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ABSTRACT

Leishmania are intracellular parasites adapted to sur-
viving in macrophages, whose primary function is elimi-
nation of invading pathogens. Leishmania entry into
host cells is receptor-mediated. These parasites are
able to engage multiple host cell-surface receptors, in-
cluding MR, TLRs, CR3, and FcyRs. Here, we investi-
gated the role of CR3 and FcyR engagement on the
maturation of Leishmania-containing phagosomes us-
ing CD11b—/—- and FcyR—/— macrophages, and assess-
ing EEA1 and lysosome-associated proteins is neces-
sary for the phagosome maturation delay, characteris-
tic of Leishmania infection. Leishmania-containing
phagosomes do not fuse with lyosomes until 5 h postin-
fection in WT mice. Phagolysosome fusion occurs by 1
h in CD11b and FcyR common chain KO macrophages,
although receptor deficiency does not influence Leish-
mania entry or viability. We also investigated the influ-
ence of serum components and their effects on phago-
some maturation progression. Opsonization with nor-
mal mouse serum, complement-deficient serum, or
serum from Leishmania-infected mice all influenced
phagosome maturation progression. Our results indi-
cate that opsonophagocytosis influences phagosomal
trafficking of Leishmania without altering the intracellu-
lar fate. J. Leukoc. Biol. 93: 921-932; 2013.

Introduction

Intracellular pathogens are highly specialized to reside inside
cells, requiring them to avoid or resist host-killing mecha-

Abbreviations: —/—=deficient, BMDM=bone marrow-derived macro-
phage, CR3=complement receptor 3, EEAT=early endosome antigen 1,
KO=knockout, LAMP1=lysosome-associated membrane protein 1,
LPG=lipophosphoglycan, MR=mannose receptor , PG=phosphoglycan,
RPMI-C=RPMI, supplemented with 10% FBS, 100 U/ml penicilin, and 100
ng/mi streptomycin, SLA=soluble Leishmania antigen
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nisms. Leishmania take advantage of the intracellular niche,
surviving inside phagolysosomes of vertebrate macrophages
and DCs. Leishmania infectious-stage parasites (metacyclic pro-
mastigotes) gain entry into host cell macrophages via receptor-
mediated phagocytosis. Metacyclic promastigotes actively mod-
ulate normal phagosome progression by delaying fusion with
lysosomes, theoretically allowing the parasites time to mature
into a more antimicrobial-resistant amastigote stage. Amastigotes
are eventually released from infected cells and invade neighbor-
ing cells, also through receptor-mediated phagocytosis.

Phagocytosis of a foreign body normally results in the devel-
opment of an early phagosome characteristically marked by
EEAI1 and rabb, progressing to a late maturation stage marked
by LAMP1 and rab7. The late phagosome fuses with lysosomes,
allowing for degradation of phagosomal contents. Leishmania
phagosomes mature at ~5 h, whereas heatkilled parasites traf-
fic to a LAMP1-positive compartment by 1 h, typical of the
maturation progression associated with phagocytosis of most
microbes and nonmicrobial particles [1, 2]. The proposed
mechanism of phagosome maturation delay is insertion of
Leishmania LPG in to the phagosome membrane, causing the
retention of actin, thus preventing fusion with lysosomes [2].
As LPG is a major parasite surface component, interacting
with macrophage receptors, it seems likely that LPG engage-
ment of host receptors and resulting signaling could influence
phagosome maturation. The most well-characterized host cell
receptors for Leishmania recognition are CR3, FcyRs, MR, scav-
enger receptor, and some TLRs [3, 4]. However, it is not clear
whether engagement of specific macrophage surface receptors
by Leishmania influences phagosome maturation and whether
this event correlates with parasite survival.
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The use of specific macrophage receptors by Leishmania re-
mains an active field of study, as certain receptors have been
characterized to potentially have different functions in cell signal-
ing and disease outcome. Currently, it is believed that pathogen
entry via CR3 does not elicit an oxidative burst, suggesting that
use of this receptor for entry increases parasite survival [5]. An-
other receptor family thought to be important in pathogen rec-
ognition is FcRs, through opsonizing antibodies.

CR3 is a B, integrin that is found on leukocytes and is a ver-
satile receptor with roles in immunity, adhesion, and phago-
cyte migration [6]. CR3 is composed of two chains: CD11b
and CD18. CD11b is a type I transmembrane surface protein
composed of extracellular, transmembrane, and cytoplasmic
domains. The C-domain, or lectin-like domain, is thought to
be responsible for recognition of pathogen surface molecules,
such as Mycobacterium tuberculosis oligosaccharides and Leishma-
nia LPG [7]. The binding of C3bi, fibrinogen, and bacterial
antigens is facilitated by the 200-aa-long I domain near the
N-terminal end [8]. These two domains explain the wide
range of ligand binding exhibited by CR3. Leishmania LPG is a
C3 acceptor and can bind CR3 directly [9]; thus, this receptor
is thought to be a primary route of Leishmania invasion.

FcyRs are important receptors for recognition of antibodies
and antibody-coated pathogens. Upon cell-cell spread within
an established infection or reinfection of a previously infected
host, IgG produced by the vertebrate host covers the surface
of Leishmania amastigote parasites, making them more suscep-
tible to phagocytosis through FcyRs [10]. There are several
FcyR family members that can cause activation or inhibition of
cell signaling, dependent on the motif attached to the cyto-
plasmic domain of the receptor. Of particular interest are
FcyRI (CD64) and III (CD16), both of which share a common
v chain (FcyR) containing an ITAM in the cytoplasmic do-
main [11]. Ligation of FcyRs by IgG-opsonized Leishmania
amastigotes modulates cytokine expression [12, 13], and FcyRs
contribute to susceptibility in BALB/c mice [10, 14]. FcyRs
are especially important during subsequent secondary infec-
tions, as the host has developed IgG that readily binds to para-
site surfaces. However, naturally occurring antibodies—IgM
and IgG isotypes found in uninfected individuals—also recog-
nize and opsonize Leishmania promastigotes and activate the
classical complement pathway [7, 15]. Most of the research
concerning FcyRs and Leishmania has been performed, evalu-
ating secondary infection using the amastigote life-cycle stage.
However, evidence of naturally occurring antibodies makes
investigation of the infective metacyclic stage extremely inter-
esting in evaluating the use of FcyRs in parasite entry.

Previous research has implicated a role for CR3 and FcyRs
in avoiding immune activation. Here, we explored the defi-
ciencies in knowledge concerning CR3 and FcyR engagement
and phagosome maturation during Leishmania infection, using
CD11b—/— and FcyR—/— macrophages.

MATERIALS AND METHODS

Animal use

Six- to 8-week-old female WT C57Bl/6 and CD11b—/— C57Bl/6 mice were
provided by Tanya Mayadas-Norton (Brigham and Women’s Hospital and
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Harvard Medical School, Cambridge, MA, USA). FcyR—/— mice were pur-
chased The Jackson Laboratory (Bar Harbor, ME, USA). C3—/— mice
were a generous gift from Jeff Schorey (University of Notre Dame, Notre
Dame, IN, USA) [16]; this strain originated on a C57Bl/6 X 129/] back-
ground and was backcrossed to C57Bl/6 mice for two generations. Breed-
ing lines of WT and KO were generated from heterozygous matings for all
strains. All mice were bred for multiple generations before use in the
Freimann Life Science Center at the University of Notre Dame.

Parasite culture

Leishmania donovani 1S strain (MHOM/SD/62/1S), isolated from a visceral
leishmaniasis patient in the Sudan, was used for the experiments presented
in this study. LPG—/— L. donovani mutant R2D2 and PG—/— L. donovani
C3PO [17] were generously provided by Dr. Salvatore Turco (University of
Kentucky). All experiments were repeated at least one time with the Leish-
mania major Freidlin V1 (MHOM/IL/80/Friedlin) strain with similar results
(data not shown). Parasites were cultured at 26°C without CO, in medium
199, supplemented with 20% heat-inactivated FBS, 100 U/ml penicillin,
100 pg/ml streptomycin, 2 mM r-glutamine, 40 mM HEPES, 0.1 mM ade-
nine (in 50 mM HEPES), 5 mg/ml hemin (in 50% triethanolamine), and 1
mg/ml biotin. Infective-stage metacyclic promastigotes were isolated from
stationary cultures (4-5 days old) by using a uniform procedure based on a
modification of a method of density-gradient purification described previ-
ously [18]. All parasites were tested for Mycoplasma contamination [PCR
detection method (TaKaRa Bio, Shiga, Japan)] and endotoxin [Limulus
amoebocyte lysate assay (Endosafe; Charles River Laboratories, Bar Harbor,
ME, USA)]. Parasites were washed and unopsonized or opsonized with 5%
normal C57Bl/6 mouse serum, C3—/— serum, Leishmania-infected serum,
or C3—/— Leishmaniainfected serum prior to infection. Metacyclic promas-
tigotes were labeled with CFSE (Molecular Probes, Carlsbad, CA, USA) at a
5-uM concentration in PBS. After addition of CFSE, parasites were placed
at 37°C for 5 min, shaking every minute, followed by quenching with FBS
[19]. Parasites were centrifuged at 3500 RPM for 15 min and resuspended
in PBS at 20:1 parasites/macrophage for infection. Unattatched parasites
were washed out after 1 h postinfection.

Macrophage culture

Bone marrow cells were flushed from femurs and tibias of 6- to 8-week-old
mice by standard techniques [20]. Progenitor cells were incubated at 37°C
with 5% CO, in RPMI-C. L929 cell-conditioned medium, as a source of
M-CSF, was added at a concentration of 25% and replaced on the 3rd day
[21]. On the 6th day of culture, adherent BMDM cells were harvested, in-
cubated overnight in RPMI-C, and infected on the 7th day.

Immunofluorescence staining

The immunofluorescence staining followed the protocol by Boshans et al.
[22]. Briefly, infected macrophages were fixed in 2% PFA (Sigma, St.
Louis, MO, USA) in PBS for 30 min at 37°C. Fixed cells were permeabil-
ized with 0.02% Triton X-100 (Sigma), blocked with 0.2% BSA and 0.02%
gelatin, and washed with 1% BSA in PBS. The anti-goat polyclonal EEA1
(200 wg/ml; Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used at
a 1:20 dilution, and anti-rat monoclonal LAMP1 (50 wg/ml; Developmental
Hybridoma Bank, University of Iowa, Iowa City, IA, USA) was used at 1:100
in 1% donkey serum (Jackson ImmunoResearch Laboratories, West Grove,
PA, USA) for 2 h at room temperature. Cy3-conjugated donkey anti-goat
(1.5 mg/ml; Jackson ImmunoResearch Laboratories), used at 1:350, and
Alexa Fluor 594 donkey anti-rat (2 mg/ml; Invitrogen Life Technologies,
Carlsbad, CA, USA), used at 1:750, were used as secondary antibodies for
EEA1 and LAMPI, respectively. Actin was stained using Alexa Flour 594-
phalloidin (Invitrogen Life Technologies), diluted in PBS at 1:100 for 15
min at room temperature. For LysoTracker staining, BMDM were incu-
bated overnight with 100 nM LysoTracker Red DND-99 (Molecular Probes)
prior to infection. Stained cells were mounted using ProLong Gold (Invit-
rogen Life Technologies) and stored at 4°C until viewed. Imaging was per-
formed using a MRC 1024 scanning confocal microscopy imaging system
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(Bio-Rad Laboratories, Hercules, CA, USA). One hundred CFSE-positive
(Leishmania-containing) phagosomes were assessed for other markers and
reported as percent positive.

IgG subclass determination

Six- to 8-week-old mice were injected in the ear dermis with 10° L. major
metacyclic promastigotes in a volume of 20 ul. Serum was harvested at 6-8
weeks postinfection. ELISA was performed using SLA-coated plates. SLA
was produced by freeze-thawing a 4-day-old culture of Leishmania, and pro-
tein concentration was determined using a BCA assay (Pierce, Rockford,
IL, USA). IgG subclass-specific secondary antibodies (SouthernBiotech, Bir-
mingham, AL, USA) were used to determine IgG subclass levels. Absor-
bances were recorded using a SpectraMax M2 plate reader (Molecular De-
vices, Sunnyvale, CA, USA). For each isotype, the absorbance for each nor-
malizing sample was used to generate a mean absorbance.

Flow cytometry

Unopsonized and opsonized parasites were fixed in 2% PFA for 30 min and
washed three times. Parasites were blocked in 10% normal donkey serum (Jackson
ImmunoResearch Laboratories) in FACS buffer. IgG staining used Alexa Fluor
488 goat anti-mouse IgG (H+L; Invitrogen Life Technolgies), and IgM staining
used Alexa Fluor 488, y<hain, absorbed against human IgGl, IgG2, 1gG3, IgG4,
and IgA (Invitrogen Life Technologies), both at 5 ug/stain. Appropriate isotype
controls were used as negative controls. Flow cytometry was performed using an
FC 500 flow cytometer (Beckman Coulter, Brea, CA, USA) and analyzed with
MXP analysis software (Beckman Coulter).

Model-fitting methods

To model the relationship of LAMP1 and time and EEA1 and time, we ap-

plied B regression using a logit link function [23]. The B distribution
L'(4)

F(pd)T (1= p)d)

where the mean is w, and ¢ is a measure of dispersion [24], allows for

modeling the response variables—LAMP1 or EEAl—as a proportion. As both
response variables change as a function of time, we can model the mean as a

S, ) = PETHL = ) BTl 0 (y(1,

function of time using the logit link function, such that

_ ‘”‘P(Bo+ Blt)
> 1+ exp(B0+ Blt)

where —o < 8, < %, and ¢ is measured in hours. The logit link function is
flexible, robust, and allows the mean to vary between one and zero. The logit
link function is a familiar characteristic in logistic regression [25]. Parameter
values are obtained by maximizing the likelihood function

L(Bg Brs by, %)

2 I'(d)
- .1:]1

( exp(By + Bit) ) (( __exp(Bot Bit) ) )
T+ exp(By+ Bit) T+ exp(By+ Bit)
exp(Bo+B14) exp(Bo+B11)
—_— " -1 _ PBoTP14 _
yl(1+<'xv(ﬁu+8m> )d) (1 - y,-)(1 <1+expuso+glq) ))d’ '
where nis the number of observations. For all experiments, the likelihood was
maximized using the Simplex numerical search routine implemented in
Mathematica 5.2. Maximums were verified graphically.
After finding the best-fit parameter estimates in each experiment for the

LAMP1 and EEAI response variables, we determined the intersection of
the two logit functions in time. The intersection occurs when

exp(Bg1 + Bi10) _ exp(Bgg + Bil)
1+ exp(Bor +B1at) 1+ exp(Boa + Bigd)

where the second subscript of the 8 parameters identifies the estimates for
LAMPI1 (B, and B, ;) and EEAI (B,, and B, ). All solutions were found in
Mathematica 5.2.
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CR3 and FcR in Leishmania phagosome maturation

RESULTS

As LPG is the primary component of the Leishmania surface
that interacts with host cells and is essential for Leishmania par-
asites to delay phagosome maturation (ref. [1] and Supple-
mental Fig. 1), we hypothesized that host proteins involved in
recognition of LPG may also play a role in delaying the matu-

ration of Leishmania phagosomes. To ensure that LPG is essen-
tial to the phagosome delay characteristic of Leishmania infec-
tion, we infected WT macrophages with two different L. don-
ovani mutants deficient in LPG biosynthesis. C3PO is a mutant
deficient in the GDP-mannose transporter, necessary for bio-
synthesis of the repeating units in all PGs and therefore, is
lacking secreted PG, proteo-PG, and LPG [26]. R2D2 is defi-
cient in the glactosylfuranose, necessary for extending the na-
cent LPG chain [27]. BMDMs were infected with CFSE-labeled
parasites at various time-points and stained for early (EEAL)
and late (LAMP1) phagosome markers. As reported previ-
ously, phagosomes containing WT parasites do not lose EEAI
and gain LAMPI reactivity until 6 h postinfection, and C3PO-
containing phagosomes traffic to a LAMP1-positive compart-
ment by 1 h postinfection (Supplemental Fig. 1A). Similarly,
R2D2 parasites also do not delay the phagosome maturation
process (Supplemental Fig. 1A).

To determine whether CR3 and FcyRs influenced phago-
some maturation, we assessed this process in WT, CD11b—/—,
and FcyR—/— macrophages via confocal microscopy. Unin-
fected macrophages from all strains stain equally for EEA1 and
LAMP1 (Fig. 1A). The majority (95%) of unopsonized Leish-
mania-containing phagosomes is EEA1-positive in WT macro-
phages at 1 h postinfection (Fig. 1B and D), whereas only 9%
of CD11b—/— (Fig. 1B) and 30% of FcyR—/— (Fig. 1D) mac-
rophages are positive. Eight hours postinfection, unopsonized
Leishmania phagosomes in WT (97%), CD11b—/— (98%), and
FcyR—/— (97%) macrophages are positive for LAMP1 (Fig.
1C and E). Infection with living Leishmania is necessary for the
delay in phagosome maturation, as heat-killed parasites lose
EEA and gain LAMPI reactivity by 1 h postinfection (Supple-
mental Fig. 1B). As with WT macrophages, heat-killed parasites
in CD11b—/— macrophages traffic to a LAMP1-positive com-
partment faster than live parasites (Supplemental Fig. 1B).

To examine the effect of engaging, specific receptors on the
maturation pattern, opsonization was used to “force” the para-
sites through CR3 or FcyRs; for example, opsonization with
normal mouse serum presumably results in C3bi accumulation
on parasite surfaces, thus targeting CR3 for internalization by
macrophages. To confirm that our parasites were opsonized,
we used flow cytometry to assess C3b or antibody deposition
on the Leishmania surface. Only parasites opsonized with C3-
sufficient serum (collected from uninfected or infected mice)
positively stained for C3 compared with unopsonized parasites;
parasites opsonized with serum collected from C3—/— mice
exhibited staining similar to unopsonized parasites (Supple-
mental Fig. 2A). Unopsonized parasites did not stain for IgG
or IgM on their surface (Supplemental Fig. 2B). Normal se-
rum and C3—/— serum-opsonized Leishmania exhibited IgM
(Supplemental Fig. 2B) and some IgG (Supplemental Fig. 2B)
present on their surfaces, the amount varying between serum
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Figure 1. Phagosome maturation in WT,
CD11b, and FcyR—/— macrophages. (A)
EEAI and LAMPI1 phagosomes at 1 h and 8
h postinfection; one representative experi-
ment of eight independent experiments is
shown. Macrophages were infected with
CFSE (green)-labeled L. donovani metacyclic
promastigotes, and phagosomes were
stained for EEAl and LAMPI (red). Origi-
nal bars, 10 um. Cells, denoted by arrows,
are enlarged in the inset. Percent of EEAl
(B)- and LAMP1 (C)-positive, Leishmania-

and WT macrophages was assessed over 8 h infection (n=9). Percent of EEA1
(D)- and LAMP1 (E)-positive, Leishmania-containing phagosomes in FcyR—/— and WT macrophages was assessed over 8 h infection

and shaded circles represent FcRg—/—. One hundred CFSE-

positive phagosomes/coverslip were counted in duplicate/time-point. Each data point represents the mean * sem. All comparisons
were significant (P<<0.001), determined by ANOVA; *significance by Bonferonni’s post-test.
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samples, indicating a potential role for antibodies available for
promastigote entry. Opsonization of parasites with infected
mouse serum from C3-sufficient and C3—/— mice had similar
amounts of IgG and IgM on their surface.

Opsonized parasites were used to infect WI' BMDMs, and
the time of switching from an EEAI- to a LAMP1-positive com-
partment was assessed for Leishmania phagosomes (Fig. 2A).
Our measure of phagosome maturation was the loss of EEA1
positivity and acquisition of LAMP1 in phagosomal mem-
branes. Serum opsonization with C3-sufficient serum
(C3+Ab—) resulted in an ~3-h Leishmania phagosome matura-
tion pattern. Removal of C3 components by using C3—/— se-
rum (C3—Ab—) impacts Leishmania phagosome maturation

CR3 and FcR in Leishmania phagosome maturation

directly, as C3—/— opsonized parasites exhibited a 4- to 5-h
phagosome maturation pattern, similar to unopsonized para-
sites. Opsonization with Leishmania immune serum (C3+Ab+),
containing C3 and Leishmania-specific IgG (Table 1 and Sup-
plemental Fig. 2B), resulted in phagosomes maturing at ~2 h
postinfection in WT macrophages. The presence of C3 did not
influence the response when antibody is present as WT macro-
phages mature at ~2 h, as observed when normal mouse-in-
fected serum was used.

To determine more accurately the exact time of loss of
EEAI and gain of LAMP1 on Leishmania phagosomes, we gen-
erated mathematical models to assess the switch time by calcu-
lating the intercept between the EEA1 and LAMPI1 curves
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TABLE 1. Leishmania-specific antibody subclasses from
Leishmania-infected mouse serum

Isotype C8+/+ C3—/—

IgG1 2.64 £ 0.15 2.69 + 0.39
IgG2a 2.52 +0.93 2.21 = 0.35
IgG2b 3.2 +0.44 3.3 = 0.00
1gG3 2.37 = 0.07 1.46 = 0.18
IgE 2.77 + 0.39 1.94 + 0.33
IgM 2.69 = 0.25 2.52 + 0.59
Total Ig 3.51 £ 0.19 3.54 £ 0.36

Isotypes determined by specific ELISA; data are represented as opti-
cal density.

(Supplemental Fig. 3). With the application of these models to
data from WT macrophages, we determined that phagosome
maturation with unopsonized parasites resulted in a 4.45 *
0.075-h maturation pattern (Fig. 2B). Opsonization of Leishma-
nia parasites certainly influences phagosome progression, as
parasites opsonized with normal mouse serum (C3+Ab—)
switch to a LAMP-positive compartment at 2.81 = 0.35 h. Op-
sonization with Leishmania-specific IgG modified the matura-
tion pattern as well; the switch times for C3+Ab+ and
C3—Ab+ opsonized parasites were calculated at 2.31 * 1.31
and 2.59 * 0.40 h, respectively. Opsonization with C3 or in-
fected serum slightly increased the rate of phagocytosis mea-
sured at early time-points, although it is evident that Leishma-
nia parasites readily infect WT macrophages, even in the ab-
sence of opsonization (Fig. 2C).

All opsonization conditions in CD11b—/— macrophages re-
sulted in ~1 h phagosome maturation, indicating a crucial
role for CR3 in phagosome maturation induced by Leishmania
infection (Fig. 3). Interestingly, the absence of CD11b did not
influence the infection rate under any of the opsonization
conditions (Fig. 3). In FcyR—/— macrophages, opsonization
with C3, in the presence or absence of parasite-specific IgG,
slightly changed the maturation pattern from WT macrophage
inducing an earlier loss of EEA1 and LAMP1 acquisition (~2
h rather than 3 h; Fig. 4). Suprisingly, IgG opsonization-in-
duced maturation in the absence of C3 was not significantly
different between WT and FcyR—/— macrophages. Also of
interest is the fact that all of the opsonization conditions, ex-
cept for infected serum from WT mice (C3+Ab+), signifi-
cantly altered EEAI loss and LAMP1 acquisition in FcyR—/—
compared with unopsonized parasites (C3+Ab—: EEAI,
P=0.0016, and LAMP1, P=0.0293; C3—Ab—: EEA1, P<0.0001,
and LAMP1, P<0.001; C3+Ab+: EEAL, P=0.0719, and
LAMPI, P=0.4029; C3—Ab+: EEA1, P<0.0001, and LAMPI,
P=0.0003). As with CD11b—/— macrophages, the absence of
FcyR—/— did not influence parasite uptake (Fig. 4).

Phagosome maturation was assessed using LysoTracker Red
staining to verify data generated by LAMP1 staining-indicated
lysosomal fusion. This dye readily stains acidic compart-
ments—a clear indicator of phagosome maturation. Lyso-
Tracker Red was loaded into macrophages overnight, prior to
infection, to allow for complete marking of lysosomes. LAMP1
staining correlated very closely to LysoTracker Red in WT,
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CD11b—/—, and FcyR—/— macrophages. As observed in
Fig. 5, WT macrophages, infected with unopsonized Leishma-
nia, do not exhibit LAMP1 (5%) or LysoTracker Red (3%) at
1 h. FcyR—/— and CD11b—/— macrophages exhibit LAMP1
(95% and 92%, respectively) and LysoTracker Red (96% and
97%, respectively) at 1 h. Upon opsonization, the same matu-
ration pattern is observed between LAMP1 and LysoTracker
Red in macrophages from all mouse strains used (Fig. 5).

Presumably, early fusion of Leishmania phagosomes with lyso-
somes would result in damage of metacyclic promastigotes and
eventual elimination of the parasites. To test this hypothesis,
we infected WT, CD11b—/—, and FcyR—/— macrophages
with L. donovaniunopsonized metacyclic promastigotes and
assessed parasite burdens, 72 h postinfection. Parasite growth
was not affected by the absence of CD11b or FcyR in the pres-
ence or absence of opsonization with normal mouse serum
(Fig. 6).

Actin retention is believed to contribute to the phagosome
maturation delay exhibited upon infection with Leishmania
parasites; this recruitment surrounds the phagosome and pre-
vents fusion with the lysosome, allowing the parasites enough
time to change life-cycle stages [28-30]. Actin recruitment
around phagosomes was observed in WT macrophages in-
fected with unopsonized Leishmania at 1 h postinfection and
disappeared by 4 h (Fig. 7), corresponding to LAMP1 positiv-
ity (Fig. 1). Few phagosomes in CD11b—/— and FcyR—/—
macrophages at any time-point had actin accumulation upon
infection with unopsonized Leishmania phagosomes (Fig. 7).
Opsonization of Leishmania resulted in actin recruitment to
the phagosomes in FcyR—/— macrophages, similar to WT
cells. Parasites coated with C3—/— or C3-immune (C3-suffi-
cient or C3—/—) serum caused actin recruitment to Leishma-
nia phagosomes in CD11b macrophages (Fig. 7). If actin were
recruited initially, actin disaggregation around Leishmania
phagosomes was not influenced by opsonization, dissipating by
4 h in all conditions (Fig. 7). Notably, actin recruitment/reten-
tion did not correlate with the loss of EEAI positivity and fusion
of lysosomes with the parasite phagosomes, as actin was retained
in many opsonized conditions (Fig. 7) where EEAL is lost and
LAMP1 acquired on phagosomal membranes (Figs. 2—4).

DISCUSSION

Recent literature has begun to shed light on the many mecha-
nisms by which intracellular pathogens subvert host cell-killing
mechanisms. In particular, the role of host surface receptors
and their downstream signaling effects is an active area of in-
vestigation. CR3 and FcyRs are cell-surface receptors that are
engaged by Leishmania and have been implicated in parasite
entry. Our data demonstrate that both of these proteins are
necessary for delaying phagosome maturation (Figs. 1 and
3-5) during Leishmania infection. Typically, Leishmania phago-
some maturation takes 5 h [1]; however, unopsonized Leishma-
nia infection of CD11b—/— and FcyR—/— macrophages ex-
hibited a phagosome maturation pattern of 1 h or less (Fig.
1), typical of nonmicrobial particles. Our data indicate a clear
role for these receptors in Leishmania-induced phagosome mat-
uration delay.

www jleukbio.org



Polando et al. CR3 and FcR in Leishmania phagosome maturation

A EEA1 B LAMP1 C L. donovani
125 125 1307
® WT
* -
» 1007 P ol O CD11b-/- » 100+ L ol 2 120
> = =3 110+
2 Z 75 2 754 S
o 8 £ = 1004
@
- = ]
I 501 < 50 % 90
Z Hg % S 80
2 = ] p<0001 = L] p < 0.001 & b= 0796
A 70+ e
0 7 —@ 0+ r T T ) 60 —— T
o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6
Time (Hours) Time (Hours) Time (Hours)
1259 1307
120+
. 100- el ° K
o 2 * Z 8 110
B 754 H =
< 2 & S 100
+ = I 2 i
o F o : 2
O = p<0001 = 5 807
25+ = < 704 p=0.171
0-1 60 T T T T T T T 1
o 1 2 3 4 5 6 7 8 V] 1 2 3 4 5 6 7 8
Time (Hours) Time (Hours) Time (Hours)
1251 1251 1307
* % * » 120
' ® 100 4 100 O >
= o 110+
Qo = _ | . s
< 37 S 75 S 1007
1 = o
™ I so0- % 50 2 007
O : p < 0.001 5 s0]
25 = 25 - < 704 p =0.876
o 0 T T T T 1 60 T T T T T T T 1
o o 1 2 3 4 5 6 7 8 o 1 2 3 4 5
Time (Hours) Time (Hours) Time (Hours)
1251 1251 1307
» 120
+ ® 100 @ 1004 =
o = = S 110+
= ‘@ 4 S
< 3 e 75 S 1004
+ = b 2 4
0 & g 5 3 %
O u« = p=0041 & 807
25 by 70- p = 0.066
0 T T T T T T T 1 60 T T T T T T T 1
o 1 2 3 4 5 6 7 8 [} 1 2 3 4 5
Time (Hours) Time (Hours) Time (Hours)
125+ 125+ 1307
120
100-] » 100 =N ————e 2
-+ @ > @
S = S 1104
Qo £ | 2 i S
g 8 7° e 7 2 1001
» = sof S 5o £ oo
o t 3 g
it
= = p=0.075 g 807
25+ = 254 < 704 p = 0.920
] T 0- T T T T T T T 1 60 T T T T T T T 1
o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8 1] 1 2 3 4 5 6 7 8
Time (Hours) Time (Hours) Time (Hours)

Figure 3. Opsonization does not affect phagosome maturation in CD11b—/— macrophages. WT (closed circles) and CD11b—/— (open circles)
macrophages infected with L. donovani, unopsonized (n=7) or opsonized in normal mouse serum (C3+Ab—; n=4), C3—/— serum (C3—Ab—;
n=4), infected mouse serum (C3+Ab+; n=3), or C3—/— infected serum (C3—Ab+; n=3). Parasites were labeled with CSFE, and phagosomes
were stained for EEA1 (A) and LAMP1 (B). One hundred CFSE-positive phagosomes/coverslip were counted in duplicate/time-point. (C) Num-
ber of intracellular parasites/100 cells for each opsonization condition. Each data point represents the mean * sem. *P = 0.05 Bonferonni’s mul-
tiple comparison test following ANOVA; ANOVA P values presented on graphs.

The primary role of CR3 is in recognition of C3bi, a compo- to engage CR3 and/or FcyRs on the characteristics of parasite
nent of the complement pathway naturally found in host se- entry and phagosome maturation. Although foreign particles
rum. Leishmania LPG [4, 7] and GP63 [31, 32] are readily engulfed by WT macrophages normally traffic to LAMPI-posi-
complement-opsonized and also bind CR3 directly, thus impli- tive compartments within 1 h postphagocytosis, Leishmania-
cating CR3 as the main route of entry for the parasite. containing phagosomes do not aquire LAMP1 until 4-5 h
Through the use of different opsonization conditions, we were postinfection (Fig. 1). Leishmania coated in normal mouse se-
able to examine the outcome of conditions, allowing parasites rum (containing C3) resulted in an ~3-h phagosome matura-
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Figure 4. Opsonization effects on phagosome maturation in FcyR—/— macrophages. WT (closed circles) and FcyR—/— (shaded circles) macro-
phages infected with L. donovani, unopsonized (n=6) or opsonized in normal mouse serum (C3+Ab—; n=5), C3—/— serum (C3—Ab—; n=3),
infected mouse serum (C3+Ab+; n=5), or C3—/— infected serum (C3—Ab+; n=2). Parasites were labeled with CSFE, and phagosomes were
stained for EEAl (A) and LAMP1 (B). One hundred CFSE-positive phagosomes/coverslip were counted in duplicate/time-point. (C) Number of
intracellular parasites/100 cells for each opsonization condition. Each data point represents the mean * sem. *P = 0.05 Bonferonni’s multiple
comparison test following ANOVA; ANOVA P values presented on graphs.

tion delay (Fig. 2). However, Leishmania-containing phago-
somes acquired LAMP1 by 1 h after phagocytosis in
CD11b—/— macrophages under these conditions (Fig. 3).
This result suggests that when CR3 is available, C3-opsonized
parasites enter via CR3, and phagosome maturation takes ~3
h. When CR3 is not available, another receptor is used, which
results in rapid phagosome maturation. Potential receptors
include CR1 (CD35) or CR2 (CD21), which bind complement
breakdown products [33]. CR1 assists in CR3 binding and in-
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ternalization of opsonized parasites, and blocking CR1 and
CR3 results in dramatic inhibition of L. major binding and
phagocytosis by human macrophages [34-36]. Furthermore,
CR4 (CD11¢/CD18) also binds C3bi and has been implicated
in phagocytosis of other pathogens [37, 38]. Whereas
FcyR—/— macrophages also express CR3, our results indi-
cated that CR3 engagement through opsonization of Leishma-
nia parasites with normal mouse serum or C3-sufficient im-
mune serum results in a slightly faster progression to a mature
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Figure 5. Phagosome maturation confirmation of LAMP1 by LysoTracker Red. WT (A), CD11b—/— (B), and FcyR—/— (C) macrophages, in-
fected with unopsonized L. donovani or parasites opsonized in normal mouse serum (C3+Ab—), C3—/— serum (C3—Ab—), infected mouse serum
(C3+Ab+), or C3—/— infected serum (C3—Ab+). Parasites were labeled with CSFE, and phagosomes were stained for LAMP1 (open circles) or
by LysoTracker Red (closed circles). One hundred CFSE-positive phagosomes/coverslip were counted in duplicate/time-point. Each data point
represents the mean * SEM from pooled replicates of two independent experiments.

phagosome in FcyR—/— compared with WT macrophages.
One possibility to explain this result is that FcyR-mediated sig-
naling modulates the phagosome maturation pathway when
parasites are coligated with CR3; a thesis that is not unprece-
dented as FcyRs and CR3 have been reported to cooperate in
other systems [39-41].

To examine a role for C3 directly, we examined parasites
opsonized in C3—/— serum, which resulted in a reversion
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back to a 4- to 5-h phagosome maturation pattern in WT and
FcyR—/— macrophages compared with parasites opsonized in
normal mouse serum. These results implicate C3 as the pro-
tein responsible for the shift to a 3-h phagosome maturation
pattern. Leishmania phagosomes in CD11b—/— macrophages
matured with the normal kinetics expected with nonmicrobial
particles (i.e., acquired LAMP1 by 1 h) in all opsonization
conditions, clearly demonstrating a necessity for CR3 during

Volume 93, June 2013  Journal of Leukocyte Biology 929



JLB

Fold Difference
(in growth compared to WT)
N
1

4

S +
UN C3+Ab- UN C3+Ab-
FoRy-- CD11b-/-

Figure 6. Parasite survival in WT, CD11b—/—, and FcyR—/—
macrophages. WT, CD11b—/—, and FcyR—/— macrophages were in-
fected with unopsonized (UN) or normal serum-opsonized (C3+Ab—)
L. donovani for 1 h, washed to remove nonattached parasites, and in-
cubated for an additional 71 h. The number of intracellular parasites/
100 cells was assessed at 4 h and 72 h postinfection by Diff-Quick stain-
ing and light microscopy. Growth was determined by dividing the 72-h
value by the 4-h value. Data are expressed as a fold difference between
KO macrophages compared with WT control macrophages. Each data
point represents the mean = s[scap]p. No statistically significant dif-
ferences were detected (Student’s #test).

Leishmania-induced maturation delay. The differential binding
abilities of parasites to the two domains within CD11b may ex-
plain some differences observed. Unopsonized parasites bind
CD11b through the lectin domain [7], whereas opsonized par-
asites bind through the I domain [8]. This differential signal-
ing between the two domains may influence phagosome matu-
ration.

Also of interest is the effect of antibodies and other serum
components in Leishmania phagosome maturation. Intact C3 is
important for production of IgG and for efficient removal of
antibodies [40]. However, we did not detect notable differ-
ences in the amount of Leishmania-specific IgG production in
C3—/— mice (Supplemental Fig. 2B and Table 1). The pres-
ence of Leishmania-specific IgG in C3-sufficient or C3—/— se-
rum induced an ~2.5-h phagosome maturation pattern in WT
macrophages, suggesting that IgG-mediated entry influences
the rate of phagosome maturation directly. The precise role of
FcyR in the response to IgG opsonization, however, is less
clear, as the presence/absence of FcyR did not appear to
modulate the timing of maturation much in the presence of
IgG. The FcyR—/— mice used here are deficient in FcyRI and
FcyRIII expression, both activating receptors. FcyR—/— mac-
rophages do express FcyRIIb (CD32) [42], which unlike FcyRI
and FcyRIII, has inhibitory signaling capabilities by expressing
an ITIM motif in the cytoplasmic domain. Whereas most stud-
ies assessing FcRs during Leishmania infection are focused pri-
marily on IgG, as a result of its role in secondary infection rec-
ognition, other Ig isotypes may also play a vital role in the im-
mune response against Leishmania. Particularly interesting is
the role of IgM, as a result of naturally occurring antibodies
within the host. In addition to FcyRs, macrophages also ex-
press the Fca/u receptor, which is able to bind IgM effi-
ciently, making this receptor a possible candidate for influenc-
ing phagosome maturation [43]. The potential cooperation
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between multiple receptors requires further investigation to
tease out the interplay between CR3 and FcRs.

There are several other receptors and surface opsonins in-
volved in the phagocytosis of Leishmania parasites. MR has
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Figure 7. Actin recruitment around L. donovani phagosomes in WT (closed
circles), CD11b—/— (open circles), and FcyR—/— (shaded circles) macro-
phages over 6 h infection. Macrophages infected with unopsonized L. don-
ovani or parasites opsonized in normal mouse serum (C3+Ab—), C3—/—
serum (C3—Ab—), infected mouse serum (C3+Ab+), or C3—/— infected
serum (C3—Ab+). Parasites were labeled with CSFE, and phagosomes were
stained with Alexa Fluor 594 phalloidin to mark actin. One hundred CFSE-
positive phagosomes,/ coverslip were counted in duplicate/time-point. Each
data point represents the mean * sEm from two to four independent experi-
ments. ANOVA was used with a subsequent Bonferonni’s multiple compari-
son. *P = 0.05 compared with WT.
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been implicated as collaborating with CR3 in Leishmania bind-
ing to macrophages and phagocytosis; these receptors have
additive effects for binding and internalization of L. donovani
to macrophages, either through cooperation or modulation of
one another [44]. This possible receptor cooperation is sub-
stantiated further by the finding that both receptors need to
be in close proximity to each other to bind to the parasite [45].
CR3 also cooperates with fibronectin receptors to bind the L.
major surface protein, GP63, and facilitates phagocytosis [46].

In our experiments, opsonization of Leishmania with im-
mune serum (C3+Ab+ and C3—Ab+) or C3-sufficient nonim-
mune serum (C3+Ab—) resulted in a slight increase in the
initial rate of parasite uptake, observed at early time-points
(Fig. 2C). This increase was not detected in CD11b—/— (Fig.
3) or FcyR—/— (Fig. 4) macrophages, further supporting the
idea that CD11b and FcyR cooperate in uptake of opsonized
parasites. Of interest is the fact that regardless of the opsoniza-
tion status, host genotype, or phagosome phenotype, the para-
sites survived and proliferated (Figs. 3, 4, and 6). This result is
contrary to reports suggesting that Leishmania promastigotes
that traffic to a mature compartment are degraded [2, 47, 48].
Our results support the thesis of others that Leishmania promas-
tigotes are adapted to survive in acidic compartments [49, 50].

The current mechanism proposed to explain the delay in
phagosome maturation in Leishmania-infected cells is LPG in-
sertion into the phagosome membrane, disrupting lipid mi-
crodomains and accumulation of F-actin [51]. As expected,
actin recruitment was observed early during infection in WT
macrophages but never observed in CD11b—/— or FcyR—/—
macrophages infected with unopsonized Leishmania. Opsoniza-
tion, with C3-sufficient or C3—/— serum, in the presence or
absence of Leishmania-specific antibodies, did not influence
actin retention in WT macrophages. Opsonization did, how-
ever, induce actin recruitment to Leishmania-containing phago-
somes in the absence of CD11b or FcyR. We observe early ac-
tin retention, which fully dissipates by 4 h postinfection. Inter-
estingly, the accumulation of LAMP1 does not always correlate
with loss of actin in our experiments. In particular, phago-
some maturation in CD11b—/— macrophages infected with
parasites, opsonized in C3—Ab—, C3+Ab+, and C3—Ab+ se-
rum, exhibited actin retention, while also acquiring LAMP1 on
phagosomes. These conflicting results are most likely a result
of effects of serum components (C3, IgG, and IgM) on other
receptors being used for entry of Leishmania when CR3 is un-
available. These results are especially intriguing, as they point
to other mechanisms being involved in prolonging the phago-
some maturation process.

In our study, the kinetics of LAMP1 acquisition mirrored
LysoTracker accumulation in Leishmania-containing phago-
somes, extending our observations to another marker of
phagosome maturation. A previous study reported that L. don-
ovani excludes the vesicular proton-ATPase from phagosomes
and prevents their acidification for up to 24 h [48]. In both
studies, the acidiotropic dye LysoTracker Red was used as an
indication of acidification; however, we preloaded the macro-
phages for 24 h prior to infection compared with only 2 h in
the other study. Other possible differences to explain the dis-
crepant results are that in our experiments, we assessed
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C57B1/6 macrophages infected with purified metacyclic pro-
mastigotes, whereas the other researchers investigated BALB/c
macrophages infected with stationary-phase Leishmania cul-
tures, likely containing procyclic and metacyclic promastigotes.

Our data indicate a necessity for CD11b and FcyR in delay-
ing phagosome maturation and actin recruitment upon phago-
cytosis of Leishmania spp. by murine macrophages. The ab-
sence of CD11b and FcyR results in a faster Leishmania phago-
some maturation pattern in the absence of opsonization. Use
of different opsonins has started to shed light on the impor-
tance of multiple receptors cooperating with each other dur-
ing phagocytosis, phagosome maturation, and actin recruit-
ment during infection of macrophages by this intracellular
protozoan.
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