚ C in CO2 incubator.

Mammalian host cells

Ethics statement. Animal handling and experimental procedures were carried out in

strict accordance with the recommendations in the Guide for the Care and Use of Laboratory

Animals of the United States National Institutes of Health. Animal studies were approved by

the Animal Studies Committee at Washington University (protocol #20–0396) in accordance

with the Office of Laboratory Animal Welfare’s guidelines and the Association for Assessment

and Accreditation of Laboratory Animal Care International.

Cells were isolated from female C57Bl/6J mice (6–10 weeks old; Jackson Labs). Peritoneal

macrophages (PEMs) were elicited by a peritoneal injection of potato starch and harvested and

maintained in DMEM (Invitrogen) containing 10% FCS and 2 mM L-glutamine as described

[58]. Bone marrow-derived macrophages (BMMs) and dendritic cells (DCs) were harvested as

described previously [59]. Briefly, bone marrow was flushed from the femurs of mice and cul-

tured in dendritic cell or macrophage growth media at 37˚ for 6 days. DCs were cultured in

RPMI media without L-glutamine (Gibco) supplemented with 10% fetal calf serum (Hyclone),

Glutamax (Gibco), Na pyruvate, non-essential amino acids, and kanamycin (DC media) with

the addition of 2% GM-CSF. BMMs were cultured in DMEM (Gibco) supplemented with 10%

fetal calf serum, 5% horse serum, Glutamax (Gibco), Na pyruvate, non-essential amino acids,

and kanamycin (as described above for the macrophage media) with the addition of 30% L-

cell media as the source of M-CSF. For infections, cells were cultured in DC or macrophage

media without growth factors. Prior to infection, PEMs, DCs, and BMMs were adhered to ster-

ile glass coverslips in 24 well dishes overnight.

Infection of host cells. Parasites were added to host cells at a ratio of 5:1. Typically, extra-

cellular parasites were removed by extensive washing 2 hours after parasites were added to

host cells. Infected cells were maintained in media which was changed daily. For DNA labeling

studies, 0.1 mM 5-bromo-2’-deoxyuridine (BrdU; Sigma) or 0.1 mM 5-ethynyl-2’-deoxyuri-

dine (EdU; Life Technologies) was added for the time indicated in the text.

Mouse infections and tissue sectioning. The methods used to infect mice and harvest tis-

sues for sectioning have been presented [38]. Briefly, C57Bl/6J mice (6–10 weeks old; Jackson
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Labs) were injected sub-cutaneously with 105 purified metacyclic parasites in the left hind foot-

pad. 2–3 weeks later, mice were euthanized and the infected footpad was fixed with 4% para-

formaldehyde, incubated in sucrose solutions, and embedded in O.C.T. reagent (Ted Pella,

Inc.). 10 μm sections of the infected tissue were cut using a cryostat and adhered to microscope

slides. Tissue sections were then stained as indicated in the text using the immunofluorescent

staining protocol described below.

Antibodies. L. major nuclei were detected with rabbit antibodies raised against L. major
histones H2A, H2Avariant, H2B, H3, and H4 and pooled at a ratio of 3:2:3:3:1 by titer as deter-

mined by Western blot and used at a dilution of 1:750 [38,60]. BrdU was detected with a rat

monoclonal antibody (Abcam) used at 10 μg ml−1. For dual-labeling experiments involving

YFP, Alexafluor488-conjugated rabbit anti-GFP antisera (Invitrogen) was used at a concentra-

tion of 8 μg ml−1. The amastigote-specific mouse monoclonal antisera T17 and T18 were a gift

from Charles Jaffe (Hebrew University) and were diluted 1:400 [34]. Paraflagellar rod (PFR)

was detected with the mouse monoclonal antibody L8C4 (provided by Keith Gull), and was

used at a dilution of 1:50 [61]. Lipophoshoglycan (LPG) was detected using two different anti-

sera. For most experiments, Gal-substituted LPG was detected with the mouse monoclonal

antibody WIC79.3 [39], which was used at a 1:250 dilution. Where specified, “metacyclic

LPG”, in which most of the galactose side chains are capped with D-arabinopyranose, was

detected with the mouse monoclonal antibody 3F12 [39] used at a 1:100 dilution. Fluorescent

secondary antibodies were: Alexafluor488 goat anti-rabbit, Alexafluor555 goat anti-rabbit,

Alexafluor633 goat anti-rabbit, Alexafluor488 goat anti-mouse, Alexafluor594 goat anti-

mouse, and Alexafluor488 goat anti-rat (Invitrogen, all used at a concentration of 2 μg ml−1).

Immunofluorescence staining and confocal microscopy. Samples were fixed in 4%

(w/v) paraformaldehyde in phosphate-buffered saline (PBS) for 10 minutes. Samples were

washed in PBS, and then blocked and permeabilized in PBS containing 5% (v/v) normal goat

sera (Vector labs) and 0.1% (v/v) Triton-X-100 for 30 min. The samples were then stained

with various combinations of primary antibodies (as described in the text) for 1 h. Unbound

antibody was then washed off in PBS and primary antibodies were detected with combinations

of fluorescent secondary antibodies (as described in the text) for 40 min, followed by a second

wash in PBS. In experiments involving BrdU, fixed samples were washed with distilled water

prior to a 40 minute incubation in 2 N HCl. Samples were then extensively washed in PBS

prior to blocking and permeabilization as described above. Samples were incubated in anti-

BrdU antisera for 2 hours. For experiments involving EdU, EdU was labeled according to the

manufacturer’s protocol (Life Technologies) prior to antibody labeling.

Following staining, all samples were mounted in ProLong Gold (Invitrogen). All micros-

copy was performed on a Zeiss 510 META confocal laser scanning microscope or on an Olym-

pus AX70 microscope equipped with a Retiga 2000 digital camera (QImaging). Cutoffs for

saturation and background levels were adjusted with Photoshop software (Adobe). Measure-

ments of parasite and flagellar dimensions were performed using LSM Image Browser Soft-

ware (Zeiss).

Immuno-electron microscopy. For immunolocalization by transmission electron

microscopy, infected cells were fixed in 4% paraformaldehyde/0.05% glutaraldehyde (Poly-

sciences Inc., Warrington, PA) in 100mM PIPES/0.5mM MgCl2, pH 7.2 for 1 hr at 4˚C. For

ultrastructural analysis, samples were fixed in 2% paraformaldehyde/2.5% glutaraldehyde

(Polysciences Inc., Warrington, PA) in 100mM PIPES/0.5mM MgCl2, pH 7.2 for 1 hr at 20˚C.

After either fixation protocol, samples were then infiltrated overnight in the cryoprotectant

2.3M sucrose/20% polyvinyl pyrrolidone in PIPES/MgCl2 at 4˚C. To permeabilize cells for

antibody labeling samples were plunge-frozen in liquid nitrogen and subsequently thawed in

PBS at room temperature. This technique was confirmed to permeabilize the host cell
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membrane and intracellular organelle membranes. Samples were probed with the primary

antibodies at 1:250 dilutions followed by FluoroNanogold anti-mouse Fab (1:250; Nanoprobes,

Yaphank, NY) and silver enhancement (Nanoprobes HQ silver enhancement kit). Samples

were washed in phosphate buffer and post-fixed in 1% osmium tetroxide (Polysciences Inc.,

Warrington, PA) for 1 hr. Samples were then rinsed extensively in dH20 prior to en bloc stain-

ing with 1% aqueous uranyl acetate (Ted Pella Inc., Redding, CA) for 1 hr. Following several

rinses in dH20, samples were dehydrated in a graded series of ethanol and embedded in Epo-

nate 12 resin (Ted Pella Inc.). Sections of 95 nm were cut with a Leica Ultracut UCT ultrami-

crotome (Leica Microsystems Inc., Bannockburn, IL), stained with uranyl acetate and lead

citrate, and viewed on a JEOL 1200 EX transmission electron microscope (JEOL USA Inc.,

Peabody, MA). All pre-labeling experiments were conducted in parallel with omission of the

primary antibody. These controls were consistently negative at the concentration of Nanop-

robes-conjugated secondary antibodies used in these studies.

Quantitation of LPG abundance. Samples were stained to detect parasite histones and

PGs and confocal microscopy performed as described above. 3-dimensional confocal image

stacks were then compressed into a single 2-dimensional image which was then used for subse-

quent analysis. For samples harvested less than 24 hours post infection, at which time the para-

site’s outline could be visualized with WIC79.3 staining, Volocity software (Improvision) was

used to trace the outline of the parasites and then measure the sum of the WIC79.3 (red) inten-

sity within the traced area. For samples harvested 24 hours or later after infection, this method

was unusable because the outline of the parasites was increasingly invisible. Thus, we measured

the sum of WIC79.3 intensities within a 44.8 μm2 circle centered at the parasite nucleus. We

did not use this method with parasites at time points prior to 24 hours because a circle is a

poor approximation of the elongated shape of metacyclic-stage parasites.

Flow cytometry. YFP fluorescence was quantitated on a FACSCalibur flow cytometer

(BD Biosciences) using the FL1 channel. FSC and SSC were used to gate on the single cell

population.

Data analysis and Statistics. Unless stated otherwise, the data reported throughout the

paper is the mean of at least three independent experiments in which>300 parasites were

scored per experiment. P values < 0.05 were considered significant using either ANOVA fol-

lowed by a post hoc Bonferroni multiple comparisons test or a Chi-squared test as specified in

the text or figure legends.

Supporting information

S1 Fig. Developmental regulation of YFP reporter. (A) Flow cytometric analysis of YFP sig-

nal from WT L. major and L. major expressing YFP from the small ribosomal subunit locus

under log-phase (procyclic promastigotes) or stationary-phase (includes metacyclic promasti-

gotes) conditions. (B) Western blot analysis of YFP expression in log phase and stationary

phase parasites stably transfected with YFP transgene. L. major histone H2A levels were

assessed as a protein loading control. (C) The abundance of YFP mRNA in log and stationary

phase parasites was determined by q-RT-PCR. �, P< 0.05. Abbreviations: p, parasite posterior;

n, nucleus; k, kinetoplast.

(PDF)

S2 Fig. mAb T17 and T18 reactivity precedes YFP expression during metacyclic-to-amasti-

gote transition. (A) C57B6 mice were injected subcutaneously in footpad tissue with metacyc-

lic stage parasites stably transfected with YFP transgene. 16 d later, mice were sacrificed and

infected footpad tissue sectioned and stained to detect parasite histones (blue) and YFP. YFP-

negative parasites are indicated by arrows. Scale bars, 5 μm. (B, C) PEMs were fixed 10 h after
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infection and stained with T17 (B) or T18 (C) antibodies (red). Parasites were identified based

on nuclear staining with antibodies against parasite histones (blue). The percent of parasites

positive for T17 or T18 reactivity and YFP fluorescence (green) was determined by analysis of

confocal micrographs. Arrowheads indicate T17/T18 positive, YFP-negative parasites, and

arrows indicate double-negative parasites. Scale bars, 5 μm.

(PDF)

S3 Fig. Acquisition of amastigote traits by L. major cultured at 37˚C in the absence of host

cells. L. major promastigotes were cultured until the third day of stationary phase at 26˚C,

then placed in fresh media and cultured at 37˚C for 24 hours prior to harvest and analysis. (A)

Parasites were fixed and stained with the indicated markers prior to confocal microscopy.

Micrographs were visually scored for PFR negativity or T17/T18 positivity. N > 200 parasites.

(B) Flow cytometric analysis of YFP fluorescence of the starting culture of stationary phase

parasites (green, 26˚C) and parasites following 24 hours of culture at 37˚C (purple). (C) Repre-

sentative electron micrograph of a parasite following culture at 37˚C that has typical amasti-

gote morphology including a round shape and a spacious flagellar pocket.

(PDF)

S4 Fig. LPG down-regulation is coincident with loss of metacyclic-specific arabinose-

capped LPG but independent of YFP induction. (A) PEMs were infected with L. major and

harvested 2, 24, and 72 hours after infection. Ara-capped LPG is detected with mAB 3F12

(green), and parasite histones are shown in red. Data indicate the percent of parasites positive

for 3F12 labeling out of the total number of parasites analyzed (N). Scale bar, 5 μm. (B) Repre-

sentative image of parasites within BMM fixed 72 h post infection showing LPG and/or YFP

positivity. Parasite nuclei are shown in blue. Arrows indicate LPG and YFP double-negative

parasites. Scale bar, 5 μm. Analysis of images like that in (B) was performed to determine the

LPG-positivity (C) or YFP-positivity (D) of total parasites or within the indicated parasite sup-

populations. N = 362 parasites. N.S., not specific (Chi-square).

(PDF)

S5 Fig. LPG loss is not prerequisite for DNA synthesis. (A, B) L. major-infected BMM were

cultured in the presence of BrdU for 72 hours prior to fixation, immunolabeling, and confocal

microscopy. A representative image is shown in (A). Arrows indicate LPG-retaining parasites,

which tend to be BrdU-negative as quantitated by Chi-square analysis in (B). Data shown

include the percent of total parasites that are BrdU+, as well as the BrdU-positivity of parasites

that are either LPG-negative or LPG-positive. Data, means ± S.E., n = 3 experiments, ���,

P< 0.0001 (Chi-square; N = 848 parasites). (C, D) PEMs were infected with L. major metacyc-

lic stage parasites for 24 h in the presence of EdU prior to fixation and staining to detect EdU

(green), LPG (red) and parasite nuclei (blue). A Representative confocal image of a parasite

showing double-positive labeling for EdU and LPG along with several EdU-negative parasites

is shown in (C) with quantitation of EdU positivity amongst total parasites, LPG-positive, and

LPG-negative parasites shown in (D). N.S., not significant per Chi-square analysis as in Fig 6.

N = 429 parasites.

(PDF)
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