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Genetically Modified Live Attenuated Leishmania donovani Parasites
Induce Innate Immunity through Classical Activation of Macrophages
That Direct the Thl Response in Mice
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Visceral leishmaniasis (VL) causes significant mortality and there is no effective vaccine. Previously, we have shown that geneti-
cally modified Leishmania donovani parasites, here described as live attenuated parasites, induce a host protective adaptive im-
mune response in various animal models. In this study, we demonstrate an innate immune response upon infection with live
attenuated parasites in macrophages from BALB/c mice both in vitro and in vivo. In vitro infection of macrophages with live
attenuated parasites (compared to that with wild-type [WT] L. donovani parasites) induced significantly higher production of
proinflammatory cytokines (tumor necrosis factor alpha [TNF-«], interleukin-12 [IL-12], gamma interferon [IFN-v], and IL-6),
chemokines (monocyte chemoattractant protein 1/CCL-2, macrophage inflammatory protein 1a/CCL-3, and IP-10), reactive
oxygen species (ROS), and nitric oxide, while concomitantly reducing anti-inflammatory cytokine IL-10 and arginase-1 activi-
ties, suggesting a dominant classically activated/M1 macrophage response. The classically activated response in turn helps in
presenting antigen to T cells, as observed with robust CD4™" T cell activation in vitro. Similarly, parasitized splenic macrophages
from live attenuated parasite-infected mice also demonstrated induction of an M1 macrophage phenotype, indicated by upregu-
lation of IL-1f3, TNF-a, IL-12, and inducible nitric oxide synthase 2 and downregulation of genes associated with the M2 pheno-
type, i.e., the IL-10, YM1, Arg-1, and MRC-1 genes, compared to WT L. donovani-infected mice. Furthermore, an ex vivo antigen
presentation assay showed macrophages from live attenuated parasite-infected mice induced higher IFN-y and IL-2 but signifi-
cantly less IL-10 production by ovalbumin-specific CD4* T cells, resulting in proliferation of Th1 cells. These data suggest that
infection with live attenuated parasites promotes a state of classical activation (M1 dominant) in macrophages that leads to the

generation of protective Th1 responses in BALB/c mice.

he protozoan parasite Leishmania donovani is one of the major

causative agents of visceral leishmaniasis (VL), which is the
second most challenging infectious disease worldwide, with nearly
500,000 new cases and 60,000 deaths annually (1).

During their intracellular life cycle, Leishmania parasites
survive as obligate pathogens that infect the hematopoietic
cells of the macrophage/monocyte lineage, which they enter by
phagocytosis (2) and establish infection within parasito-
phorous vacuoles (3). Macrophages, the major innate effector
cells responsible for killing of Leishmania parasites (2), are mark-
edly heterogeneous, displaying a combination of inflammatory
and anti-inflammatory functions (4, 5). The two extremes in the
spectrum of macrophage function are represented by classi-
cally activated (or M1) phenotype macrophages, which show
leishmanicidal activity, and alternatively activated macro-
phages, which exhibit anti-inflammatory activity (the M2 phe-
notype) that favors parasite survival (4, 5).

Leishmania parasites have evolved intricate mechanisms to
evade macrophage antimicrobial functions (6). Leishmania-in-
duced macrophage dysfunctions have been correlated mainly with
depletion of microbicidal molecules (6-8) and altered signaling
events, which result in skewing of T helper (Th) cells to the dis-
ease-promoting anti-inflammatory Th2 subset (9). Importantly,
the enhanced Th2 response during Leishmania infection leads to
enhanced arginase activities in infected macrophages (10, 11),
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which subsequently suppress NO production and enhance poly-
amine production to facilitate parasite survival (10, 12). Further-
more, the high level of Th2 cytokine induction during Leishmania
infection also mediates alternative activation (10, 11, 13), thereby
suppressing the killing capacities of the macrophages (4). Specif-
ically, interleukin-10 (IL-10), induced during Leishmania infec-
tion, inhibits the microbicidal activity of macrophages by attenu-
ating the generation of nitric oxide (NO) and proinflammatory
cytokines (4, 14). In addition, Leishmania infection displaces cho-
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lesterol from the macrophage membrane, leading to enhanced
membrane fluidity and inhibiting its ability to display parasite
antigens to other cells of the immune system (15, 16). Together,
this complex process enables the parasite to evade the innate im-
mune response and replicate within the phagolysosomal compart-
ments of the infected macrophage.

In contrast to alternative activation, classical activation of mac-
rophages (CAM) is characterized by the induction of antimicro-
bial mediators such as NO and reactive oxygen species (ROS),
which are critical for parasite clearance (7, 8, 17, 18). Additionally,
CAM entails secretion of a battery of inflammatory cytokines,
such as tumor necrosis factor alpha (TNF-a), IL-1f, and IL-12,
which help to orchestrate and amplify Thl immune responses
(19-22). Specifically, IL-12 is a critical cytokine required for
CD4" Th1 development and production of gamma interferon
(IFN-v), thereby providing a link between the innate response
and the development of the antigen-specific adaptive immune
response (4, 23). The outcome of infection in leishmaniasis is
mainly determined by the balance between host protective Th1l
(or proinflammatory) versus disease-promoting Th2 (or anti-
inflammatory) effector responses, and in this context the pro-
duction of IL-12 and IL-10 (24) by the classical/M1 and alter-
native/M2 macrophages, respectively, is important for this
decision (4, 5, 22). Thus, macrophages play a crucial role in
protection against Leishmania infection. It is worth mentioning
here that the effective clearance of parasites by macrophages
also depends on activation of an appropriate immune re-
sponse, which is usually initiated by dendritic cells (DCs) (4).
Indeed, several reports have shown a central role for DCs in
orchestrating immune responses in leishmaniasis by control-
ling the induction of the protective Th1 response against Leish-
mania (25, 26).

Apart from dendritic cells, classical/proinflammatory/M1
macrophages also participate in the induction of a polarized Th1
response and have been associated with resistance to intracellular
pathogens (22,27-31). Of interest, such a polarization of T cells by
proinflammatory (M1) macrophages was associated with induc-
tion of protection in several vaccine studies, including studies of
recombinant Mycobacterium bovis BCG, attenuated West Nile vi-
rus (WNV), and live attenuated measles virus (32-34). These
studies have shown that the aforementioned vaccine candidates
manipulate the macrophages to enhance proinflammatory re-
sponses and yield improved protection against tuberculosis or
WNV or measles virus infection.

Our laboratory has developed two L. donovani mutant cell
lines, i.e., Ldp27_/_ (with deletion of the Ldp27 gene) (35) and
LdCen™'~ (with deletion of the Centrinl gene) (36) lines. The
amastigote-stage-specific Ldp27 gene is an essential component of
the cytochrome ¢ oxidase complex and is involved in oxidative
phosphorylation, whereas Centrinl is a growth-regulating gene
involved in cell division in the protozoan parasite Leishmania. Of
note, both Ldp27~'~ and LdCen™'~ cells are specifically attenu-
ated at the amastigote stage, suggesting that they have reduced
virulence and could be used as live attenuated vaccine candidates.
Indeed, the limited efficacies of vaccines based on DNA, subunits,
or heat-killed parasites have led to the conclusion that attainment
of durable immunity against the protozoan parasites requires a
controlled infection with a live attenuated organism (37, 38). The
live attenuated vaccines allow the host immune system to interact
with a broad repertoire of antigens considered crucial in the de-
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velopment of protective immunity and, notably, cause no pathol-
ogy (39). Recently, we demonstrated that these genetically modi-
fied L. donovani parasites (Ldp27~'~ and LdCen ™'~ ) when used as
vaccine candidates induced protection against virulent L. don-
ovani infection in various animal models (mice, hamsters, and
dogs), as indicated by control of parasitemia and the induction of
a host protective T cell response (40-43). Since macrophage acti-
vation plays an important role in the commitment of T cells to
either a protective (Th1) or disease-causing (Th2) phenotype dur-
ing Leishmania infection (44), it is essential to study the role of
macrophages and their phenotypes (M1 and M2) in live attenu-
ated parasite-induced immunity.

Hence, in the present study we have investigated the early in-
nate immune responses to these live attenuated parasites in mouse
macrophages and compared them to those induced by WT L.
donovani parasites both in vitro and in vivo. We found that infec-
tion with live attenuated parasites significantly enhanced the pro-
duction of a proinflammatory response in bone marrow-derived
macrophages (BMDM) compared to that induced by WT L. don-
ovani parasite infection in vitro, thereby indicating classical acti-
vation of macrophages. Interestingly, Ldp27 '~ cells comple-
mented with the Ldp27 gene (added back [AB]; Ldp27 ~/~AB) and
LdCen ™'~ cells complemented with the Centrinl gene (LdCen '~ AB)
behaved like WT L. donovani parasites and subsequently generate
an anti-inflammatory immune response in macrophages. Further,
live attenuated parasite-infected macrophages were able to pro-
mote the proliferation of CD4™ T cells and induced strong Th1-
type immune responses in vitro. Similarly, in vivo studies showed
that parasitized splenic macrophages isolated from live attenuated
parasite-infected BALB/c mice after 7 days of infection displayed
upregulation of many classical activation or M1 macrophage
markers, along with downmodulation of several alternative acti-
vation or M2 macrophage markers, compared to WT-infected
mice. Further, in live attenuated parasite-infected mice, the anti-
gen-presenting abilities of macrophages were skewed toward a
more effective Th1 response. These studies confirmed that the
protective adaptive immune response generated by live attenuated
parasites against wild-type L. donovani challenge previously ob-
served by us (40—43) is directed by the innate response generated
by host macrophages.

MATERIALS AND METHODS

Animals and parasites. Five- to 6-week-old female BALB/c mice from the
National Cancer Institute were used in the experiments. Five- to 6-week-
old ovalbumin (OVA) peptide-specific H-2¢ (IA%-restricted) T cell recep-
tor transgenic DO11.10 mice (BALB/c background) obtained from the
Jackson Laboratory were used for the antigen presentation experiment.
Procedures used were reviewed and approved by the Animal Care and Use
Committee, Center for Biologics Evaluation and Research, Food and
Drug Administration. Among parasites, the WT, p27 gene-deleted
(Ldp27~'7), Ldp27 episomal add-back (Ldp27~'~ AB), Centrinl gene-de-
leted (LdCen'~), and LdCen episomal add-back (LdCen '~ AB) lines of
L. donovani were used. The parasite culture procedure and the routine
molecular biology practices were as previously described (35, 40). Red
fluorescent protein (RFP)-expressing WT L. donovani and Ldp27 '~ par-
asites were developed using the pA2RFPhyg plasmid for the integration of
an RFP/hygromycin B resistance gene expression cassette into the para-
site’s 18S rRNA gene locus, as described previously (45). mCherry-ex-
pressing LdCen '~ parasites were generated using the pLEXSY-
mCherry-sat2 plasmid, following the manufacturer’s protocol (Jena
Bioscience). The parasites were cultured according to a procedure pre-
viously described (46).
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Preparation of bone marrow-derived macrophages, in vitro infec-
tion, and stimulation. Bone marrow cells were isolated from the femurs
and tibias of BALB/c mice (47). Briefly, after depletion of erythrocytes
with ACK (ammonium-chloride-potassium) lysis buffer (Lonza), the
cells were seeded in cell culture dishes and cultured with complete RPMI
medium supplemented with 10% (vol/vol) fetal bovine serum, 1% peni-
cillin, 20 units/ml streptomycin, and 20 ng/ml macrophage colony-stim-
ulating factor at 37°C in a CO, incubator for differentiation into macro-
phages. The cells were washed twice with phosphate-buffered saline (PBS)
every 2 to 3 days, and fresh medium was added. Macrophage progenitor
cells adhere to the cell dish and are not washed away, whereas nonadher-
ent dead cells are washed away. Macrophages are fully differentiated at day
6. On day 7, the cells were washed thrice with PBS, the differentiated
adherent live macrophage population was detached from the plate with a
solution containing trypsin (Life Technologies), and cells were processed
for phenotypic characterization. Based on the specific expression of the
number of surface markers, including CD11b, CD14, and F4/80 (BD
Pharmingen), along with analysis using the Live/Dead Fixable Aqua sys-
tem (Invitrogen/Molecular Probes), >90% pure live macrophages were
obtained as evaluated by flow cytometry.

For in vitro infection, stationary-phase cultures of WT, live attenuated
parasites (Ldp27~'~, LdCen'™), and gene-complemented add-back par-
asites (Ldp27 '~ AB, LdCen~ '~ AB) promastigotes were incubated in 10%
mouse (BALB/c) serum for 15 min at 37°C for complement opsonization,
followed by washing with PBS three times. Thereafter, BMDM were incu-
bated with these opsonized parasites (5:1, parasite/macrophage ratio)
and, after 6 h, cells were washed with culture medium to remove the
extracellular parasites. Then, infected cells were cultured at 37°C for dif-
ferent lengths of time. In some experiments, infected BMDM were treated
with or without lipopolysaccharide (LPS; Sigma) at 1 pg/ml or recombi-
nant IFN-y (rIFN-vy; 100 U/ml; Sigma) for 24 h.

Phagocytosis and parasite clearance assay. BALB/c mouse BMDM
were harvested and seeded into Lab-Tek culture chamber incubation
slides (Nunc, Naperville, IL) at 5 X 10* cells per chamber. Thereafter, for
phagocytosis and parasite clearance assays, cells were infected with the
opsonized WT L. donovani, live attenuated, or add-back stationary-phase
promastigotes for 6 h at 37°C in 5% CO, and washed with the medium,
and then the cultures were incubated in RPMI medium for a maximum of
72 h. At 6, 24, 48, and 72 h postinfection, the culture medium was re-
moved from a sample of the culture slides, the slides were air dried, fixed
by immersion in absolute methanol for 5 min at room temperature, and
stained using a Diff-Quick stain set (Baxter Healthcare Corp., Miami, FL),
and intracellular parasite numbers were evaluated microscopically. To
measure parasite load in these cultures, a minimum of 300 macrophages
were counted. The results are expressed either as percentages of macro-
phages that were infected by parasites or as the mean number of parasites/
infected macrophage.

Measurement of ROS. For monitoring the level of ROS (including
superoxide, hydrogen peroxide, and other reactive oxygen intermediates)
produced within the cell, the cell-permeable, nonpolar, H,0O,-sensitive
probe dichlorofluorescein diacetate (DCFDA) was used (48). Briefly,
mouse BMDM harvested at different infection time points were incubated
with H,DCFDA (2 pg/ml) at room temperature for 20 min in the dark.
The extent of H,O, generation was defined as the generated ROS, for our
convenience. Relative fluorescence was measured in a Spectramax instru-
ment (Molecular Diagnostics) at an excitation wavelength of 510 nm and
an emission wavelength of 525 nm. For each experiment, fluorometric
measurements were performed in triplicate, and data are expressed in
mean fluorescence intensity units.

Quantification of nitric oxide. Nitrite accumulation in culture was
measured colorimetrically via the Griess assay (41). For each assay, freshly
generated BMDM were cultured in 96-well tissue culture plates at a con-
centration of 10° cells/ml followed by infection with different groups of
opsonized parasites and then stimulation with or without LPS (1 pg/ml)
or rIFN-y (100 U/ml) for 24 h. Cell-free supernatants were collected at
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24 h postinfection from different experimental sets, and nitrite levels were
estimated in accordance with the manufacturer’s instructions. When in-
dicated, the nitrite generation was measured in the presence and absence
of the p38 mitogen-activated kinase (MAPK) inhibitor SB203580 (10 g/
ml; Sigma).

Arginase activity assay. Arginase activity (reported in international
units), measuring based on the conversion of arginine to ornithine and
urea, was determined with a quantitative colorimetric assay at 430 nm and
by employing an arginase assay kit (Bioassay Systems) according to the kit
instructions.

Preparation of cell lysates and immunoblot analysis. Cell lysates
were prepared as described elsewhere (49). Equal amounts of protein (50
ng) were subjected to 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and immunoblotting was performed to detect the expres-
sion of iNOS2, arginase-1, and phosphorylated forms of p38 MAPK. Us-
ing the same lysate, a separate immunoblotting assay was performed to
detect the B-actin and dephosphorylated form of p38 MAPK.

Confocal microscopy. For fluorescence confocal microscopy, BMDM
were grown on coverslip chambered slides, infected with various groups
of opsonized parasites and stimulated with LPS (1 pg/ml; Sigma) for 24 h.
Cells were then washed, fixed (3% [vol/vol] paraformaldehyde), perme-
abilized, blocked (10% goat serum, 5% glycerol, 0.1% Nonidet P-40 in
PBS), and then stained with fluorescein isothiocyanate (FITC)-conju-
gated LAMP-1 antibody (green stain) and phycoerythrin (PE)-conju-
gated iNOS2 antibody (red stain) for 30 min. After the immunolabeling
reaction, the preparation was washed thoroughly with PBS, and nucleic
acids were stained with 4',6-diamidino-2-phenylindole, which stains both
the cell nucleus and parasite DNA (blue stain). The cells were then exam-
ined for fluorescence with an LSM510 Meta Zeiss confocal microscope
(Carl Zeiss Microscopy, LLC, Thornwood, NY).

For filipin staining, BMDM were infected with various groups of flu-
orescent parasites (red fluorescent WT RFP, Ldp27 /= RFP, or LdCen™ '~
mCherry), and paraformaldehyde-fixed cells were incubated for 30 min
with filipin (0.5 mg/ml in PBS; Sigma) and then washed with PBS. Cells
stained with filipin were imaged using the 364-nm UV laser on the Zeiss
LSM510 Meta microscope, with fluorescence emission collected using a
435- to-485-nm band-pass emission filter.

Flow cytometry. BMDM were infected with various groups of op-
sonized parasites for 24 h. The cultures were then collected, fixed for 30
min with 3% (vol/vol) paraformaldehyde in PBS at room temperature,
stained with 50 pg/ml filipin (Sigma) in PBS, and analyzed by flow cytom-
etry. For surface staining, cells were blocked at 4°C with rat anti-mouse
CD16/32 (5 mg/ml; BD Pharmingen) for 20 min. Cells were then stained
with anti-mouse CD40-FITC conjugate, anti-mouse CD80-PE conju-
gate, anti-mouse CD86—allophycocyanin, and anti-mouse major histo-
compatibility complex class II (MHC-II)—Alexa Fluor 700 (eBioscience)
conjugate for 30 min (each at a 1:200 dilution) at 4°C. The cells were then
stained with the Live/Dead Fixable Aqua system (Invitrogen/Molecular
Probes), which stains dead cells. Cells were washed with wash buffer and
were finally suspended in PBS plus 1% paraformaldehyde and were kept at
4°C in the dark until acquired for cytometry analysis. Cells were acquired
on a Fortessa apparatus (BD Biosciences, USA) equipped with 355-, 405-,
488-, 532-, and 638-nm laser lines and FACSDIVA 8.0 software (BD).
Data were analyzed with the Flow]Jo software version 9.7.5.

Multiplex cytokine enzyme-linked immunosorbent assay (ELISA).
BMDM were plated in 96-well plates, infected with different groups of
opsonized parasites, and treated with LPS for 24 h. Culture supernatants
were then analyzed using the Multiplex mouse cytokine/chemokine mag-
netic panel (Millipore, USA) and a Luminex-100 system (Luminex, Aus-
tin, TX, USA) with Bioplex Manager software version 5.0, according to the
manufacturer’s instructions. When indicated, cytokine generation was
measured in the presence and absence of the p38 MAPK inhibitor
SB203580 (10 wg/ml; Sigma).

Cytokine ELISA. The conditioned media of macrophage cultures after
infection with WT, live attenuated, and add-back L. donovani parasites
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were assayed for mouse cytokines via sandwich ELISA kit (eBioscience).
The assay was performed according to the manufacturer’s instructions.

Antigen presentation assay. (i) In vitro BMDM and T cell coculture
studies. BMDM were pulsed with an OVA peptide (2 pg/ml; residues 323
to 339; Anaspec) and infected with WT or live attenuated parasites for
24h.CD4™ T cells were purified from spleens of DO11.10 transgenic mice
(mice carrying this MHC class II-restricted, rearranged T cell receptor
transgene on an H-2¢ background react to the ovalbumin peptide anti-
gen) stained with 5 WM carboxyfluorescein succinimidyl ester (CFSE;
Molecular Probes/Invitrogen) for 10 min in RPMI 1640 without fetal calf
serum (FCS) at 37°C in a 5% CO, humidified chamber. After this, cells
were incubated for 5 min with ice-cold RPMI 1640 plus 10% FCS for
quenching the CFSE and subsequently washed thoroughly before plating
in 96-well tissue culture plates along with OVA-pulsed BMDM. Cells were
cultured for 5 days at 37°C with 5% CO,, and T cell proliferation was then
estimated by flow cytometry by gating on CD4 ™ cells. For each sample, 10,000
CD4-positive cells were measured. Flow]Jo software version 9.7.5 was used.
Culture supernatants were collected at day 5 to evaluate cytokines via an
ELISA using a sandwich ELISA kit (eBioscience). The assay was performed as
per the detailed instructions of the manufacturer.

In a separate experiment, the T cell proliferation capacity of the OVA-
pulsed, infected BMDM and T cell coculture experiment was measured as
described above. Briefly, cocultures were incubated for 5 days, stained
with anti-CD4-FITC and fixed, and then intracellular staining was per-
formed with Ki67-PE to determine proliferation via flow cytometry as
described above.

(ii) Ex vivo BMDM and T cell coculture studies. BMDM isolated
from different groups of infected mice (either WT or live attenuated par-
asites) were pulsed with OVA peptide followed by an in vitro coculture
experiment with OVA-specific CD4™" T cells isolated and purified from
DO11.10 transgenic mice and labeled with CFSE. After 5 days of incuba-
tion at 37°C in a 5% CO,, humidified chamber, T cell proliferation was
measured by studying the dilution of CFSE in anti-CD4-stained T cells via
flow cytometry. CESE low gating showed the frequencies of proliferating
CD4™ T cells in response to coculture with infected BMDM with different
leishmanial cell lines. The cytokine production was assessed in the cocul-
ture supernatants by using a sandwich ELISA kit (eBioscience).

Measurement of FA. The membrane fluorescence and lipid fluidity of
cells were measured as described elsewhere (15). Briefly, the fluorescent
probe 1,6-diphenyl-1,3,5-hexatriene (DPH) was dissolved in tetrahydro-
furan at 2 mM and then added to 10 ml of rapidly stirring PBS (pH 7.2).
The cells were labeled by mixing 10° cells with an equal volume of DPH in
PBS (concentration factor, 1 M) and incubated for 2 h at 37°C. The cells
were then washed three times and resuspended in PBS. The DPH probe
bound to the membranes of the cells was excited at 365 nm, and the
intensity of emission was recorded at 430 nm in a spectrofluorometer. The
fluorescence anisotropy (FA) value was calculated using the following
equation: FA = (I; = I, )/(I; + 21 ), where [jand I, are the fluorescence
intensities oriented, respectively, parallel and perpendicular to the direc-
tion of polarization of the excited light.

Infection of mice, parasite burden estimation, and parasitized
splenic macrophage isolation. Mice were infected via tail vein with 3 X
10° stationary-phase RFP-labeled WT, Ldp27 '~, or LdCen '~ -mCherry
promastigotes. In each study, at least 6 mice were used per group. Age-
matched naive mice were used as controls. At 7 day postinfection, mice
were sacrificed and the parasite load was recorded from spleens of the WT
L. donovani-infected and live attenuated parasite-infected mice by cultur-
ing the separated host cell preparations by limiting dilution as previously
described (40, 41).

In a separate experiment, the splenic macrophages were sorted (50).
Single-cell suspensions were prepared from spleens, and red blood cells
(RBCs) were lysed using ACK lysing buffer. Sorting of Leishmania (RFP-
mCherry)-infected splenic macrophages (IM) and uninfected splenic
macrophages (UIM) from different groups of mice was performed using a
high-speed fluorescence-activated cell sorter (FACS) system (FACS Aria-
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IITM; BD). Infected splenic macrophages were sorted by gating live single
cell lineage™ (T cell, B cell, NK cell) RFP—mCherry+ cells. Next, lineage ™
mCherry™ cells were gated for MHC-II™ CD11b™ myeloid cells, which
were then gated for the Cd11c™ Ly6G™~ population. Uninfected splenic
macrophages (lineage™ [T cell, B cell, NK cell] REP-mCherry” Cd11b™"
MHC-II" Cdl1c Ly6G™) were also sorted.

RT-PCR. Total RNA was extracted from the parasitized and unin-
fected splenic macrophages by using an RNAqueous microkit (AM1931;
Ambion). Aliquots (400 ng) of total RNA were reverse transcribed into
c¢DNA by using random hexamers from a high-capacity cDNA reverse
transcription (RT) kit (Applied Biosytems). Gene expression levels were
determined using the TagMan gene expression master mix and premade
TaqMan gene expression assays (Applied Biosystems) and a CFX96 Touch
real-time system (Bio-Rad, Hercules, CA). The data were analyzed with
CFX Manager software. The TagMan gene expression assay primers (Ap-
plied Biosystems) used were as follows: iNOS2, Mm00440502_m1; IL-1j3,
MmO00434228_m1; TNF-o,, Mm00443258_m1;1L-12, MmO00434174_m]l;
arginase-1, MmO00475988_m1; MRC-1, Mm00485148_ml; YMI,
Mmo00657889_m1; IL-10, Mm00439614_m]l; glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), Mm99999915_m1. Expression values
were determined by the cycle threshold (27*4¢T) method, and results
were normalized to GAPDH expression levels and reported relative to
results with the untreated sample.

Statistical analysis. Statistical analysis of differences between means
of groups was determined via an unpaired two-tailed Student ¢ test, using
GraphPad Prism 5.0 software. A P value of <0.05 was considered signifi-
cant, and a P value of <0.005 was considered highly significant.

RESULTS

Evaluation of WT and live attenuated parasite infection in
BMDM in vitro. We have previously shown that live attenuated
parasites, which are phagocytized by human macrophages, have
reduced survival compared to WT parasites (35, 36). In this study,
we investigated the rates of phagocytosis and infectivity of live
attenuated parasites in mouse BMDM. In vitro-differentiated
BMDM were inoculated with stationary-phase cultures of WT,
live attenuated (Ldp27 '~, LdCen '~), or add-back (Ldp27 '~ AB,
LdCen™'~ AB) promastigotes. At 6 h postinfection, there were no
significant differences in the percentage of infected cells or in the
number of parasites per infected cell between WT, live attenuated,
or add-back parasite-infected cells (Fig. 1A and B). These BMDM
cultures were then subsequently examined at 24, 48, and 72 h
postinfection, and the percentages of infected macrophages and
parasite load were calculated. Interestingly, BMDM infected with
live attenuated parasites displayed a significantly lower percentage
of infected cells (Fig. 1A) and fewer parasites per infected cell (Fig.
1B) than BMDM infected with WT or add-back parasites at
all time points postinfection. Thus, live attenuated parasites
(Ldp27~'~, LdCen™'") are capable of infecting macrophages at
rates similar to the WT but are unable to persist in BMDM for
prolonged periods compared to WT parasites, and this is a direct
consequence of the deficiency of Ldp27 and Centrinl genes, re-
spectively, as demonstrated by adding back the corresponding
gene in the parasites.

Live attenuated parasites induced a strong effector function
in BMDM, thereby promoting classical activation in vitro. Clas-
sical activation of macrophages is characterized by the induction
of ROS and NO (17, 19), which have been identified as critical
oxidative agents in controlling Leishmania infection (6-8). We
studied the generation of these two molecules in response to live
attenuated parasite infection. BMDM were incubated for 15, 30,
60, 120, and 240 min with WT or live attenuated parasite promas-
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FIG 1 Phagocytosis rate and infectivity of WT and live attenuated parasites in BMDM. BMDM were infected with opsonized WT L. donovani parasites, live
attenuated parasites (Ldp27 '/~ or LdCen ’~) or gene-complemented add-back parasites (Ldp27~'~ AB, LdCen '~ AB) (5:1, parasite to macrophage ratio).
Intracellular parasite numbers were visualized by Giemsa staining and estimated microscopically at 6 h, 24 h, 48 h, and 72 h postinfection. (A and B) The infection
efficiency (percentage of infected cells) (A) and intracellular growth (parasites per infected cell) (B) were recorded. To measure parasite load in these cultures, a
minimum of 300 macrophages were counted. The data represent the means = standard deviations of three independent experiments that all yielded similar

results. *, P < 0.05; **, P < 0.005.

tigotes, and ROS levels were assayed. We observed that WT para-
sites induced ROS production only at 30 min postinfection, com-
pared to uninfected BMDM (Fig. 2A, arrow). However, live
attenuated parasite infection induced ROS generation in a sus-
tained manner starting from 30 min up to 120 min postinfection
compared to WT-infected BMDM (Fig. 2A).

Next, we analyzed the level of NO, a prototypic classical acti-
vation marker in mouse macrophages (20), in BMDM cell super-
natants 24 h postinfection upon simulation with either LPS or
rIFN-v. Interestingly, live attenuated parasite-infected BMDM se-
creted significantly more NO than WT-infected cells in response
to LPS or rIFN-vy (Fig. 2B). Because the generation of NO is de-
pendent on the activation of iNOS2, we studied iNOS2 expression
at the protein level. A significant increase in iNOS2 expression was
observed in live attenuated parasite-infected BMDM compared to
the WT-infected BMDM stimulated with LPS (Fig. 2C) or rIFN-y
(Fig. 2D). Of note, without LPS or rIFN-+y stimulation, NO pro-
duction was observed at nonsignificant levels in uninfected mac-
rophages (Fig. 2B, C and D) and in infected macrophages (data
not shown). Moreover, to examine whether iNOS2 induced by
live attenuated parasites was in the parasitophorous vacuole, so
that NO produced was in the right place to control parasitemia, we
performed confocal analysis using a fluorescence-labeled anti-LAMP
antibody, a marker for the parasitophorous vacuole, and an anti-
iNOS2 antibody in parasitized BMDM 24 h postinfection. Imaging
by confocal microscopy revealed that the enhanced iNOS2 was
mostly localized in the vicinity of parasitophorous vacuoles of live
attenuated parasite-infected BMDM (Fig. 2E). Altogether, these ob-
servations suggest that BMDM infected with live attenuated parasites
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undergo a more pronounced oxidative burst in response to either
LPS or rIFN-vy than do WT-infected macrophages.

Additionally, the anti-inflammatory/Th2 cytokine induced en-
hanced arginase-1 expression in host cells during Leishmania in-
fection and impaired NO production, leading to parasite survival
and alternative macrophage activation (4, 10-13). Hence, we
sought to determine the arginase-1 activity in live attenuated par-
asite-infected BMDM. We found enhanced arginase-1 activity
and expression in WT-infected BMDM at 24 h postinfection in
response to either LPS or rIFN-vy stimulation (Fig. 2F, G, and H).
In contrast, live attenuated parasite-infected BMDM showed sub-
stantially reduced activity and expression of arginase-1 in re-
sponse to the stimulation (Fig. 2F, G, and H). However, it has been
suggested that Leishmania parasites express endogenous argi-
nase-1 (11, 13). Hence, we measured endogenous arginase-1 ex-
pression in purified amastigotes of WT and live attenuated para-
sites to assess the contribution of Leishmania arginase-1 to total
arginase-1 activity. In our studies, we did not detect arginase-1 pro-
tein by Western blotting in purified amastigotes (data not shown).
This observation indicated that arginase-1 expression from amasti-
gotes did not contribute to arginase-1 expression measured in the
BMDM. Collectively, these results suggest that the higher rates of live
attenuated parasite clearance might be the result of enhanced ROS,
NO generation, and attenuated arginase-1 activity, thereby promot-
ing classical activation of BMDM in vitro.

In vitro modulation of pro- and anti-inflammatory cytokine
and chemokine responses by WT-infected and live attenuated
parasite-infected BMDM. We evaluated the cytokine response in
culture supernatants of uninfected and infected BMDM to exam-
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FIG 3 Live attenuated parasite infection induces proinflammatory cytokine and chemokine production and dampens anti-inflammatory cytokine generation in
BMDM in vitro. BMDM were either left uninfected or infected with various groups of parasites and stimulated with LPS for 24 h as described in the legend for
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supernatant were evaluated in a multiplex cytokine ELISA as described in Materials and Methods. ELISA data are expressed as means * SD of values from
triplicate experiments that yielded similar results. *, P < 0.05; **, P < 0.005 compared to WT-infected BMDM.

ine whether live attenuated parasites induced a proinflammatory
response in macrophages in vitro. We observed that, unlike WT
parasite infection, live attenuated parasite infection led to a signif-
icant induction of proinflammatory cytokine secretion (TNF-q,
IL-12,IFN-vy, and IL-6) from BMDM (Fig. 3A to D) in response to
LPS. Importantly, production of the anti-inflammatory cytokine
IL-10in live attenuated parasite-infected BMDM was significantly
lower than in WT-infected BMDM and was similar to that in the
uninfected control (Fig. 3E). Interestingly, the patterns of proin-
flammatory cytokine (TNF-a, IFN-y, and IL-12) (see Fig. S1A to
C in the supplemental material) and anti-inflammatory cytokine
(IL-10) (see Fig. S1D) production by BMDM infected with add-
back parasites were similar to those of BMDM infected with WT
parasites in response to LPS or rIFN-v. Along with the cytokines,
chemokines have long been characterized as key elements in me-
diating protection against Leishmania infection (51, 52) and play
an important role in amplifying the M1 macrophage response
(22). Therefore, we studied the expression of chemokines such as
monocyte chemoattractant protein 1 (MCP-1)/CCL-2 (Fig. 3F),
macrophage inflammatory protein lao (MIP-1a)/CCL-3 (Fig.
3G), and IP-10 (Fig. 3H). Comparative chemokine profiles clearly
revealed that live attenuated parasite infection induced expression
of these chemokines in BMDM compared to WT-infected BMDM
(Fig. 3F, G, and H). The results indicated that live attenuated
parasites are capable of eliciting strong proinflammatory cytokine
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and chemokine responses in BMDM compared to WT parasites,
suggesting induction of M1 macrophage immunity.

Live attenuated parasite infection induces effector function
in BMDM via activation of p38 MAPK. It has been well docu-
mented that p38 MAPK signaling is a key regulator of IL-12 and
NO production (49, 53). L. donovani parasites deactivate the p38
MAPK signaling cascade by inhibiting phosphorylation, thus at-
tenuating macrophage effector function (53). Hence, we explored
how live attenuated parasites affect p38 MAPK phosphorylation
in BMDM. We found that in live attenuated parasite-infected
BMDM, p38 MAPK phosphorylation was higher than that in un-
infected or WT-infected BMDM in response to LPS stimulation
(Fig. 4A). However, infection with add-back parasites caused a
reduced level of p38 MAPK phosphorylation compared to that in
live attenuated parasite-infected BMDM. We further analyzed the
involvement of p38 MAPK signaling in live attenuated parasite
induction of IL-12 and NO production by using a p38 MAPK
signaling inhibitor. SB203580 pretreatment of either WT-, live
attenuated-, or add-back parasite-infected macrophages signifi-
cantly abrogated the generation of NO (Fig. 4B) and IL-12 (Fig.
4C) compared to that in untreated BMDM, indicating the in-
volvement of p38 MAPK signaling in the modulation of the pro-
inflammatory response in BMDM by different groups of parasites.

Live attenuated parasite infection does not alter the physiol-
ogy of macrophage membranes. Cholesterol is one of the major
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components in plasma membranes and regulates membrane flu-
idity (16). L. donovani-mediated depletion of macrophage mem-
brane cholesterol after the parasite establishes itself inside the host
cell results in defective antigen presentation, leading to the patho-
genesis of VL (54). Hence, we first analyzed whether live attenu-
ated parasite infection affected membrane cholesterol in BMDM.
Cells were infected with RFP-labeled WT, Ldp27~'~-RFP, or
LdCen™ '~ -mCherry promastigotes for 24 h, and the change in
cholesterol content was subsequently examined by measuring flu-
orescence intensity from the cholesterol-labeling probe filipin us-
ing confocal microscopy (Fig. 5A). Confocal microscopic analysis
showed that uninfected macrophages (UIM) (Fig. 5A, panel a)
exhibited bright blue filipin staining. The corresponding six-step
intensity profile of the filipin fluorescence from the same images,
represented by a 2.5-D graph, also revealed that most of the UIM
(Fig. 5A, panel e) were fully loaded with cholesterol, as the fluo-
rescence intensity reached the highest intensity (pink on the in-
tensity scale). However, fluorescent WT-RFP infection (Fig. 5A,
panel b, red fluorescent spots) resulted in the removal of mem-
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brane cholesterol from BMDM, as indicated by the decrease in
filipin fluorescence in the confocal microscopic analysis (Fig. 5A,
panel b) and by the filipin intensity in the 2.5-D graph (Fig. 5A,
panel f). Interestingly, fluorescent Ldp27~'~-RFP and LdCen ™'~ -
mCherry parasite infection (Fig. 5A, panels c and d, red spots) did
not quench cholesterol from BMDM, based on confocal micro-
scopic analysis (Fig. 5A, panels c and d). The quantitative compar-
ison of the fluorescence intensities in the 2.5-D graphs from the
filipin images revealed that Ldp27 '~ -RFP and LdCen '™ -
mCherry parasite-infected BMDM (Fig. 5A, panels g and h) were
fully loaded with cholesterol, as shown by the filipin fluorescence
at the highest intensity step (pink on the intensity scale). Addi-
tionally, flow cytometry data showed that cholesterol content in
BMDM infected with live attenuated parasites (Ldp27 '~ and
LdCen™'") was similar to that in uninfected cells, indicating that
live attenuated parasites did not deplete cholesterol from BMDM;
however, the add-back parasites (Ldp27 '~ AB, LdCen '~ AB) sig-
nificantly depleted the cholesterol as represented by the histogram
in Fig. 5B and the corresponding quantitative analysis of mean
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FIG 5 Live attenuated parasite infection does not deplete membrane cholesterol and does not alter membrane fluidity of BMDM. BMDM were either left
uninfected or infected with either RFP-tagged WT or RFP-tagged Ldp27 '~ or mCherry-tagged LdCen '~ parasites for 24 h as described in Materials and
Methods and then processed for confocal microscopy. (A) Cell preparations were stained with filipin and observed under a confocal laser-scanning microscope.
The micrograph is representative of 3 independent experiments in which at least 100 cells per sample were analyzed. Bar, 10 wm. The corresponding filipin
fluorescence intensity plots are shown below the respective micrographs, with the fluorescence intensity plotted on the z axis (a six-step rainbow look-up table
was used to help visualize the range of intensity values within the micrographs). (B and C) In a separate experiment, BMDM were either left uninfected or infected
with WT, live attenuated, or add-back parasites for 24 h. Macrophages were then stained with filipin and analyzed by flow cytometry. Control staining with
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fluorescence anisotropy value. The data represent the mean values * standard deviations of results from 3 independent experiments that all yielded similar

results. *, P < 0.05; **, P < 0.005.

fluorescence intensity (MFI) for BMDM (Fig. 5C). These results
indicated that, unlike BMDM infected with WT parasites, live
attenuated parasite-infected BMDM retain the membrane archi-
tecture, similar to what is observed in uninfected controls, as no
quenching of cholesterol takes place in these cells. Since live atten-
uated parasites did not quench cholesterol from the infected cell
membrane, we analyzed whether live attenuated parasites affected
the membrane fluidity of the infected cells by measuring FA using
DPH as a probe. FA was significantly diminished 24 h after infec-
tion with WT or gene-complemented add-back parasites com-
pared to FA of uninfected macrophages, suggesting enhanced flu-
idity of the membrane of parasitized BMDM. In contrast, live
attenuated parasite-infected BMDM did not alter the FA of the
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membrane in infected cells, suggesting no change in membrane
fluidity (Fig. 5D). Taken together, these data suggest that the live
attenuated parasite infection did not affect normal membrane ar-
chitecture in BMDM, as was observed with WT or add-back par-
asite infections of such macrophages.

Live attenuated parasite infection enhances antigen presen-
tation in BMDM and induces in vitro T cell proliferation. Since
we did not observe any change in membrane architecture, i.e.,
membrane fluidity, in BMDM, we analyzed the antigen-present-
ing function of the BMDM upon infection with live attenuated
parasites. We first analyzed the expression of costimulatory mol-
ecules after infection with WT or live attenuated parasites. There
was no difference in the expression (MFI) of MHC-II, CD40,
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were infected with various groups of parasites as described in Materials and Methods for 24 h. The expression of MHC-II, CD40, CD80, and CD86 on BMDM
was studied, and MFI were calculated based on flow cytometry results. (B) BMDM were pulsed with OVA peptide and infected with WT or live attenuated
parasites for 24 h and then cocultured with purified CFSE-labeled CD4™" T cells from DO11.10 transgenic mice. CFSE dilution was measured in CD4 *-gated T
cells pulsed with different leishmanial lines. The experiment was independently repeated three times. (C) In a separate experiment, cell supernatants were
collected from BMDM-CD4™" T cell coculture sets and stained with anti-Ki67 —PE and anti-CD4~FITC. T cell proliferation was estimated by flow cytometry by
gating on Ki67 " CD4 " cells. Representative histograms shown here are from experiments repeated independently for three times. (D to F) Culture supernatants
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(G) The IFN-vy/IL-10 ratio was determined. The data represent the mean values *+ standard deviations of results from 3 independent experiments. ¥, P < 0.05;

**, P < 0.005 compared to WT-infected BMDM.

CD80, or CD86 molecules between BMDM infected with WT or
live attenuated parasites (Fig. 6A). Next, we investigated the anti-
gen presentation capability of live attenuated parasite-infected
BMDM by evaluating their ability to present live attenuated par-
asite antigens to CFSE-labeled naive CD4™ T cells. BMDM in-
fected with WT or live attenuated parasites were pulsed with OVA
peptide (OVA;,5 33) and then cocultured with OVA-specific
(DO11.10) CFSE-labeled CD4* cells. CD4™ T cell proliferation
was evaluated after 5 days by flow cytometry. Live attenuated par-
asite infection of BMDM induced proliferation of T cells, based on
the significantly higher percentage of proliferating CD4™ T cells

October 2015 Volume 83 Number 10

Infection and Immunity

compared to those cocultured with WT-infected BMDM (Fig.
6B). We also independently confirmed that live attenuated para-
site infection induced CD4™ T cell proliferation, based on the
expression of Ki67, a cellular marker for proliferation which is
expressed exclusively in proliferating cells (Fig. 6C). Based on the
expression of Ki67, both Ldp27~'~ and LdCen '~ parasites in-
duced more CD4™" T cell proliferation than WT parasites (Fig.
6C). Cytokine production resulting from a CD4™" T cell response
was measured in culture supernatants after 7 days of coculture.
Live attenuated parasite-infected BMDM-T cell cocultures
showed a significant increase in IL-2 production (Fig. 6D) and
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higher levels of IFN-y (Fig. 6E) than those with WT infection. On
the other hand, live attenuated parasite-infected OVA-pulsed
BMDM-T cell cocultures had significantly reduced IL-10 produc-
tion compared to WT-infected BMDM (Fig. 6F). Overall, the IFN-
y/IL-10 ratio was significantly higher in live attenuated parasite-in-
fected, OVA-pulsed BMDM-T cell cocultures than in those with
WT infection (Fig. 6G). Thus, these results suggest that live atten-
uated parasite-infected BMDM are capable of inducing the pro-
liferation of Thl type CD4" T cells in vitro, and the findings are
consistent with an enhanced adaptive immune response to live
attenuated parasites in various animal models as has been demon-
strated elsewhere (40—43).

Live attenuated parasite infection in mice induces classical
activation (M1 phenotype) of parasitized macrophages isolated
from spleens. Since highly phagocytic splenic macrophages play a
pivotal role in regulating the killing of intracellular L. donovani
(55), we next assessed the ability of live attenuated parasites to
modulate the macrophage response in spleens in an in vivo mouse
model. We infected mice via the tail vein with WT-RFP, LdP27 /-
RFP, or LdCen ™'~ - mCherry parasites. After 7 days of infection,
sorting of UIM from the spleens from the different groups of mice
was done by gating live single cells for lineage™ (T cell, B cell, NK
cell) REP™ Cd11b™ MHC-II" Cd11c™ Ly6G™, whereas parasitized
macrophages (IM) were sorted by gating live single cells for lin-
eage” (T cell, B cell, NK cell) RFP* Cd11b*" MHC-II" Cdl1c™
Ly6G™ (Fig. 7A). Consistent with our in vitro infection data, live
attenuated parasite-infected mice had significantly lower splenic
parasite burdens than WT-infected mice (Fig. 7B).

To further characterize the polarization of parasitized splenic
macrophages toward either the classical (M1) phenotype or alter-
native (M2) phenotype, we assessed the expression levels of well-
studied (56) M1 and M2 markers in the infected macrophage pop-
ulations and compared them with those in WT-parasitized
macrophages. RT-PCR analysis showed that 4 major M1 markers,
iNOS?2 (Fig. 7C, panel a), IL-1( (Fig. 7C, panel b), TNF-a (Fig. 7C,
panel ¢), and IL-12 (Fig. 7C, panel d), were significantly elevated
in parasitized splenic macrophages isolated from live attenuated
parasite-infected mice compared to WT-infected mice. In con-
trast, 4 major M2 markers, Arg-1(Fig. 7C, panel e), MRC-1(Fig.
7C, panel f), YM1 (Fig. 7C, panel g), and IL-10 (Fig. 7C, panel h),
were significantly reduced in parasitized macrophages isolated
from live attenuated parasite-infected mice compared to WT-in-
fected mice. Interestingly, UIM from live attenuated parasite-in-
fected mice showed slightly higher levels, not statistically signifi-
cant, of IL-1B (Fig. 7C, panel b) and IL-12 (Fig. 7C, panel d), along
with downregulation of the M2 macrophage-specific Arg-1(Fig.
7C, panel e), MRC-1 (Fig. 7C, panel f), YM1(Fig. 7C, panel g), and
IL-10 (Fig. 7C, panel h) genes compared to uninfected macro-
phages from WT-infected mice. Therefore, it seems that the infec-
tion with live attenuated parasites generates a bystander effect.
Thus, from the in vivo gene expression profile, it is also evident
that live attenuated parasite infection promotes a state of classical
activation in splenic macrophages.

BMDM from live attenuated parasite-infected mice are more
efficient antigen-presenting cells (APC) than those from WT-
infected mice. IL-12 is a critical cytokine that skews the develop-
ment of naive CD4™" T cells into Th1 cells (4). To determine if the
higher IL-12 production of live attenuated parasite-infected mac-
rophages affects their ability to activate naive T cells, we isolated
BMDM from WT-infected or live attenuated parasite-infected
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mice 7 days postinfection. We pulsed these BMDM with OVA
peptide (Ovas,s_330) followed by coculture with OVA-specific
CD4™" T cells for 5 days to analyze OVA-specific proliferation of T
cells. Interestingly, and consistent with our in vitro study results,
the percentage of proliferating CD4 ™" T cells after 5 days was com-
paratively higher upon coculture with OVA-pulsed BMDM from
live attenuated parasite-infected mice versus WT-infected mice, as
illustrated in Fig. 8A by the offset histogram depicting the individ-
ual percentage of proliferating CD4™ T cells from the different
groups. Cytokine production resulting from such a CD4™ T cell
response was measured in culture supernatants after 5 days of
coculture. The results showed that BMDM from live attenuated
parasite-infected mice stimulated CD4 " T cells to produce signif-
icantly higher levels of IL-2 and IFN-vy than those from WT-in-
fected controls (Fig. 8B). In contrast, BMDM from live attenuated
parasite-infected mice, upon coculture with T cells, had signifi-
cantly lower IL-10 production than those from WT-infected mice
(Fig. 8B). Overall, CD4™ T cells cocultured with BMDM from live
attenuated parasite-infected mice displayed significantly higher
IFN-vy/IL-10 ratios than CD4" T cells cocultured with BMDM
from WT-infected mice (Fig. 8C), thereby indicating a Thl re-
sponse predominance that could account for further protective
immunity.

DISCUSSION

Impairment in both the proinflammatory cytokine response and
the generation of free radicals during VL helps the L. donovani to
establish itself within the hostile environment of macrophages
(57). Although dendritic cells are involved in the initial priming of
the antileishmanial immune response and may sustain short-term
survival of Leishmania parasites, macrophages are the major site
for Leishmania parasite replication (58). Recent evidence suggests
that the ability of macrophages to process and present Leishmania
antigens is necessary for their efficient interaction with effector T
cells and subsequent activation of the adaptive immune response
(58). Furthermore, recent studies indicated that macrophage-di-
rected adaptive immunity is often a combination of M1/Th1 and
M2/Th2 responses (56, 59, 60). M1 phenotype macrophages pref-
erentially express iNOS and direct T cells to produce Thl-like
cytokines. In contrast, M2 macrophages preferentially express ar-
ginase and stimulate T cells to produce Th2-like cytokines. Thus,
macrophages control immunologic outcomes on their own and
subsequently direct the T cell response (27, 31). For example,
Leishmania infection of macrophages increases their ability to
stimulate a parasite-favorable Th2 response instead of a host-pro-
tective Th1 response (44). Consequently, the outcome of Leishma-
nia infection depends to a large extent on the interplay between
the parasites and the macrophages.

Previous studies from our laboratory showed, by using a few
genetically modified L. donovani parasites (LdCen '~ or Ldp27 /™),
induction of a host-protective Thl adaptive immune response
and long-term protection against L. donovani infection (40-43).
However, whether the immunological basis of protection in terms
of the host innate response induced by these live attenuated par-
asites could account for the protection observed in various animal
models (40-43) remains unexplored. Hence, in this report we
explored the early immune responses, especially macrophage
functions, in determining the extent of the Th1 adaptive immune
response.

We found that live attenuated parasites could not persist as

October 2015 Volume 83 Number 10


http://iai.asm.org

Innate Response Generation by Attenuated Leishmania

Gate MHC-I1+Cd11b+Cells  Gate Cd11c-Ly6G-M
_ MHC1+Cd11b+

Gate L'!I_I-RFP mCherry-Cells

10%

A =8
c =
S G B
T e
lﬂD E
X
+ *%
1. o - x
% 0 10° 10t 105 % i PN Pl R B
B2 4, 0 100 10t 10 c -
o RFP/m-Cherry Leishmania ~ 0%7 cdib : .
e 3 "
- Gate Lin-RFP/mCherry+ Cells M— % %
° ol % S 0] e
. MHC-1I+Cd11b+ g
50100 150 200 250 < 5
(11,000) =1 . L ¢ am u
Splenocytes o N 0 100001 i
e L [ ]
2 i g
> 6 -;, ;
1000
R T 2 (yeecdilc) W LT LdCen
PR RO T S R ST St
st B T it 7 cdite
P/m-Cherry Leishmania
M1 Markers
a iNOS2 b IL-1 ¢
15 15
14 o
g 12 810 8
g3 = v
30 i ge .
w 4 w
2 0
0 LT LaeT LG ELOWT  LoaT LaCen. v LdWT  Ldp27-- LdCen-/-LdWT  Ldp27-/- LdCen-/- LdWT  Ldp27-- LdCen--LdWT  Ldp27-- LdCen--
p27-1- LdCen-- p27-I- LdCen-- T '—UTM—' |—I.M—4 'WT{
M2 Markers
Arginase-1 ¢ RC-1 M1 h Ll
€ xxx — 9
o, S
107 ¥y 5

2

o

Fold Increase
>

Fold Increase
Fold Increase

Fold Increase

o

0- 2 0 0 0
LdWT  Ldp27--LdCen-H.dWT Ldp27--LdCen-- LdWT  Ldp27-- LdCen-/-LdWT  Ldp27-- LdCen-/- LAWT  Ldp2T-- LdCen.- LAWT _ Ldp27-- LdCen- HdWT Ldp27-/-LdCen:I-LdWT Ldp27-- LdCen-/-
I ™ i }—“UIM 1 f ™M i }—I-M—1 };UIM 1 I ™ !

FIG 7 Live attenuated parasite infection in mice induces classical activation (M1 phenotype) of parasitized macrophages isolated from spleens. (A) UIM were
sorted from the spleens of different groups of mice (n = 6) by gating live single cells for lineage ™ (T cell, B cell, NK cell) RFP/mCherry” Cd11b* MHCII" Cd11c™
Ly6G") markers, whereas parasitized splenic macrophages (IM) were sorted by gating live single cells for lineage ™ (T cell, B cell, NK cell) RFP/mCherry " Cd11b™
MHC-II" Cd11c¢ Ly6G~) markers. The sorting strategy is displayed. The experiment was repeated 3 times with pooled digests from 6 spleens per experiment. (B)
Parasite numbers in spleens of different groups of infected mice were measured 7 days postinfection. Means and standard errors of the means for six mice in each
group are shown. Data are representative of two independent experiments. **, P < 0.005. (C) Sorted parasitized and uninfected macrophages from different
groups of mice were subjected to RNA isolation as described in Material and Methods. Isolated total RNA was reverse transcribed and expression levels of
different genes were analyzed as described in Material and Methods. Normalized expression levels of M1 markers, such as iNOS2, IL-1f, TNF-a, and IL-12, and
M2 markers like Arg-1, MRC-1, YM1, and IL-10 were estimated. The data represent the mean values * standard deviations of results from 3 independent
experiments that all yielded similar results.*, P < 0.05; **, P < 0.005; ***, P < 0.0005 compared to WT-infected BMDM.

long as WT parasites. Interestingly, replication in macrophages  consequence of Ldp27 or Centrinl deficiency in the Ldp27 '~ and
was restored to near-wild-type virulence levels in gene-com- LdCen '~ parasites, respectively. These findings are consistent
plemented add-back parasites (Ldp27 '~ ABand LdCen '~ AB), with our earlier studies in human macrophages and in mice
specifically implying that the difference in infectivity is a direct (35, 40).
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FIG 8 BMDM from live attenuated parasite-infected mice are more efficient antigen-presenting cells than BMDM from WT-infected mice. BMDM isolated
from BALB/c mice either uninfected or infected for 7 days with WT or live attenuated parasites were pulsed with OVA peptide and then cocultured with purified
CFSE-labeled CD4 ™ T cells from DO11.10 transgenic mice. T cell proliferation was estimated by flow cytometry by studying CFSE dilution of gated CD4 ™ cells
and is represented by the histogram. The staggered offset histogram overlay (A) displays the CD4™ T cell proliferation pattern as visualized by CFSE dilution after
flow cytometry. (A) Cell proliferation was analyzed in triplicate experiments, and histograms representative of mean values were overlaid for the figure. The black
bold line on the histogram overlay represents the percentage of proliferating CD4* T cells. (B) The culture supernatant fluids were collected and assayed for IL-2,
IFN-v, and IL-10 in an ELISA. (C) The IFN-y/IL-10 ratio was calculated from the data shown in panel B. The data represent the picogram levels of cytokines in
culture supernatants and are presented as means * standard deviations from three independent experiments. ¥, P < 0.05 compared to WT-infected BMDM.

Macrophage activation for enhanced microbial activity is a
critical requirement, as it leads to the successful elimination of
Leishmania parasites. The ability of macrophages to secrete ROS,
as well as reactive nitrogen intermediates (RNI), correlates closely
with their capacity to kill Leishmania parasites (6-8), and these
abilities are hallmarks of the classical activation (M 1) macrophage
phenotype (4, 17). ROS-mediated killing is predominantly an
early event, whereas NO-mediated clearance of parasites occurs at
a later stage in the infection (48). We found markedly elevated
ROS generation in live attenuated parasite-infected BMDM com-
pared to WT-parasitized BMDM. Moreover, we observed en-
hanced NO generation along with higher iNOS2 expression in live
attenuated parasite-infected BMDM in response to either LPS or
rIFN-+v stimulation, thereby indicating that live attenuated para-
sites do not inhibit the microbicidal activity of macrophages and,
subsequently, their impaired growth inside BMDM. Recent evi-
dence indicated that iNOS is recruited to the membranes of para-
sitophorous vacuoles (PV), and several infectious microorgan-
isms, such as Mycobacteria spp. and Salmonella spp. inhibit iNOS
recruitment to PV during macrophage infection, attenuating NO
production, which eventually plays a role in the pathogenesis of
these bacteria (61, 62). In our study, we found that live attenuated
parasite infection induced enhanced iNOS2 in response to LPS in
the vicinity of the PV of the BMDM, indicating higher production
of NO. Further, Th2 cytokine-induced enhanced host arginase
activity during Leishmania infection is associated with depletion
of L-arginine availability, thereby resulting in reduced levels of NO
and enhanced production of polyamines for parasite survival (10,
12, 63). In contrast, another study group has shown that Leishma-
nia major encodes arginase, which itself enhances disease patho-
genesis by augmenting host cellular arginase activities in a parasite
number-dependent manner (64). In our study, we found that live
attenuated parasites were unable to replicate and suppressed anti-
inflammatory or Th2 cytokine production in BMDM, thereby
downregulating the arginase-1 activity compared to results after
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WT infection in response to either LPS or rIFN-vy stimulation.
Taken together, upregulated expression of iNOS2, a hallmark of
classical activation, and downregulated expression/activity of ar-
ginase-1, the hallmark of alternative activation, by live attenuated
parasite-infected macrophages upon LPS or rIFN-vy stimulation
suggest that, unlike WT parasites, live attenuated parasites induce
the classical (M1) macrophage phenotype and enhance microbi-
cidal activity.

Disruption of macrophage activation during L. donovani infec-
tion involves parasite-mediated skewing of proinflammatory cy-
tokine synthesis toward anti-inflammatory cytokines that sup-
press the killing capacities of macrophages (65). In this context,
the most important mechanism analyzed to date appears to be the
inhibition of IL-12 synthesis in parasitized cells, which subse-
quently delays or prevents the secretion of another important pro-
inflammatory cytokine, IFN-v, from CD4" Th1 cells; IFN-vy is a
major inducer of classical activation of macrophages (4). More-
over, it has been shown that IL-10, an anti-inflammatory cytokine,
perturbs classical macrophage activation by attenuating the respi-
ratory burst and inflammatory cytokine production, particularly
of IL-12 and TNF-a by macrophages, hence promoting parasite
survival (4). Since IL-12 is a critical proinflammatory cytokine
required for CD4 " Th1 development and production of IFN- (4,
23), it is evident that live attenuated parasite infection-induced
IL-12 in macrophages subsequently helps in the generation of a
protective Th1 response, as observed in our previous in vivo stud-
ies (40—43). In addition, live attenuated parasite infection was able
to downregulate the anti-inflammatory cytokine IL-10 produc-
tion in BMDM. Thus, this efficient regulation of pro- and anti-
inflammatory cytokines by live attenuated parasites might regu-
late the generation of NO in BMDM, which may eventually
activate macrophage effector functions (66). Of note, both pro-
inflammatory (TNF-a, IL-12, and IFN-vy) and anti-inflamma-
tory (IL-10) cytokine production approached WT levels in
add-back parasite-infected macrophages in response to either
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LPS or rIFN-vy. These data indicate that the increased proin-
flammatory response and attenuated anti-inflammatory re-
sponse by Ldp27~'~ or LdCen™ '~ parasite infection is related to
a deficiency of the Ldp27 or Centrinl gene, respectively.

Successful immunity to Leishmania depends on recruitment of
appropriate immune effector cells to the site of infection, and
chemokines play a crucial role in this process (52). Specifically, in
vitro studies with the chemokine CCL2 (MCP-1) demonstrated its
ability to synergize with IFN-v and subsequently induce antileish-
manial activity in macrophages, which may potentially kill Leish-
mania and promote healing (52). Additionally, recent evidence
also suggests that MCP-1/CCL2 plays a pivotal role in the ampli-
fication of the M1-type macrophage response (22). We observed
that live attenuated parasite infection significantly induced
chemokines, such as MCP-1/CCL-2, MIP-1a/CCL-3, and IP-10,
further indicating chemokine-mediated activation of macro-
phages. Thus, our in vitro study clearly indicated that, in contrast
to WT infection, live attenuated parasite infection induces classi-
cal activation of macrophages, as indicated by inhibition of argi-
nase-1 and IL-10 production and concomitant induction of
iNOS2,1L-12, TNF-a, MCP-1/CCL-2, MIP-1a/CCL-3, and IP-10
release, which may subsequently translate into an in vivo protec-
tive response, as shown in our previous in vivo studies (40—43).

The macrophage activation is controlled through signaling via
p38 MAPK phosphorylation (53), and Leishmania infection in-
hibits macrophage-mediated IL-12 and NO production by atten-
uating p38 MAPK phosphorylation (67). We found that live at-
tenuated parasite infection induced p38 MAPK phosphorylation
in BMDM, contrary to what is seen with WT infection. Further,
inhibition of p38 MAPK resulted in impaired NO and IL-12 produc-
tion in live attenuated parasite-infected BMDM. Thus, it is apparent
that the activation of p38 MAPK signaling at early time points in
infection is intricately associated with the production of proinflam-
matory molecules in live attenuated parasite-infected BMDM.

L. donovani infection results in defective antigen presentation
by macrophages to T cells (15), thereby attenuating the generation
of an effective cell-mediated immune response. The defective an-
tigen-presenting ability of infected macrophages closely correlates
with alterations in the physical properties of macrophage cell
membranes and has been proposed as a mechanism employed by
the parasite to evade the host immune system (68). Specifically,
the role of membrane cholesterol in APC and T cell interactions
has been well studied in VL (16). Similar effects were observed
with L. major infection-mediated depletion of membrane choles-
terol, resulting in the disruption of macrophage effector func-
tions; more interestingly, cholesterol loading augments the micro-
bicidal effect in macrophages (69). Recently it was shown that
liposomal cholesterol delivery activates the macrophage innate
immune arm to facilitate intracellular L. donovani killing (48).
Further, the cholesterol content of the macrophage membrane
regulates membrane fluidity of macrophages, which has a signifi-
cantbearing on T cell-stimulating ability (16). In our study, unlike
infection with WT parasites, live attenuated parasite infection nei-
ther depleted cholesterol from macrophage membranes nor
changed membrane fluidity, suggesting that live attenuated para-
site infection did not alter macrophage membrane architecture.
However, similar to WT parasites, add-back parasites quenched
the membrane cholesterol and increased the membrane fluidity,
thereby reversing the effects of live attenuated parasites on the
membrane. Taken together, these results suggest that live attenuated
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parasite (Ldp27 '~ or LdCen ') infection might not impede the
normal macrophage membrane architecture and hence may not im-
pair antigen presentation. In fact, the lack of an effect on macrophage
membrane architecture in turn resulted in an enhanced antigen pre-
sentation capability of OVA-pulsed BMDM infected with live atten-
uated parasites, compared to those infected with WT parasites, as
indicated by OVA-specific proliferation of T cells. Further, such an
interaction between BMDM and T cells in vitro also resulted in en-
hanced T cell effector function, as evident from higher IL-2 and
IFN-vy and reduced IL-10 release compared to that in WT-infected
BMDM. These studies suggest that infection of macrophages in vitro
with live attenuated parasites leads to classical activation (M1 macro-
phage phenotype), which then allows efficient antigen presentation
that leads to the Th1 type of adaptive response.

The above-mentioned in vitro observations with regard to clas-
sical activation of macrophages by live attenuated parasites were
further confirmed by our in vivo experiments. For example, the
parasitized splenic macrophages from live attenuated parasite-in-
fected mice at 7 days postinfection exhibited upregulation of genes
encoding classical macrophage activation (M1 phenotype), such
as genes for iNOS2, IL-13, TNF-a, and IL-12, and downregula-
tion of genes implicated in alternative macrophage activation (M2
phenotype), such as genes for Arg-1, MRC-1, IL-10, and YM1,
compared to those from WT-infected mice, suggesting that live
attenuated parasite infection induced an M1 macrophage re-
sponse in vivo. In addition, in our ex vivo study we observed that
BMDM isolated from live attenuated parasitized mice 7 day
postinfection were better activators of test antigen (OVA)-specific
CD4™" T cells than those from WT-infected mice, as manifested by
increased proliferation of OVA-specific CD4" T cells. Of interest,
the macrophages from live attenuated parasite-infected mice
present antigen to naive T cells and help in generation of Th1 cells,
as indicated by the high level production of IL-2 and IFN-vy and
the significantly smaller amount of IL-10. These studies corrobo-
rated our previous findings of Thl-predominant protective im-
munity in live attenuated parasite-immunized and WT-chal-
lenged mice and dogs (40—43). It is worth mentioning here that
the macrophage-mediated immune response plays a key role in
vaccine protection, as recently observed by various groups work-
ing with vaccine candidates, such as recombinant BCG, live atten-
uated West Nile virus, and live attenuated measles virus, against
tuberculosis, WNV infection, and measles, respectively; the re-
sponse manipulates the macrophage population and provides im-
proved protection by enhancing the macrophage effector re-
sponse (32-34). Therefore, it is likely that the abundance of
classically activated macrophages (M1) in live attenuated parasite-
infected mice could serve as a biomarker for effective Leishmania
vaccines (40-43).

In conclusion, in the present study we have demonstrated the
mechanism of induction of an innate response to live attenuated
parasites in macrophages both in vitro and in vivo. The outcome of
live attenuated parasite interactions with macrophages is qualita-
tively and quantitatively different from that with WT parasites.
Unlike WT L. donovani parasites, live attenuated parasites do not
perturb the innate effector function and promote a state of classi-
cal activation of macrophages (M1 phenotype). Specifically, we
showed that live attenuated parasites promote the interaction of
these M1 phenotype macrophages with T cells, altering the early
immune response such that the IFN-y/IL-10 ratio produced by
the responding T cells is altered toward a protective immune re-
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sponse, further substantiating our previous observations on pro-
tective adaptive immune responses (40—-43). Thus, in response to
infection by live attenuated parasites, the antigen-presenting abil-
ities of macrophages are skewed toward a more effective Th1 pre-
dominance that could be accountable for protective adaptive im-
munity in vaccinated mice. Finally, these studies further affirm
that genetically modified live attenuated L. donovani parasites
should be explored as vaccine candidates against VL.
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