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Characterization of Cross-Protection by Genetically Modified
Live-Attenuated Leishmania donovani Parasites against
Leishmania mexicana

Ranadhir Dey,*' Gayathri Natarajan,”' Parna Bhattacharya,* Hannah Cummings,’
Pradeep K. Dagur,” César Terrazas,” Angamuthu Selvapandiyan,® John P. McCoy, Jr.,*
Robert Duncan,* Abhay R. Satoskar,” and Hira L. Nakhasi*

Previously, we showed that genetically modified live-attenuated Leishmania donovani parasite cell lines (LdCen™~ and Ldp27~'")
induce a strong cellular immunity and provide protection against visceral leishmaniasis in mice. In this study, we explored the
mechanism of cross-protection against cutaneous lesion-causing Leishmania mexicana. Upon challenge with wild-type L. mex-
icana, mice immunized either for short or long periods showed significant protection. Inmunohistochemical analysis of ears from
immunized/challenged mice exhibited significant influx of macrophages, as well as cells expressing MHC class II and inducible NO
synthase, suggesting an induction of potent host-protective proinflammatory responses. In contrast, substantial inhibition of IL-10,
IL-4, and IL-13 expression and the absence of degranulated mast cells and less influx of eosinophils within the ears of immunized/
challenged mice suggested a controlled anti-inflammatory response. L. mexicana Ag-stimulated lymph node cell culture from the
immunized/challenged mice revealed induction of IFN-y secretion by the CD4 and CD8 T cells compared with non-immunized/
challenged mice. We also observed suppression of Th2 cytokines in the culture supernatants of immunized/challenged lymph
nodes compared with non-immunized/challenged mice. Adoptively transferred total T cells from immunized mice conferred
strong protection in recipient mice against L. mexicana infection, suggesting that attenuated L. donovani can provide protection
against heterologous L. mexicana parasites by induction of a strong T cell response. Furthermore, bone marrow—derived dendritic
cells infected with LdCen ™"~ and Ldp27~'~ parasites were capable of inducing a strong proinflammatory response leading to the
proliferation of Th1 cells. These studies demonstrate the potential of live-attenuated L. donovani parasites as pan-Leishmania

species vaccines.

eishmania causes a spectrum of diseases ranging from
cutaneous lesions to fatal visceral infections depending
on the parasite species involved as well as on the host
immune response (1). Leishmaniasis is reported in all five conti-
nents and is endemic in 88 countries (2). Available drugs are toxic,
and the emergence of drug-resistant parasites makes Leishmania
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treatment challenging; there is no licensed vaccine available (3).
In the past, several approaches have been tested for Leishmania
vaccine development, including DNA vaccination, subunit vacci-
nation, and heat-killed parasite vaccination with and without ad-
juvant (4-6). Most vaccination approaches have worked in animal
models, but none has been successful in humans. With a better
understanding of immunological correlates there is potential to
predict the efficacy of a vaccine candidate.

Leishmanization is a process in which deliberate infections with
a low dose of Leishmania major cause a controlled skin lesion and
it has been shown to provide protection against reinfection (1, 7,
8). Furthermore, persons who recover from leishmaniasis develop
protective immunity against reinfection, which altogether indi-
cates that a vaccine is feasible. In the past, leishmanization was
a common practice in Leishmania-endemic regions. However,
under the current regulatory environment such practice may not be
acceptable because there is the possibility of infection in naive
populations. However, these studies suggest that for an effective
vaccine against leishmaniasis, a controlled Leishmania infection
that can provide a complete array of Ags of a wild-type parasite
might be necessary for developing a protective immune response.
Therefore, live-attenuated parasites that are nonpathogenic might
induce the same protective immunity as leishmanization and thus
would be ideal vaccines. Past experience with other pathogens
such as viruses and bacteria has suggested that live-attenuated
pathogens can be successful vaccines (9-11).

To test the hypothesis that live-attenuated parasites can be ef-
fective vaccines, previously we developed an amastigote-specific,
replication-deficient, centrin gene—deleted Leishmania donovani
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parasite cell line (LdCen ") that was tested in a rodent model and
was found to have limited persistence and induced a protective
cellular immune response in immunized animals (12). Recently,
we developed another L. donovani cell line devoid of the p27 gene
(Ldp27~"7), encoding an amastigote-specific cytochrome ¢ oxi-
dase component and demonstrated that these parasites persist
longer and also induce lasting protective immunity (13, 14). From
these studies, we observed that longer persistence of Leishmania
Ags can produce robust protection. For example, the Ldp27 "/~
parasite cell line, which can persist for an extended period of time
(>12 wk) without causing pathogenesis, elicits an effective cell-
mediated effector protective immune response against visceral
leishmaniasis (VL) (14). Other investigators have also tested ge-
netically modified live-attenuated Leishmania parasites as vaccine
candidates in animal models and demonstrated variable protective
immunity against different forms of leishmaniasis (15-20).

Because leishmaniasis is caused by several different species of
Leishmania and each infection has a different clinical outcome, it
would be ideal to have a vaccine that can afford protection across
species. Toward this end, it has been previously observed that cross-
immunity can be acquired by pre-exposure to infection as was dem-
onstrated in individuals who migrated from an L. major endemic re-
gion and had a lower risk of developing VL (21, 22). Furthermore, in
several animal model studies, cross-species protection has been re-
ported between VL and cutaneous leishmaniasis (CL) using either
crude or purified parasite Ags, DNA vaccines, or irradiated promas-
tigotes (23-27). There are also reports of L. donovani DNA vaccine
cross-protecting against cutaneous murine Leishmania mexicana in-
fection (28, 29). Additionally, immunization with lower doses of in-
fectious parasites also has been shown to provide cross-protection.
For example, vervet monkeys infected with subclinical doses of
L. donovani were cross-protected against L. major infection (23).
Rhesus monkeys who recovered from a low-dose L. major infection
showed significant protection against Leishmania amazonensis and
Leishmania Guyanenesis but lacked protection against Leishmania
braziliensis (30). Alternatively, monkeys recovered from L. brazil-
iensis or L. chagasi infection were protected from challenge with
L. amazonensis (30). Preliminary studies from our laboratory using
genetically modified L. donovani live-attenuated parasites as immu-
nogens also has shown to provide cross-protection against L. major
and L. braziliensis infections, causative agents for CL and mucocu-
taneous leishmaniasis, respectively, in mice (14). However, in most of
these studies a detailed analysis of immunological correlates of pro-
tection has not been well documented.

Therefore, in this study we have undertaken to analyze the
mechanism of cross-protection by immunization with L. donovani
live-attenuated parasites against L. mexicana, the causative agent of
CL and diffuse CL. In murine models, L. mexicana causes a pro-
gressive disease in susceptible BALB/c mice. The Th2 response in
BALB/c mice is responsible for disease progression whereas in-
duction of Th1 cytokines leads to disease resistance (28, 31, 32). In
this study we have demonstrated that live-attenuated L. donovani
can provide long-term protection against L. mexicana infection. We
also examined the type of immune cells involved in the wound
healing process within the lesions and the cytokines produced
by such cells. Protection against heterologous challenge occurs
through robust host cellular immune responses, and both CD4 and
CD8 T cells play an important role in cross-protection. Interestingly,
we also observed important differences in the induction of immune
response between the two live-attenuated parasite strains tested.
Additionally, we also investigated the innate response in host bone
marrow—derived dendritic cells (BMDCs) infected with Ldp27 7~
and LdCen " Specifically, we found that both the live-attenuated
parasite infection in DCs significantly enhanced production of IL-12
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compared with the LdWT parasite, and we were able to promote
proliferation of OVA-specific CD4" T cells and induce Thl-type
immune responses in vitro. Additionally, the control of infection in
DCs was independent of induction of innate response, suggesting
gene-deleted live-attenuated parasites are safe as vaccine candidates.

Materials and Methods

Animals and parasites

Five- to 6-wk-old female BALB/c mice from the National Cancer Institute
(Bethesda, MD) were used in the experiments. OVA peptide—specific
DOI11.10 TCR transgenic mice (BALB/c) were purchased from The
Jackson Laboratory and were maintained in a pathogen-free animal facility
at The Ohio State University in accordance with National Institutes of
Health and institutional guidelines. Animal study procedures used were
reviewed and approved by the Animal Care and Use Committee of the
Center for Biologics Evaluation and Research, U.S. Food and Drug Ad-
ministration. Leishmania parasites were cultured according to procedures
previously described (33, 34). L. mexicana promastigotes were grown at
26°C in medium 199 supplemented (M199/S) with 20% FCS.

Cultivation of BMDCs

Female BALB/c mice (aged 6-8 wk) were sacrificed to excise femurs and
tibias. Bone marrow was isolated and cultured with complete RPMI me-
dium supplemented with 10% (v/v) FBS and 1% penicillin (20 U/ml)/
streptomycin (20 pg/ml) and GM-CSF for 7 d to obtain >75% purity of
CDI11c* DCs. BMDCs were harvested and plated on 24-well tissue culture
plates. For early infection studies, 5 X 107 LdWT, [dp277/ ~, and LdCen™~
parasites were stained with 5 wM CFSE at 37°C for 10 min and DCs were
infected with CFSE-stained parasites for 3 and 7 h. Parasite uptake was
analyzed by flow cytometry by gating on CD11c* DCs (CD11¢*/CFSE*
cells). For parasite clearance assays, cells were infected with the respective
parasites (1:4) and, after 6 h, cells were washed with culture medium to
remove the extracellular parasites. Then, infected cells were cultured for
24 and 72 h. At the respective time points, cells were washed with PBS,
fixed with methanol, stained with Giemsa, and intracellular parasite
numbers were evaluated microscopically. In another set of experiments DCs
were treated with blocking Ab anti-TNF-a (1 wg/ml) or 0.5 mM N°-mon-
omethyl-L-arginine (L-NMMA) for 1 h and then cells were infected with the
respective parasites and infected cells were cultured for 72 h. Cells were
washed with PBS, fixed with methanol, stained with Giemsa, and intracel-
lular parasite numbers were evaluated microscopically. For cytokine and NO
measurements, DCs were infected with parasites and stimulated with LPS
(1 pwg/ml) for 24 h. Culture supernatants were collected at 24 h postinfection
to evaluate cytokine production by ELISA and NO production by Griess
assay as previously described (12). Capture and detection cytokine ELISA
Abs for IL-12 and TNF-a were purchased from BioLegend.

In vitro DC and T cell coculture studies

For T cell coculture assays, DCs were harvested, pulsed with 2 pg/ml OVA
peptide 323-339 (AnaSpec), and infected with LdWT, Ldp277/ ~, and
LdCen™"~ parasites for 18 h. Parasite-infected OVA-pulsed DCs were
cocultured with CD4" T cells purified from spleens of DO11.10 transgenic
mice for 7 d. T cells were stained with CFSE to evaluate T cell prolifer-
ation by flow cytometry. Culture supernatants were collected at day 7 to
evaluate cytokines by ELISA. Capture and detection Abs for IFN-y and
IL-10 were purchased from BioLegend and for IL-4 from BD Biosciences.

Immunizations and challenge studies

Mice were immunized via tail vein with 3 X 10° stationary phase Ldp27 "~
promastigotes or LdCen ’~ promastigotes. In each study, at least four to
five mice were used per group. Six weeks after immunization the mice
were challenged with 750 metacyclic L. mexicana promastigotes by in-
tradermal (i.d.) injection in the left ear. The numbers of L. mexicana
parasites in infectious inoculum were determined by a titration study with
different numbers of parasites, and from that study we found that 750
metacyclic parasites can cause reproducible pathology in BALB/c mice
ear. Parasite loads were measured from the ears of L. mexicana—challenged
mice by limiting dilutions as previously described (35).

Measuring the delayed-type hypersensitivity response and
lesion development

Six week postimmunized mice were injected with L. mexicana freeze-
thawed Ags (FTAg; 100 pg/ mice) in their ears. After 24 h, immunized
mice developed redness around the injection site, and this was measured
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48 h postinjection. Disease progression was monitored at weekly intervals
by measuring the diameter of the infected ear minus the diameter of the
uninfected ear. The ears were measured using a Mitutoyo pocket thickness
gage (Mitutoyo American, Aurora, IL). Data are presented as mean lesion
size in millimeters = SE from three independent experiments with similar
results (n = 20 mice/group).

Determination of parasite burden

Parasite burdens within the infected ears were determined by limiting di-
Iution analysis. The infected ears were removed, separated, and passed
through a 70-pm nylon cell strainer (BD Falcon, Bedford, MA). Cells were
washed in PBS and serially diluted (1:10 dilutions) across a Costar 96-well
flat-bottom tissue culture pate (Corning, Corning, NY) in M199 cell cul-
ture media in duplicate and incubated at 26°C without CO, for 5-10 d. At
this time, the greatest dilution yielding viable parasites was recorded for
each ear. Data are presented as mean parasite dilution = SE from three
independent experiments (n = 20 mice/group).

Splenocyte and lymph node culture

The draining lymph nodes (dLNs) and spleens were removed from
L. mexicana—infected animals 7 wk postinfection. LN cells (3 X 10°) or
splenocytes (5.0 X 10°) were added to the wells of a 96-well flat-bottom
tissue culture plate. Cells were stimulated with 40 pwg/ml freeze-thawed
L. mexicana or L. donovani Ag or supplemented media as a control. Cells
were incubated at 37°C with 5% CO, for 72 h. The supernatants were
collected from parallel cultures for ELISA quantification of cytokine
production. Splenocyte cultures were analyzed for IL-4 (BioLegend, de-
tection limit 3 pg/ml) and IFN-vy (BioLegend, detection limit 20 pg/ml).

Multiplex cytokine ELISA

Cytokine analysis from the LN culture supernatants was performed using
a Multiplex mouse cytokine/chemokine magnetic panel from Millipore and
a Luminex 100 (Luminex, Austin, TX) system using Bio-Plex manager
software 5.0. The cytokine analysis procedure was performed according to
the manufacturer’s instructions, and the level of cytokine concentration
was determined by using a standard curve for each specific cytokine
provided with the Milliplex kit (Millipore).

Ab responses

Specific Ab responses were measured by conventional ELISA. Briefly,
ELISA plates were coated overnight at room temperature with FTAg
(15 pg/ml). A serial dilution of the sera was carried out to determine the titer,
which is defined as the inverse of the highest serum dilution factor giving
an absorbance of >0.2. The Ab titers were determined using the following
HRP-conjugated secondary Abs: rabbit anti-mouse 1gG (H+L)-HRP, rab-
bit anti-mouse IgG1-HRP, and rabbit anti-mouse IgG2a-HRP (South-
ernBiotech, Birmingham, AL; all with 1:1000 dilutions). SureBlue (KPL,
Gaithersburg, MD) was used as a peroxidase substrate. After 15 min, the
reaction was stopped by the addition of 100 wl 1 M H,SO, and the ab-
sorbance was read at 450 nm.

Histological and immunohistochemical staining

Mouse ears were fixed in fixative solutions (10% buffered formalin
phosphate solution). Paraffin-embedded sections were stained with H&E,
Masson’s trichrome staining for collagen, toluidine blue and Alcian blue/
safranine staining for mast cells, and Luna stain for eosinophils. Immune
staining was also done using an anti-macrophage Ab, anti-MHC class 11
(MHC-II) Ab, an anti—inducible NO synthase (iNOS) Ab (1:50 dilution,
Abs from Abcam), and an anti-IL-10 Ab (1:50 dilution, Ab from Bio-
Legend). All of the histochemical and immunohistochemical staining was
done by Histoserv (Gaithersburg, MD). Stained sections were analyzed
under an Olympus BX51 microscope with an Olympus DP73 camera using
Olympus cellSens Dimension version 1.9 at the Infectious Disease Path-
ogenesis Section, Comparative Medicine Branch, Division of Intramural
Research, National Institute of Allergy and Infectious Diseases/National
Institutes of Health.

Real-time PCR

Total RNA was extracted from the ears using a PureLink RNA Mini kit
(Ambion), which also eliminates any contaminating DNA by using on-
column PureLink DNase treatment during RNA purification. Four hun-
dred nanograms of total RNA was reverse transcribed into cDNA using
random hexamers with a high-capacity cDNA reverse transcription kit
(Applied Biosytems). Gene expressions were determined using TagMan
Gene Expression Master Mix and premade TagMan Gene Expression
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assays (Applied Biosystems) using a CFX96 Touch real-time system (Bio-
Rad, Hercules, CA) and the data were analyzed with CFX Manager soft-
ware. The TagMan Gene Expression Assay ID (Applied Biosystems) of
different cytokines used were as follows: IL-4, Mm00445259_m1; IL-13,
Mm99999190_m1; IL-10, mm00439614_m1; iNOS2, Mm00440502_m1;
and GAPDH, Mm99999915_m1. Expression values were determined by the
2724 method where samples were normalized to GAPDH expression and
determined relative to untreated sample.

CFSE proliferation assay

The proliferative capacity of T cells was assessed by a CFSE dilution assay
in Ldp27 '~ -immunized mice before and after challenge with wild-type
parasites (36). Age-matched naive mice served as negative controls for Ag-
specific proliferation. Lesion-derived lymphocytes from different groups
of mice were isolated, incubated in 5 wM CFSE (Molecular Probes/
Invitrogen) for 10 min in RPMI 1640 without FCS, followed by 5 min
of quenching in ice-cold RPMI 1640 plus 10% FCS, and subsequently
washed thoroughly before plating in 96-well tissue culture plates at 2 X
10° cells/well. Cells were cultured for 5 d at 37°C with 5% CO, under
stimulation with FTAg (50 pg/ml). Cells were harvested, washed, and
blocked with anti-CD16/32 (5 pg/ml) for 20 min (4°C) and stained with
anti-mouse CD3 allophycocyanin—eFluor 780 for 30 min (each with 1:200
dilution; 4°C). Cells were acquired on an LSR II (BD Biosciences)
equipped with 405-, 488-, 532-, and 638-nm laser lines using FACSDiva
6.1.2 software. Data were analyzed with FlowJo software version 9.1.5
(Tree Star, San Carlos, CA).

Intracellular staining and flow cytometry

The dLNs of infected ear were removed from L. mexicana—infected animals
7 wk postinfection. LN cells (3 X 10%) were added to the wells of a 96-well
flat-bottom tissue culture plate. Cells were stimulated with 40 pug/ml
freeze-thawed L. mexicana Ag (37) and incubated 12 h at 37°C with 5%
CO,. Then cells were stimulated with leukocyte activation cocktail (BD
Pharmingen) at 37°C with 5% CO, for the final 4 h. For surface staining,
cells were blocked at 4°C with rat anti-mouse CD16/32 (5 pg/ml) from BD
Pharmingen for 20 min. Cells were then stained with anti-mouse CD3
allophycocyanin—eFluor 780, anti-mouse CD4 eFluor 450, anti-mouse
CD8a eFluor 605NC (eBioscience) for 30 min (each with 1:200 dilution;
at 4°C). The cells were then stained with Live/Dead fixable aqua
(Invitrogen/Molecular Probes) to stain dead cells. Cells were washed twice
with wash buffer and fixed with a Cytofix/Cytoperm kit (BD Bioscience)
for 20 min at room temperature. Intracellular staining was performed with
anti-mouse IFN-y PE-Cy7, anti-mouse TNF-o PerCP—eFluor 710, anti-
mouse IL-2 allophycocyanin and anti-mouse IL-10 PE (eBioscience) for
30 min (each with 1:300 dilution; at 4°C). Cells were washed twice with
permeabilization buffer and acquired on an LSR II (BD Biosciences)
equipped with 407-, 488-, 532-, and 633-nm laser lines using FACSDiva
6.1.2 software. Data were analyzed with FlowJo software version 9.7.5
(Tree Star). For analysis, first doublets were removed using width pa-
rameter; dead cells were excluded based on staining with the Live/Dead
aqua dye. Lymphocytes were identified according to their light-scattering
properties. CD4 and CD8 T cells were identified as CD3* lymphocytes
uniquely expressing either CD4 or CD8.

Adoptive cell transfer

Total T cells or CD4 or CD8 T cells from mice 6 wk postimmunization
with Ldp277/ o, LdCen™"", or from nonimmunized naive mice were iso-
lated and transferred into naive mice. Purification of T cells was performed
with the MidiMACS system (Miltenyi Biotec) using Pan T cells, CD4
T cells, or CD8 T cells isolation kits as recommended by the manufacturer.
Then, 10 X 10° total T cells or CD4 or CD8 T cells were transferred to
recipient mice by tail vein injection, and 24 h later all groups of mice were
infected with 750 metacyclic L. mexicana promastigotes by i.d. injection in
the left ear. The purity of the isolated T cells population was >95% as
observed by flow cytometry. In a separate set of experiments, total T cells
were isolated from 6 wk postimmunized or nonimmunized naive mice using
aPan T cell isolation kit (Miltenyi Biotec). Cells were stained with CFSE as
described before (14), and 20 X 10° cells were transferred to recipient mice
by tail vein injection, and 24 h later all groups of mice were infected with
1 X 10° L. mexicana metacyclic parasites in the ear by i.d. injection.

Statistical analysis

Statistical analysis of differences between means of groups was determined
by unpaired two-tailed Student 7 tests using GraphPad Prism 5.0 software.
A p value <0.05 was considered significant, and a p value <0.01 was
considered highly significant.
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Results

Live-attenuated L. donovani parasites confer significant long-
term protection against L. mexicana infection in BALB/c mice

BALB/c mice were immunized with either LdCen™~ or Ldp27 ™/~
parasites. Six weeks after immunization, immunized mice and also
nonimmunized mice were challenged with wild-type L. mexicana
parasites. We determined the minimum number of parasites to es-
tablish areproducible lesion in the ear of infected mice, and based on
this study we found a dose of 750 L. mexicana metacyclic parasites
is required in the initial inoculum (data not shown). All nonimmu-
nized animals developed lesions upon L. mexicana challenge
(Fig. 1A, 1B), whereas the lesions were either absent or much re-
duced in size in the immunized animals (Fig. 1A, 1B). Parasite
burdens in the ears were also significantly reduced in both immu-
nized groups compared with nonimmunized animals (Fig. 1C).
Animals immunized with Ldp27 "~ also mounted a strong delayed-
type hypersensitivity (DTH) induration response against L. mex-
icana freeze-thawed Ag (Fig. 1D), which correlated with the sig-
nificantly higher percentage of L. mexicana Ag—specific proliferating
T cells in the ear of Ldp27 "~ -immunized animals (Fig. 1E). Interest-
ingly, LdCen ™~ -immunized mice failed to produce any significant
DTH response even after 72 h of Ag stimulation, and there was no
significant Ag-specific T cell proliferation.

Previously we found that even after 24 wk of immunization, mice
were protected against a homologous L. donovani challenge (12).
In the present study, we also observed that mice challenged with

A
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heterologous L. mexicana parasites in the ear are still protected
after 30 wk of immunization, as indicated by significant reduction
in lesion size and parasite burden within the ears (Supplemental
Fig. 1). Overall, these results showed both Ldp27 7~ and LdCen™"~
also induce long-lasting immunity against L. mexicana.

Histochemical analysis of the ear of live-attenuated,
parasite-immunized mice postinfection with L. mexicana
showed a wound healing response

Inflammatory cells recruited to the site of infection play an important
role in the lesion healing response versus disease progression. The
H&E-stained sections of infected ears from nonimmunized or
Ldp27 "~ or LdCen™~ -immunized mice challenged with L. mex-
icana showed significant cellular infiltration into the lesion site
(Fig. 2). The ears of nonimmunized mice showed moderate numbers
of infiltrating mononuclear cells harboring significant numbers of
parasites (Fig. 2D, red circle and arrow) and fewer lymphocytes in the
dermis (Fig. 2A, 2D), whereas the ear sections of both immunized
groups of mice showed moderate numbers of lymphocytes similar
to nonimmunized mice but that contained significantly reduced
numbers of Leishmania parasites compared with the nonimmunized
group (Fig. 2E, 2F). Because collagen deposition is a marker for
wound healing (38), we analyzed collagen deposition in the infected
ears from all groups by Masson’s trichrome staining (Fig. 2G-I). Ears
from nonimmunized mice displayed very sparse and disorganized
deposition of collagen fibers (Fig. 2G, lack of blue staining). How-
ever, deposition of collagen fibers in immunized groups was thick and
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FIGURE 1. Immunization with genetically attenuated L. donovani parasites protects mice against wild-type L. mexicana challenge. Three different

groups of BALB/c mice were inoculated i.v. with either Ldp27 "~ or LdCen™’~ or PBS as a naive control. Six weeks after immunization the mice were
challenged with L. mexicana parasites in the ears. (A) Macroscopic images of ears from 7 wk postchallenged mice. (B) Ear lesion (black dotted circle)
diameters were measured each week. (C) Parasite burdens at 7 wk postchallenge were measured by serial dilution of ear tissue homogenates. The data
represented are cumulative of a least 15 mice per group from three independent experiments. (D) Attenuated parasite-immunized mice induce cell-mediated
DTH responses against L. mexicana Ag. At 6 wk postinfection, 100 g soluble L. mexicana FTAg was injected into the ears of all immunized and naive
animals (n = 3/group). After 48 h, the circumference of the Ag injection site was measured. (E) The ears of immunized and nonimmunized mice were
harvested, stained with CFSE, and stimulated with L. mexicana FTAg in culture for 5 d; cells were stained with anti-CD3e Ab and cell proliferations was
measured by flow cytometry. Data are representative of two independent experiments (n = 4). *p < 0.05, **p < 0.01.
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FIGURE 2. Histochemical analysis of the
ear lesions of BALB/c mice immunized

Ldp27+ imm Chal

[

with live-attenuated parasites at 7 wk post-
challenge with L. mexicana. Mouse ear
samples were fixed in 10% neutral formalin
and paraffin embedded. Four- to 5-pm sec-
tions were made and H&E stained (A-F).
Red circle indicates a parasite focus, with
a red arrow indicating intracellular amasti-
gotes. Original magnification: upper panel

(A-C), X25; lower panel (D-F), X1000.
Masson’s trichrome staining was performed
on representative samples of each group to
analyze deposition of organized collagen
fibers (blue stain marked with arrow) pres-
ent only in the immunized mice) (G-I)
(original magnification, X400).

highly organized (Fig. 2H, 2I, increased blue staining). These data
suggest that immunized mice with smaller lesions and no parasites
display a better wound healing response as compared with non-
immunized challenged mice, which experience progressive disease.

Immunohistochemical analysis of infiltrating macrophages and
cells expressing MHC-II and IL-10 in the ears of mice immunized
with live-attenuated parasites after L. mexicana infection

Our observations from H&E-stained ear sections (Fig. 2) prompted
us to investigate the nature of infiltrating cells at the lesions after
infection with L. mexicana in nonimmunized as well as live—
attenuated, parasite-immunized mice. We used immunohisto-
logical techniques to characterize the cellular distribution of APCs
(macrophages and MHC-II-expressing cells) in L. mexicana—
challenged mouse ears. Infected ears from immunized mice con-
tained more macrophages than did nonimmunized mouse ears as
indicated by the increased number of macrophage Ab stained cells
(compare Fig. 3B and 3C with Fig. 3A). Similarly, staining with
an anti-MHC-II Ab showed abundant numbers of APCs in the
lesions of immunized/challenged mice compared with the non-
immunized group (compare Fig. 3E and 3F with Fig. 3D).

IL-10 mediates anti-inflammatory effects during infection by
inhibiting production of proinflammatory cytokines and Ag pre-
sentation, and previous studies have shown that IL-10 receptor
blockade leads to increased monocyte recruitment in L. mexicana—
induced mouse ear lesions (39, 40). Staining with an anti-IL-10
Ab revealed that the lesions from immunized mice contained
fewer IL-10-producing cells compared with those from non-
immunized mice (compare Fig. 3G with Fig. 3H and 3I). These
data suggest that L. donovani live-attenuated, parasite-immunized
mice recruited more APCs to the lesion site following L. mexicana
challenge, and the observed protection correlates with reduced IL-
10 secretion at the site of infection.

Parasite survival or killing is dependent on the ability of NO
production by host macrophages (41). We observed that expression
of iNOS was significantly higher in the lesions of immunized mice
compared with nonimmunized mice (compare Fig. 3K and 3L
with Fig. 3J). Interestingly, the level of iNOS expression was
much higher in Ldp27~/~ immunized mice (Fig. 3K) compared
with mice immunized with LdCen™"~ (Fig. 3L).

Furthermore, to quantify the expression level of different cyto-
kines in the lesions of immunized and nonimmunized mouse ears,

we performed RT-PCR analysis. In nonimmunized mouse ear
lesions high expression of IL-10, IL-4, and IL-13 and reduced
expression of iNOS2 were observed (Fig. 3M). However, in im-
munized mouse ear lesions, reduced expression of IL-10, IL-4,
and IL-13 and a higher tendency of expression of iNOS2 were
observed. Interestingly, there are differences in the induction of
iNOS2 between the Ldp27 /" -immunized mice ear lesion, which
had significantly higher expression of iNOS2, compared with
the nonimmunized group; additionally, the LdCen ™~ -immunized
mouse ear lesions had a slight (but not significant) increase in
iNOS?2 expression compared with the nonimmunized lesions. Note
that the quantitative expression levels of cytokines correlate with
the qualitative immunohistochemistry analysis of the ear lesions.

The ears of live-attenuated, parasite-immunized mice show an
influx of mature and active mast cells upon L. mexicana
challenge

A previous study found that several immune mediators, including
granules released by mast cells, play an important role in the
progression of L. mexicana—induced lesions in BALB/c mice (42).
Our earlier observation (Fig. 2) of increased cellular infiltration in
both immunized and nonimmunized infected ears prompted us to
analyze mast cells in the lesions of these mice. Alcian blue/
safranin staining (Fig. 4A-F) was used to assess the level of mast
cell activation, and toluidine blue (Fig. 4G-L) was used for general
morphological observations and to reveal mast cells with cytoplasmic
granules based on metachromatic staining. A substantial infiltration of
mast cells was observed in the ear lesions of nonimmunized mice
(Fig. 4A, red-stained cells; Fig. 4G, blue-stained cells), and most mast
cells are metachromatic-positive, granule-containing mature and ac-
tive cells (Fig. 4D, 4J). In contrast, the ear lesions from immunized-
challenged mice had reduced infiltration of mast cells (Fig. 4B, 4C,
4H, 41) and most of them were metachromatic-negative, granule-
containing cells (Fig. 4E, 4F, 4K, 4L). Interestingly, substantial
infiltration of eosinophils was observed in the ear lesions of
nonimmunized mice (Fig. 4M), and there were fewer eosino-
phils in the lesions of immunized mice (Fig. 4N, 40).

Immunization with Ldp27 '~ or LdCen™’~ parasites drives

a robust mixed Th1/Th2-type immune response in the spleen

Our previous studies showed that Ldp27 ~ and LdCen '~ para-

sites both induce a mixed pro- and anti-inflammatory response
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FIGURE 3. Ear lesions of immunized/challenged mice showed host-protective cellular response. Immunohistochemical analysis of paraffin-embedded ear
lesions of BALB/c mice immunized with live-attenuated parasites and 7 wk postchallenge with L. mexicana. (A—C) Four- to 5-pum sections were stained with
anti-macrophage Ab, indicated by brown color; (D-F) staining with anti-MHC-II Ab; (G-) staining with anti—IL-10 Ab; and (J-L) staining with anti-iNOS Ab.
Brown color represents respective Ab-stained cells. Inset shows higher magnification, with black arrow pointing to IL-10-producing cells. (M) Expression levels
of IL-10, IL-4, IL-13, and iNOS2 were measured by RT-PCR analysis after extracting RNA from 6 wk immunized/7 wk postchallenged mice (n = 6).

*p < 005, *¥p < 0.01

upon homologous virulent L. donovani challenge (12, 14). To
characterize the immune response induced by live-attenuated
parasites in response to heterologous L. mexicana challenge, we
analyzed L. donovani Ag—specific cytokine secretion by spleno-
cytes from nonimmunized challenged and immunized challenged
mice at week 7 after L. mexicana challenge. Following in vitro
stimulation with L. donovani Ag, spleen cells from Lpd27 - or
LdCen™’ -immunized L. mexicana—challenged mice produced
significantly more Thl-associated IFN-y and Th2-associated IL-4
cytokine compared with those from nonimmunized mice (Fig. SA
and 5B, respectively). Secretion of IFN-v, as well as the ratio of
IFN-y/IL-4, was much higher in LdCen ’ -immunized mice
splenocytes s than in splenocytes of Ldp27 /" mice (Fig. 5C).
These results indicate that immunization with L. donovani para-
sites (visceral species) induces a robust mixed immune response in
the spleen of L. mexicana (cutaneous species)—infected mice.

Ldp27 '~- or LdCen ™'~ -immunized mice challenged with
L. mexicana show preferential induction of Thl and
suppression of Th2-type cytokines in the dLNs

Next we determined the inflammatory response in the LNs draining
the parasite-induced lesion. The dLN cells of immunized and
nonimmunized mice were collected 7 wk after challenge with
L. mexicana stimulated in vitro with freeze-thawed L. mexicana
Ag, and cytokine production was measured by ELISA. Cytokine
analysis from the culture supernatants of dLN cells revealed sig-
nificant induction of Thl-type cytokine (IFN-vy) secretion by both
Ldp27 "~ - and LdCen ™ -immunized/challenged mice compared
with nonimmune/challenged mice (Fig. 6A). Furthermore, we
observed significantly less secretion of Th2-type cytokines (IL-4,
IL-5, IL-6, IL-10, and IL-13) from immunized/challenged mice
compared with nonimmunized challenged mice with the exception
of IL-5 levels in LdCen™ ~-immunized/challenged mice, which
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FIGURE 4. Connective tissue
from the ears of immunized mice
contains low numbers of active

and mature mast cells. Histo-

chemical analysis of paraffin-em-
bedded ear lesions from BALB/c
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were not significantly reduced (Fig. 6A). Overall, the immune
response from dLN cells from immunized mice indicated the
correlates of control of L. mexicana growth in the lesions. In CL
both CD4 and CD8 T cells are crucial in controlling disease
progression (43). In this study we measured specific cytokine
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secretion from ear dLN—derived CD4 and CD8 T cells in response
to L. mexicana Ags by flow cytometry (Fig. 6B; gating strategy
in Supplemental Fig. 2). Percentages of IFN-y—producing CD4
and CD8 T cells were significantly higher in both immunized
(Ldp27™"~ or LdCen™") groups compared with the nonimmunized
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FIGURE 5. Cytokine analysis of supernatants from splenocytes of nonimmunized and live—attenuated, parasite-immunized mice 7 wk after L. mexicana
challenge. Splenocytes were prepared from the each group of mice and stimulated with L. donovani Ag. Culture supernatants were collected after 72 h of
stimulation, and cytokines were measured by ELISA. (A) IFN-v, (B) IL-4, and (C) ratio of IFN-y/IL-10-producing CD4 and CD8 T cells are shown. Data
are representative of two independent experiments (n = 9). *p < 0.05, **p < 0.01.
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FIGURE 6. Cytokine analysis from the culture supernatants as well as intracellular expression level of L. mexicana Ag—stimulated dLN cells from
live-attenuated, parasite-immunized mice and 7 wk after mice were challenged with L. mexicana. (A) dLN cells were collected from different
groups of mice (LNs from three individual mice in the same group were polled together), stimulated with L. mexicana FTAg, and after 72 h the
supernatants were collected and cytokines were measured with a Multiplex ELISA kit. Data are representative of two independent experiments (n =
9). (B) Bar diagram represents the percentage of CD4 or CD8 T cells expressing either IL-2, IFN-vy, TNF-a, or IL-10. Stained cells were analyzed by
flow cytometry. (C) Ratio of IFN-v/IL-10—producing CD4 and CD8 T cells. Data are representative of two independent experiments (n = 6).

£p < 0.05, **p < 0.01.

group (Fig. 6B). Interestingly, in the Ldp27 /" -immunized group
there was a significant increase of IL-2 and TNF-a from both CD4
and CD8 T cells, but not much of response in LdCen '~ -immunized
group with regard to IL-2 and TNF-a. Although there were no
significant differences in IL-10" cells in either CD4 or CD8 T cells
among different groups, the ratios of IFN-vy/IL-10-producing cells
were significantly high in both CD4 and CDS8 T cells in both of the
immunized groups (Fig. 6C). Overall, these results suggested a cru-
cial role of both CD4 and CD8 T cells in protective immunity in-
duced by the attenuated L. donovani parasite.

Adoptive transfer of total T cells/CD4 T cells or CD8 T cells
from live-attenuated, parasite-immunized mice confers
protection to recipient mice against L. mexicana infection

Induction of proinflammatory cytokine secretion from dLN-
derived CD4 and CDS8 T cells in immunized mice prompted us
to characterize the specific T cells that have a role in cross-
protection. Total T cells or CD4 or CD8 T cells were isolated
from 6 wk postimmunized or nonimmunized mouse spleens by
column-based purification as described in Materials and Methods;
purity of total T cells is demonstrated in Supplemental Fig. 3.
Mice that received total T cells from immunized mice (Ldp27 "~
or LdCen™"") showed reduced lesion growth (Fig. 7A) and sig-
nificant reduction in parasite burden (Fig. 7D) at 7 wk post-
challenge, compared with recipients of T cells from nonimmunized
mice. Mice that received CD4 or CD8 T cells from Ldp27  -im-

munized mice showed significant reduction in lesion size and in
parasite burden in lesions (Fig. 7B-D) at 7 wk postchallenge. Mice
that received CD4 T cells from LdCen " showed controlled lesion
growth as well as less parasite burden (Fig. 7B, 7D) compared with
nonimmunized CD4 T cell recipient mice. However, mice that re-
ceived CD8 T cells from LdCen ™~ failed to control lesion growth as
well as parasite burden (Fig. 7C, 7D).

Next we measured the proliferation capability of the different
T cell subsets. We performed an adoptive transfer experiment with
total T cells labeled with CFSE (Fig 7 E). Twenty-four hours after
i.v. transfer, mice were challenged with L. mexicana in the ear.
Four days after challenge dLNs from the infected ears were re-
moved and stained with CD3/CD4 and CDS8 Abs and analyzed by
flow cytometry to measure the recruitment and proliferation of
T cells in response to L. mexicana infection. We observed that
there was a significantly higher percentage of CFSE" T cells/CD4
or CD8 T cells in mice that received T cells from immunized
mice, compared with the mice that received T cells from non-
immunized mice (Fig. 7F, 7H, 7J). Moreover, we also gated those
CFSE* donor T cells to measure proliferation of the subsets of
T cells. Mice that received T cells from Ldp27 /" -immunized
mice showed significantly higher percentages of CD3, CD4, and
CD8 T cell proliferation; however, mice that received T cells from
LdCen™’~-immunized mice showed a significantly higher per-
centage of proliferating CD3 and CD4 T cells, but not CD8 T cells
(Fig. 7G, 71, 7K). The proliferation capability of different subsets
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FIGURE 7. Live-attenuated Leishmania vaccine-induced host-protective immunity is dependent on both CD4 and CDS8 T cells. Lesion development was
measured in recipient mice. (A) Pan T cells, (B) CD4 T cells, (C) CD8 cells isolated from splenocytes of 6 wk postimmunized mice, and (D) parasite burden
measured from the infected ear of these recipient mice groups (n = 6) are shown. O, Nonimmune; O, Ldp277/ ~ immune; A, LdCen™’~ immune. Pro-
liferation capability of T cells of immunized mice was measured by adoptive transfer of CFSE-stained pan T cells in naive mice and challenged with
L. mexicana; CFSE-stained cells from ear dLNs were studied by flow cytometry. (E) Representative dot plots showing the gates used for identifying the
individual cell type and their proliferation capacity. (F, H, and J) Bar diagram shows recruitment of CFSE*/CD3" or CFSE*/CD4" or CFSE*/CD8" T cells in
the LNs of recipient mice as well as their proliferation capacity (G, I, and K). (G), (1), and (K) represent percentage of proliferated T cells in recruited CFSE*
cells. *p < 0.05, **p < 0.01.

of T cells correlated with the lesion growth and parasite burden in Antileishmanial Ab response in the serum of immunized and
respective groups. Taken together, these results suggest that nonimmunized/challenged mice

L. donovani—attenuated, parasite-induced strong T cell immunity It has been previously reported that L. mexicana hijacks host IgG

and both CD4 and CD8 T cells are crucial in controlling the to induce a suppressive IL-10 response through FcyRs, the cell
parasite burden against wild-type L. mexicana infection. surface receptor for IgG (44). Particularly, the host IgG1 subclass
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is crucial and pathogenic in L. mexicana infection, because it has
been shown that IgG1 knockout mice control the progression
of infection (45, 46). In this study, we analyzed sera from
immunized/challenged and nonimmunized/challenged mice as
described in Fig. 1 for determination of L. mexicana—specific IgG,
IgG1, and IgG2a titers. In Ldp27 /" -immunized/challenged mice
there were significantly reduced titers of IgG and IgG1, as well
as a concomitant increase in IgG2a titers compared with
nonimmunized/challenged mice (Supplemental Fig. 4A-C).
However, there was no significant difference in IgG and IgGl
titers between the LdCen ' -immunized/challenged mice com-
pared with nonimmunized/challenged mice. Interestingly, there
was an increase in IgG2a titers in LdCen ’~ -immunized mice
compared with both nonimmunized as well as Ld27 " -
immunized/challenged mice. The ratio of 1G2a/IgG1 is signifi-
cantly high in both the Ldp27 ’"- or LdCen ' -immunized/
challenged mice compared with the naive challenged mice, with
some difference between the two live-attenuated parasites, sug-
gesting that the increase in IgG2a and decrease in IgG1 levels may
have an independent role in protection by each of these attenuated
parasite strains.

L. DONOVANI CROSS-PROTECTS AGAINST L. MEXICANA

BMDCs infected with Ldp27 ™'~ and LdCen ™'~
exhibit protective immune responses

parasites

We have previously shown that Ldp27 '~ and LdCen '~ parasites
induced long-term protective responses in murine immunization
models (12, 14). Because DCs play a critical role in naive T cell
activation and differentiation during L. donovani infection (47),
we assessed the ability of Ldp27 "~ or LdCen '~ parasites to
modulate DC responses using an in vitro model of BMDCs. Early
parasite infection was estimated by infecting BMDCs with CFSE-
stained parasites and measuring phagocytosis by flow cytometry.
We observed that Ldp27 "~ and LdCen ™~ parasites have similar
rates of infection compared with LdWT parasites at 3 and 7 h
postinfection (Fig. 8A). However, BMDCs infected with Ldp27 7~
or LdCen™" displayed significantly lower percentages of infected
cells and parasites per infected cell compared with those infected with
LdWT at 24 and 72 h postinfection (Fig. 8B, 8C), thus indicating that
Ldp27~"~ and LdCen " are unable to persist in BMDCs for pro-
longed periods. IL-12 produced by DCs plays an important role in the
development of Thl cells (48, 49). Ldp27 ~ or LdCen™’~ parasite-
infected DCs produced significantly more IL-12 (1.6-fold and 1.3-fold,
respectively) than did those infected with WT parasites (Fig. 8D).
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FIGURES. LdWT, Ldp27 ", and LdCen™"~

parasite uptake, persistence, and cytokine responses in BMDCs. (A) BMDCs cultured from BALB/c mice were

infected with CFSE-stained parasites for 3 and 7 h. LdWT (indicated as black-dotted histogram), Ldp277/ " (indicated as black-filled histogram), and LdCen™~
(indicated as gray-filled histogram) parasite uptake was measured at the indicated time points by flow cytometry. (B and C) BMDCs were infected with
parasites (1:4) and intracellular parasite numbers were visualized by Giemsa staining and estimated microscopically at 24 and 72 h postinfection. BMDCs were
infected with parasites (1:4) and stimulated with LPS (1 pg/ml) for 24 h. Culture supernatants were collected to analyze IL-12 (D) and TNF-« (E) production
by ELISA and NO (F) production by the Griess assay. The data presented are representative of two independent experiments. Percentage of infected DCs (G)
and parasites per infected cell (H) were measured in DCs treated with the blocking Ab anti-TNF-a or L-NMMA. *p < 0.05, **p < 0.01, ***p < 0.001.
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Furthermore, we measured TNF-oe and NO levels, as both molecules
are directly involved in the killing of intracellular parasites (50). In-
terestingly, Ldp27 - or LdCen™ -infected BMDCs secrete signifi-
cantly more TNF-a (Fig. 8E) and NO (Fig. 8F) compared with LdWT-
infected cells. The higher rates of Ldp27 " and LdCen ™ clearance
in DCs (Fig. 8B, 8C) may be attributed to differences in cytokine and
NO production in Ldp27 "~ - and LdCen™ -infected BMDCs com-
pared with LdWT-infected BMDCs. To further confirm whether en-
hanced TNF-a or NO has any role in clearing the attenuated parasites,
we treated DCs with anti-TNF-a Ab or L-NMMA to inhibit TNF-a
secretion or NO production, respectively, and measured parasite
burden (Fig. 8G, 8H). We observed that both anti-TNF-a— and
L-NMMA-—treated DCs that were either infected with Ldp27 "~ or
LdCen™" parasites had significantly fewer parasites compared with
LdWT-infected DCs, similar to isotype Ab-treated BMDCs.
These observations clearly suggest that both the live-attenuated
parasites have inherent growth defects, that is, they are unable to
survive in host cells and are not controlled by the enhanced
proinflammatory response.

To determine whether Ldp27 /" and LdCen™’~ infection in
DCs is able to promote protective T cell responses in vitro, we
pulsed BMDCs infected with LdWT, Ldp27~'~, or LdCen '~
parasites with OVA peptide and cocultured them with OVA-
specific (DO11.10), CFSE-labeled CD4* T cells and evaluated
T cell proliferation after 7 d by flow cytometry. As shown in
Fig. 9A, the percentage of proliferating T cells is significantly
enhanced upon coculture with BMDCs infected with Ldp27 -
and LdCen "™ -infected BMDCs compared with those cocultured
with LdWT-infected BMDCs. In particular, LdCen™"" -infected
DCs induced proliferative responses that were comparable to
uninfected DCs. Cytokine production was measured in culture
supernatants after 7 d of coculture. IFN-vy levels in Ldp27™"" and
LdCen™"~ T cell cocultures were slightly higher than in LdWT-
infected BMDC cocultures, although the difference was not sta-
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tistically significant (Fig. 9B). Interestingly, whereas LdWT-
infected BMDCs induced high IL-10 production compared with
OVA-pulsed uninfected DCs, IL-10 production upon coculture
with Ldp27 "~ - and LdCen "~ -infected BMDCs was significantly
lower compared with LdWT-infected BMDCs and similar to the
uninfected controls (Fig. 9C). Overall, the IFN-vy/IL-10 ratio was
significantly higher in Ldp27 "~ and LdCen "~ T cell cultures
compared with LdWT cocultures (Fig. 9D). Taken together, these
data indicate that Ldp27 "~ and LdCen™" infection in DCs is
capable of inducing typically protective responses in an in vitro
system and is consistent with our in vivo studies using these
parasite cell lines as immunogens (12, 14).

Discussion

Previous studies from our laboratory showed that genetically
modified L. donovani parasites (i.e., Ldp27 '~ or LdCen ")
induced host-protective response in susceptible BALB/c mice
against wild-type L. donovani parasite infection (homologous
infection) and also conferred significant protection against
heterologous infections (L. major and L. braziliensis, respec-
tively) (12, 14). However, the mechanisms of cross-protection
against such heterologous Leishmania infections remained
unexplored. Furthermore, there are differences in the mechanism
of pathogenesis among various Old and New World Leishmania
species causing CL (51). Hence, in this study we characterized
the Ldp27 /"~ or LdCen ' -induced cross-protection against
L. mexicana infection by analyzing specific aspects of the host
immune response.

Both Ldp27 "~ and LdCen~ immunization confer significant
protection in BALB/c mice against wild-type L. mexicana infec-
tion. Although the lesion parasite load was significantly lower in
Ldp27 " - and LdCen ™ -immunized mice compared with non-
immunized mice, Ldp27~~-immunized mice displayed the lowest
parasite burdens, and no parasites were detectable in the lesions
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FIGURE 9. T cell proliferation and cytokine production upon coculture of parasite-infected DCs with OVA-specific transgenic T cells. (A) BMDCs
cultured from BALB/c mice were pulsed with OVA peptide (2 wg/ml) for 2 h and infected with LdWT, Ldp27 ', or LdCen™" parasites for 18 h. CD4*
T cells were purified from DO11.10 OVA transgenic mice, stained with CFSE, and cocultured with parasite-infected DCs for 7 d. T cell proliferation was
estimated by flow cytometry by gating on CD4™ cells. (B-D) Culture supernatants were collected at 7 d of coculture to assay IFN-y and IL-10 by ELISA.
The data presented are representative of two independent experiments. *p < 0.05, **p < 0.01.
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of many mice in this group. Furthermore, Ldp27 /" -immunized
mice also showed significantly higher DTH response and T cell
proliferation against L. mexicana Ag compared with LdCen -
immunized mice. This difference in response could be due to the
persistence of parasites in animals allowing for longer exposure to
parasite Ags (14). For example, we have previously observed that
Ldp27~"~ parasites persist for at least 10-12 wk, allowing longer
exposure to parasite Ags as compared with LdCen ™ parasites,
which persist for only 4-6 wk in mice (12, 14). Therefore, it is
likely that the abundance of Ldp27 /" parasites in 6 wk post-
immunized mice induce more effector T cells at the time of
challenge compared with LdCen ™~ -immunized mice.

CL causes robust tissue inflammation at the site of parasite
infection involving all of the immunomodulatory cells, including
mononuclear cells, polymorphonuclear cells, eosinophils, and
mast cells (40, 41, 50). In the present study, H&E-stained ear
sections of nonimmunized/challenged or immunized/challenged
mice revealed an abundance of polymorphonuclear cells as well
as mononuclear cells, fibroblasts, and eosinophils in the lesion.
However, immune-stained sections revealed more mature macro-
phages as well as MHC-II-expressing APCs in the lesions of
immunized mice as compared with those from nonimmunized/
challenged mice. This observation is consistent with earlier
studies describing the importance of macrophages in host-
protective immune responses in L. mexicana infection (40).
Mast cells also play an important role in CL, and the presence of
degranulated mast cells at the site of L. major infection correlates
with the development of severe pathology (42, 52). Mast cells
produce IL-4 and IL-13, which appear to be required for the es-
tablishment of the Th2 response in CL (42, 53, 54). Mast cells also
release histamine, which regulates the immune response by
inhibiting IL-12 production while simultaneously stimulating the
generation of IL-10, IL-5, and IL-6 by monocytes and DCs
(55, 56). Indeed, it was reported earlier that L. mexicana lip-
ophosphoglycan induces degranulation of mast cells in susceptible
BALB/c mice and thus promotes an inflammatory response as-
sociated with increased parasite numbers (42). Similarly, we also
observed significant numbers of degranulated mast cells in the
lesions of nonimmunized/challenged mice that correlated with
more parasites in the lesion. In contrast, the lesions of immunized/
challenged mice harbored fewer mast cells and most of them were
not degranulated; this correlated with either significantly lower
parasite burdens or complete absence of parasite altogether. The
analysis of lesion infiltration of mast cells indicated a more con-
trolled inflammatory response in immunized mice that is evi-
denced by reduced tissue damage. The role of eosinophils is not
very clear in the pathogenesis of CL because eosinophils persist
even in chronic cutaneous lesions of resistant or susceptible mice
(57, 58). It was reported earlier that eosinophils are involved in the
control of infection through their phagocytic capability as well by
releasing cytotoxic granules (57, 58). Alternatively, the presence
of eosinophils is characteristic of a Th2-type immune response
that favors parasite survival and proliferation (59). The significant
infiltration of eosinophils in the lesion of nonimmunized mice
reflects the Th2 environment, and reduced infiltration of eosino-
phils in immunized mice reflects the Thl type of immune envi-
ronment. The analysis of lesion infiltration of mast cells indicates
a more controlled inflammatory response in immunized mice that
would suggest reduced tissue damage.

L. mexicana causes a progressive disease in susceptible BALB/c
mice inducing a Th2-type immune response and developing sig-
nificant pathology, whereas induction of Thl cytokines leads to
disease resistance (50). Th1-mediated protection is driven by IFN-
y—induced production of NO in infected cells, leading to parasite

L. DONOVANI CROSS-PROTECTS AGAINST L. MEXICANA

killing, whereas Th2-associated cytokines IL-4 and IL-10 are
known to result in exacerbation of disease (50). It has been shown
that both IL-4 and IL-10 are crucial for L. mexicana disease
progression and that genetically susceptible mice lacking IL-4 or
IL-10 resolve infection with the development of a Thl-like re-
sponse and production of an IFN-y response (44, 60). IL-10
immunosuppresses DCs by inhibiting Ag presentation to T cells,
thus decreasing IL-12 production and inhibition of iNOS (39).
Interestingly, L. mexicana inhibits recruitment of monocytes and
monocyte-derived DCs to the site of infection and treatment with
anti—IL-10R Ab results in increased recruitment of monocytes to
the lesion along with increased production of IFN-y and iNOS
(40). Moreover, in L. mexicana infection, IL-10-mediated sup-
pression of protective immune responses is a crucial phenomenon
for chronic infection, as IL-10-deficient mice control parasite
numbers and resolve infection via an enhanced Thl response (44).
In the present study, we observed that lesions of immunized mice
produced less IL-10 compared with nonimmunized mice with
a concomitant increase in the amounts of iNOS. It has also been
reported that L. mexicana induces host IgG, which leads to in-
creased IL-10 secretion, promoting the establishment of a chronic
nonhealing infection (46, 61, 62). In this study, we found that
immunization with live-attenuated L. donovani parasites induces
more IgG2a, which reflects induction of a protective Thl re-
sponse, and thus alters L. mexicana—induced pathogenesis. These
observations clearly suggest that live-attenuated L. donovani
parasite immunization could diminish IL-10 induction by
L. mexicana infection, resulting in enhanced iNOS expression
and clearance of parasites from the lesion.

The Th1/Th2 paradigm is well established in the case of L. major
infection; however, it has been reported that L. mexicana—induced
immune responses do not follow the same paradigm as L. major.
For example, IL-4 gene—deficient mice are significantly resistant
to L. mexicana infection (60), whereas L. major infections can
lead to development of chronic lesions in IL-4 knockout mice
(63). Apart from IL-4, IL-13, another cytokine, contributes to the
chronicity of L. mexicana infection (53). However, in our study we
observed a very distinct Th1/Th2 dichotomy in L. mexicana—
infected mice. We found that cells cultured from LNs of
immunized/challenged mice produce significantly more L. mex-
icana Ag—specific IFN-y secretion but lower Th2 cytokines IL-4,
IL-5, IL-6, IL-10, and IL-13. It is well established that other than
CD4 T cells, CD8 T cells are crucial for controlling the Leish-
mania parasite growth by changing the immune response from
Th2 toward a Thl response (43, 64). In particular, it has been
observed that in the lesions of L. mexicana infection there were
a significant number of CD8 T cells during the healing phase (65).
We also have observed in immunized mice dLNs that there is
a higher percentage of CD4 and CDS8 T cells secreting IFN-vy, IL-
2, and TNF-a, confirming a crucial role of both CD4 and CD8
T cells in immunized mice. Particularly in the Ldp27 "~ -immu-
nized mice where we observed robust protection, there was a po-
tent Th1 immune response as well as a strong CD8 T cell response
against L. mexicana infection. Additionally, adoptive transfer of
total T cells from immunized mice conferred better protection in
terms of controlling lesion and parasite growth than did the CD4
or CD8 T cells alone against challenge with L. mexicana in the
recipient mice. These results further confirm that protection in
immunized mice is due to effective induction of Thl response
along with potent CD8 T cell activation, as has been observed
by others (19, 40, 66). Moreover, splenocytes of L. donovani—
immunized and L. mexicana—challenged mice showed a mixed
Th1/Th2 (IFN-y and IL-4) response against L. donovani Ags.
Interestingly, the ratio of IFN-vy/IL-4 was significantly high only
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in LdCen™ -immunized mice, suggesting less abundance of
LdCen™"" parasites in the spleen at that time point. Furthermore,
enhanced IgG2a titers in the serum of LdCen ™’ -immunized mice
might be the result of enhanced IFN-y production. Overall, these
observations are consistent with our previous studies using both
Ldp27 "~ and LdCen’~ as immunogens against L. donovani
infection suggesting the presence of a systemic immune response
against immunizing agents (14).

Still, it is not clear whether parasite persistence or central
memory T cells are essential for host protection against reinfection
with Leishmania. In our previous study, we demonstrated induc-
tion of effector memory T cells in live-attenuated L. donovani
parasite-immunized mice against homologous infection (14). In
the present study, we have confirmed that adoptively transferred
CD4 and CD8 T cells from immunized mice proliferated signifi-
cantly in naive mice after heterologous parasite L. mexicana in-
fection as well. These results thus indicate that immunized mice
might have more Leishmania-specific effector T cells residing in
their lymphoid organs, which may help to clear wild-type
L. mexicana parasites. Collectively, these findings indicate that
the persistence of parasites that induce effector T cell generation
in addition to central memory T cells might be necessary for better
protection against virulent challenge (67, 68).

The DCs play a critical role in initiating and shaping Thl-
protective responses in Leishmania infection (69, 70). Several
studies have reported that Leishmania parasites prevent develop-
ment of protective Thl immunity by dysregulating DC function
(69-71). We therefore examined the effect of attenuated LdCen "~
and Ldp27 /" parasites on LPS-induced DC maturation and cy-
tokine production. We had previously found that centrin and p27
genes are required for survival of L. donovani in macrophages,
because both LdCen™’~ and Ldp27_/ “parasites, which are
phagocytosed by both mouse and human macrophages, do not
survive after a certain period of infection (13, 72). Similarly, in
this study, we found that both attenuated parasite (LdCen ’~ and
Ldp27~"") strains were phagocytosed by DCs at similar rates to
wild-type parasites (LdWT); however, unlike wild-type parasites,
both of the attenuated strains fail to survive inside DCs. Inter-
estingly, DCs infected with both attenuated strains, as well as
LdWT parasites, showed comparable expression of MHC-II and
costimulatory molecules, including CD80 and CD86 upon acti-
vation with LPS (data not shown), as was also observed in other
studies (73). In addition to Ag presentation, DCs also modulate the
host immune response by producing cytokines, including IL-12
(48, 49). Interestingly, DCs infected with Ldp27 "~ or LdCen ™"~
parasites produced significantly more IL-12 compared with those
infected with LdWT parasite-infected DCs. Both TNF-a and NO
have been shown to be directly involved in the killing of intra-
cellular parasites (50). Enhanced secretion of both the molecules
in the culture supernatants of attenuated parasite-infected DCs
compared with LdWT infection clearly indicated that attenuated
parasites not only have impaired growth inside DCs, but they also
induce a proinflammatory response. The impairment of growth of
the attenuated parasites in DCs does not require the proin-
flammatory response in such cells, because we observed that both
of the live-attenuated parasites are cleared from DCs independent
of the higher TNF-a or NO generation. Although they are cleared
by host cells, they also induce a strong proinflammatory response,
suggesting that such parasites can be safely used as vaccine can-
didates. These observations further confirm our earlier studies that
both the live-attenuated parasites are safe because they do not
survive either in IFN-y '~ mice or immune-suppressed mice (12,
14). Functional Ag presentation studies demonstrate that OVA-
pulsed DCs infected with LdCen "~ and Ldp27 /" parasites
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were significantly better activators of OVA-specific T cells com-
pared with those infected with LdWT, as indicated by OVA-
specific proliferation of T cells. Furthermore, such an interaction
between DCs and T cells in vitro also resulted in suppression of
IL-10 release compared with LdWT parasite-infected DCs. These
observations clearly indicate that unlike wild-type L. donovani
parasites, both the attenuated parasite strains can activate DCs to
promote their interaction with T cells and stimulate their ability to
regulate parasite growth. Furthermore, in vitro studies confirm our
earlier observation that the protection elicited by L. donovani live-
attenuated parasites in vivo in animal models is mediated by
T cells by shifting toward a Thl response (12, 14).

In conclusion, we demonstrate that both strains of attenuated
L. donovani parasites are capable of inducing a host-protective
immune response against L. mexicana parasites through the in-
duction of a strong DTH induration response, which correlates
with a significantly higher percentage of L. mexicana Ag—specific
proliferating T cells. Furthermore, the cross-protection was asso-
ciated with an induction of a Th1 immune response involving both
CD4 and CD8 T cells and concomitant suppression of a Th2 cy-
tokine response, suggesting the role of Leishmania-specific ef-
fector memory T cells residing in the LNs that clear the parasites.
Additionally, we demonstrate that initial infection in DCs with
live-attenuated parasites activates DCs to influence the induction
of a Thl-protective response. Interestingly, in a head-to-head
comparison, we observed that there are differences in the im-
mune response between the two live-attenuated L. donovani par-
asites against L. mexicana infection. Finally, we observed a cross-
protection against L. mexicana that is long-lasting. These studies
thus suggest that live-attenuated L. donovani parasites can serve as
pan-Leishmania vaccine candidates.

Acknowledgments

We thank Drs. Alain Debrabant and Sanjai Kumar (Center for Biologics
Evaluation and Research, U.S. Food and Drug Administration) for their
critical review of the manuscript. We also thank Dr. Marlene Orandle
for allowing us to analyze immune-stained slides at the microscope facility
at the National Institute of Allergy and Infectious Diseases/National Insti-
tutes of Health.

Disclosures
The authors have no financial conflicts of interest.

References

1. Modabber, F. 1995. Vaccines against leishmaniasis. Ann. Trop. Med. Parasitol.
89(Suppl. 1): 83-88.

2. Alvar, I, I. D. Vélez, C. Bern, M. Herrero, P. Desjeux, J. Cano, J. Jannin, and
M. den Boer, WHO Leishmaniasis Control Team. 2012. Leishmaniasis world-
wide and global estimates of its incidence. PLoS ONE 7: e35671.

3. Alvar, J., S. Croft, and P. Olliaro. 2006. Chemotherapy in the treatment and
control of leishmaniasis. Adv. Parasitol. 61: 223-274.

4. Selvapandiyan, A., R. Dey, S. Gannavaram, I. Lakhal-Naouar, R. Duncan,
P. Salotra, and H. L. Nakhasi. 2012. Immunity to visceral leishmaniasis using
genetically defined live-attenuated parasites. J. Trop. Med. 2012: 631460.

5. Silvestre, R., A. Cordeiro-da-Silva, and A. Ouaissi. 2008. Live attenuated
Leishmania vaccines: a potential strategic alternative. Arch. Immunol. Ther. Exp.
(Warsz.) 56: 123-126.

6. Kedzierski, L., Y. Zhu, and E. Handman. 2006. Leishmania vaccines: progress
and problems. Parasitology 133(Suppl.): S87-S112.

7. Haldar, J. P, S. Ghose, K. C. Saha, and A. C. Ghose. 1983. Cell-mediated im-
mune response in Indian kala-azar and post-kala-azar dermal leishmaniasis.
Infect. Immun. 42: 702-707.

8. Khamesipour, A., Y. Dowlati, A. Asilian, R. Hashemi-Fesharki, A. Javadi,
S. Noazin, and F. Modabber. 2005. Leishmanization: use of an old method
for evaluation of candidate vaccines against leishmaniasis. Vaccine 23:
3642-3648.

9. Lauring, A. S., J. O. Jones, and R. Andino. 2010. Rationalizing the development
of live attenuated virus vaccines. Nat. Biotechnol. 28: 573-579.

10. Svenson, S., G. Killenius, A. Pawlowski, and B. Hamasur. 2010. Towards new
tuberculosis vaccines. Hum. Vaccin. 6: 309-317.

20z I4dy 0Z uo 3senb Aq ypd Gy LE0EL/L LEIBEL/ELSGE/L/E61/4Pd-Bo1e/ouNWWIf/BI0"1e. S|EUINO//:dRY WOl papeojumoq



3526

11.

13.

14.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Larsen, M. H., K. Biermann, B. Chen, T. Hsu, V. K. Sambandamurthy,
A. A. Lackner, P. P. Aye, P. Didier, D. Huang, L. Shao, et al. 2009. Efficacy and
safety of live attenuated persistent and rapidly cleared Mycobacterium tuber-
culosis vaccine candidates in non-human primates. Vaccine 27: 4709-4717.

. Selvapandiyan, A., R. Dey, S. Nylen, R. Duncan, D. Sacks, and H. L. Nakhasi.

2009. Intracellular replication-deficient Leishmania donovani induces long
lasting protective immunity against visceral leishmaniasis. J. Immunol. 183:
1813-1820.

Dey, R., C. Meneses, P. Salotra, S. Kamhawi, H. L. Nakhasi, and R. Duncan.
2010. Characterization of a Leishmania stage-specific mitochondrial membrane
protein that enhances the activity of cytochrome ¢ oxidase and its role in viru-
lence. Mol. Microbiol. 77: 399-414.

Dey, R., P. K. Dagur, A. Selvapandiyan, J. P. McCoy, P. Salotra, R. Duncan, and
H. L. Nakhasi. 2013. Live attenuated Leishmania donovani p27 gene knockout
parasites are nonpathogenic and elicit long-term protective immunity in BALB/c
mice. J. Immunol. 190: 2138-2149.

. Carrién, J., C. Folgueira, M. Soto, M. Fresno, and J. M. Requena. 2011.

Leishmania infantum HSP70-II null mutant as candidate vaccine against leish-
maniasis: a preliminary evaluation. Parasit. Vectors 4: 150.

Silvestre, R., A. Cordeiro-Da-Silva, N. Santarém, B. Vergnes, D. Sereno, and
A. Quaissi. 2007. SIR2-deficient Leishmania infantum induces a defined IFN-
v/IL-10 pattern that correlates with protection. J. Immunol. 179: 3161-3170.

. Saravia, N. G., B. Escorcia, Y. Osorio, L. Valderrama, D. Brooks, L. Arteaga,

G. Coombs, J. Mottram, and B. L. Travi. 2006. Pathogenicity and protective
immunogenicity of cysteine proteinase-deficient mutants of Leishmania mex-
icana in non-murine models. Vaccine 24: 4247-4259.

Uzonna, J. E., G. E Spith, S. M. Beverley, and P. Scott. 2004. Vaccination with
phosphoglycan-deficient Leishmania major protects highly susceptible mice
from virulent challenge without inducing a strong Thl response. J. Immunol.
172: 3793-3797.

Alexander, J., G. H. Coombs, and J. C. Mottram. 1998. Leishmania mexicana
cysteine proteinase-deficient mutants have attenuated virulence for mice and
potentiate a Thl response. J. Immunol. 161: 6794-6801.

Titus, R. G., F. J. Gueiros-Filho, L. A. de Freitas, and S. M. Beverley. 1995.
Development of a safe live Leishmania vaccine line by gene replacement. Proc.
Natl. Acad. Sci. USA 92: 10267-10271.

Kamil, A. A., E. A. Khalil, A. M. Musa, F. Modabber, M. M. Mukhtar,
M. E. Ibrahim, E. E. Zijlstra, D. Sacks, P. G. Smith, F. Zicker, and A. M. El-
Hassan. 2003. Alum-precipitated autoclaved Leishmania major plus bacille
Calmette-Guérrin, a candidate vaccine for visceral leishmaniasis: safety, skin-
delayed type hypersensitivity response and dose finding in healthy volunteers.
Trans. R. Soc. Trop. Med. Hyg. 97: 365-368.

Zijlstra, E. E., A. M. el-Hassan, A. Ismael, and H. W. Ghalib. 1994. Endemic
kala-azar in eastern Sudan: a longitudinal study on the incidence of clinical and
subclinical infection and post-kala-azar dermal leishmaniasis. Am. J. Trop. Med.
Hyg. 51: 826-836.

Gicheru, M. M., J. O. Olobo, and C. O. Anjili. 1997. Heterologous protection by
Leishmania donovani for Leishmania major infections in the vervet monkey
model of the disease. Exp. Parasitol. 85: 109-116.

Alexander, J. 1982. A radioattenuated Leishmania major vaccine markedly
increases the resistance of CBA mice to subsequent infection with Leishmania
mexicana mexicana. Trans. R. Soc. Trop. Med. Hyg. 76: 646—649.

Monjour, L., I. Vouldoukis, B. W. Ogunkolade, C. Hetzel, M. Ichen, and
D. Frommel. 1988. Vaccination and treatment trials against murine leishmaniasis
with semi-purified Leishmania antigens. Trans. R. Soc. Trop. Med. Hyg. 82: 412—
415.

Bhaumik, S., R. Basu, S. Sen, K. Naskar, and S. Roy. 2009. KMP-11 DNA
immunization significantly protects against L. donovani infection but requires
exogenous IL-12 as an adjuvant for comparable protection against L. major.
Vaccine 27: 1306-1316.

Goto, Y., A. Bhatia, V. S. Raman, S. E. Vidal, S. Bertholet, R. N. Coler,
R. F. Howard, and S. G. Reed. 2009. Leishmania infantum sterol 24-c-
methyltransferase formulated with MPL-SE induces cross-protection against
L. major infection. Vaccine 27: 2884-2890.

Campbell, S. A., J. Alawa, B. Doro, F. L. Henriquez, C. W. Roberts, A. Nok,
C. B. Alawa, M. Alsaadi, A. B. Mullen, and K. C. Carter. 2012. Comparative
assessment of a DNA and protein Leishmania donovani gamma glutamyl cys-
teine synthetase vaccine to cross-protect against murine cutaneous leishmaniasis
caused by L. major or L. mexicana infection. Vaccine 30: 1357-1363.
Aguilar-Be, 1., R. da Silva Zardo, E. Paraguai de Souza, G. P. Borja-Cabrera,
M. Rosado-Vallado, M. Mut-Martin, Mdel. R. Garcia-Miss, C. B. Palatnik de
Sousa, and E. Dumonteil. 2005. Cross-protective efficacy of a prophylactic
Leishmania donovani DNA vaccine against visceral and cutaneous murine
leishmaniasis. Infect. Immun. 73: 812-819.

Porrozzi, R., A. Teva, V. E. Amaral, M. V. Santos da Costa, and G. Grimaldi, Jr.
2004. Cross-immunity experiments between different species or strains of
Leishmania in rhesus macaques (Macaca mulatta). Am. J. Trop. Med. Hyg. 71:
297-305.

Alexander, J., and P. M. Kaye. 1985. Immunoregulatory pathways in murine
leishmaniasis: different regulatory control during Leishmania mexicana mex-
icana and Leishmania major infections. Clin. Exp. Immunol. 61: 674-682.
Calabrese, K. S., and S. C. da Costa. 1992. Enhancement of Leishmania ama-
zonensis infection in BCG non-responder mice by BCG-antigen specific vaccine.
Mem. Inst. Oswaldo Cruz 87(Suppl. 1): 49-56.

Selvapandiyan, A., R. Duncan, A. Debrabant, S. Bertholet, G. Sreenivas,
N. S. Negi, P. Salotra, and H. L. Nakhasi. 2001. Expression of a mutant form of

L. DONOVANI CROSS-PROTECTS AGAINST L. MEXICANA

34.

36.

37.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Leishmania donovani centrin reduces the growth of the parasite. J. Biol. Chem.
276: 43253-43261.

Debrabant, A., M. B. Joshi, P. F. P. Pimenta, and D. M. Dwyer. 2004. Generation
of Leishmania donovani axenic amastigotes: their growth and biological char-
acteristics. Int. J. Parasitol. 34: 205-217.

. Belkaid, Y., C. A. Piccirillo, S. Mendez, E. M. Shevach, and D. L. Sacks. 2002.

CD4*CD25" regulatory T cells control Leishmania major persistence and im-
munity. Nature 420: 502-507.

Lindenstrgm, T., E. M. Agger, K. S. Korsholm, P. A. Darrah, C. Aagaard,
R. A. Seder, I. Rosenkrands, and P. Andersen. 2009. Tuberculosis subunit vac-
cination provides long-term protective immunity characterized by multifunc-
tional CD4 memory T cells. J. Immunol. 182: 8047-8055.

Buxbaum, L. U., H. Denise, G. H. Coombs, J. Alexander, J. C. Mottram, and
P. Scott. 2003. Cysteine protease B of Leishmania mexicana inhibits host Thl
responses and protective immunity. J. Immunol. 171: 3711-3717.

. Baldwin, T., A. Sakthianandeswaren, J. M. Curtis, B. Kumar, G. K. Smyth,

S. J. Foote, and E. Handman. 2007. Wound healing response is a major con-
tributor to the severity of cutaneous leishmaniasis in the ear model of infection.
Parasite Immunol. 29: 501-513.

Moore, K. W., R. de Waal Malefyt, R. L. Coffman, and A. O’Garra. 2001.
Interleukin-10 and the interleukin-10 receptor. Annu. Rev. Immunol. 19: 683—
765.

Petritus, P. M., D. Manzoni-de-Almeida, C. Gimblet, C. Gonzalez Lombana, and
P. Scott. 2012. Leishmania mexicana induces limited recruitment and activation
of monocytes and monocyte-derived dendritic cells early during infection. PLoS
Negl. Trop. Dis. 6: el858.

Cangussu, S. D., C. C. Souza, C. F. Campos, L. Q. Vieira, L. C. Afonso, and
R. M. Arantes. 2009. Histopathology of Leishmania major infection: revisiting
L. major histopathology in the ear dermis infection model. Mem. Inst. Oswaldo
Cruz 104: 918-922.

Villasefior-Cardoso, M. L, N. Salaiza, J. Delgado, L. Gutiérrez-Kobeh, A. Pérez-
Torres, and I. Becker. 2008. Mast cells are activated by Leishmania mexicana
LPG and regulate the disease outcome depending on the genetic background of
the host. Parasite Immunol. 30: 425-434.

Belkaid, Y., E. Von Stebut, S. Mendez, R. Lira, E. Caler, S. Bertholet,
M. C. Udey, and D. Sacks. 2002. CD8" T cells are required for primary im-
munity in C57BL/6 mice following low-dose, intradermal challenge with
Leishmania major. J. Immunol. 168: 3992-4000.

Buxbaum, L. U., and P. Scott. 2005. Interleukin 10- and Fcy receptor-deficient
mice resolve Leishmania mexicana lesions. Infect. Immun. 73: 2101-2108.
Chu, N., B. N. Thomas, S. R. Patel, and L. U. Buxbaum. 2010. IgG1 is patho-
genic in Leishmania mexicana infection. J. Immunol. 185: 6939-6946.
Buxbaum, L. U. 2013. Leishmania mexicana infection induces IgG to parasite
surface glycoinositol phospholipids that can induce IL-10 in mice and humans.
PLoS Negl. Trop. Dis. 7: €2224.

Antoine, J. C., E. Prina, N. Courret, and T. Lang. 2004. Leishmania spp.: on the
interactions they establish with antigen-presenting cells of their mammalian
hosts. Adv. Parasitol. 58: 1-68.

Moser, M., and K. M. Murphy. 2000. Dendritic cell regulation of Ty1-Ty2 de-
velopment. Nat. Immunol. 1: 199-205.

Macatonia, S. E., N. A. Hosken, M. Litton, P. Vieira, C. S. Hsieh,
J. A. Culpepper, M. Wysocka, G. Trinchieri, K. M. Murphy, and A. O’Garra.
1995. Dendritic cells produce IL-12 and direct the development of Thl cells
from naive CD4* T cells. J. Immunol. 154: 5071-5079.

Alexander, J., A. R. Satoskar, and D. G. Russell. 1999. Leishmania species:
models of intracellular parasitism. J. Cell Sci. 112: 2993-3002.
McMahon-Pratt, D., and J. Alexander. 2004. Does the Leishmania major para-
digm of pathogenesis and protection hold for New World cutaneous leishma-
niases or the visceral disease? Immunol. Rev. 201: 206-224.

Romio, P. R., H. Da Costa Santiago, C. D. Ramos, C. F. De Oliveira,
M. C. Monteiro, F. De Queiroz Cunha, and L. Q. Vieira. 2009. Mast cell de-
granulation contributes to susceptibility to Leishmania major. Parasite Immunol.
31: 140-146.

Alexander, J., F. Brombacher, H. A. McGachy, A. N. McKenzie, W. Walker, and
K. C. Carter. 2002. An essential role for IL-13 in maintaining a non-healing
response following Leishmania mexicana infection. Eur. J. Immunol. 32: 2923—
2933.

Aseffa, A., A. Gumy, P. Launois, H. R. MacDonald, J. A. Louis, and F. Tacchini-
Cottier. 2002. The early IL-4 response to Leishmania major and the resulting
Th2 cell maturation steering progressive disease in BALB/c mice are subject to
the control of regulatory CD4"CD25" T cells. J. Immunol. 169: 3232-3241.
Galli, S. J.,, J. Kalesnikoff, M. A. Grimbaldeston, A. M. Piliponsky,
C. M. Williams, and M. Tsai. 2005. Mast cells as “tunable” effector and im-
munoregulatory cells: recent advances. Annu. Rev. Immunol. 23: 749-786.
Mazzoni, A., H. A. Young, J. H. Spitzer, A. Visintin, and D. M. Segal. 2001.
Histamine regulates cytokine production in maturing dendritic cells, resulting in
altered T cell polarization. J. Clin. Invest. 108: 1865-1873.

Akuthota, P, H. B. Wang, L. A. Spencer, and P. F. Weller. 2008. Immunoreg-
ulatory roles of eosinophils: a new look at a familiar cell. Clin. Exp. Allergy 38:
1254-1263.

de Oliveira Cardoso, F., Cda. S. de Souza, V. G. Mendes, A. L. Abreu-Silva,
S. C. Gongalves da Costa, and K. S. Calabrese. 2010. Immunopathological
studies of Leishmania amazonensis infection in resistant and in susceptible mice.
J. Infect. Dis. 201: 1933-1940.

Solbach, W., and T. Laskay. 2000. The host response to Leishmania infection.
Adv. Immunol. T74: 275-317.

20z I4dy 0Z uo 3senb Aq ypd Gy LE0EL/L LEIBEL/ELSGE/L/E61/4Pd-Bo1e/ouNWWIf/BI0"1e. S|EUINO//:dRY WOl papeojumoq



The Journal of Immunology

60.

61.

62.

63.

64.

65.

66.

Satoskar, A., H. Bluethmann, and J. Alexander. 1995. Disruption of the murine
interleukin-4 gene inhibits disease progression during Leishmania mexicana
infection but does not increase control of Leishmania donovani infection. Infect.
Immun. 63: 4894-4899.

Buxbaum, L. U. 2008. A detrimental role for IgG and FcyR in Leishmania
mexicana infection. Immunol. Res. 42: 197-209.

Thomas, B. N., and L. U. Buxbaum. 2008. FcyRIII mediates immunoglobulin G-
induced interleukin-10 and is required for chronic Leishmania mexicana lesions.
Infect. Immun. 76: 623-631.

Noben-Trauth, N., W. E. Paul, and D. L. Sacks. 1999. IL-4- and IL-4 receptor-
deficient BALB/c mice reveal differences in susceptibility to Leishmania major
parasite substrains. J. Immunol. 162: 6132-6140.

Uzonna, J. E., K. L. Joyce, and P. Scott. 2004. Low dose Leishmania major
promotes a transient T helper cell type 2 response that is down-regulated by
interferon y-producing CD8" T cells. J. Exp. Med. 199: 1559-1566.
Salaiza-Suazo, N., P. Volkow, R. Tamayo, H. Moll, R. Gillitzer, A. Pérez-Torres,
R. Pérez-Montfort, J. D. Dominguez, O. Velasco-Castrejon, M. Crippa, and
I. Becker. 1999. Treatment of two patients with diffuse cutaneous leishmaniasis
caused by Leishmania mexicana modifies the immunohistological profile but not
the disease outcome. Trop. Med. Int. Health 4: 801-811.

Buxbaum, L. U. 2010. Type I IFNs promote the early IFN-y response and the IL-
10 response in Leishmania mexicana infection. Parasite Immunol. 32: 153-160.

67.

68.

69.

70.

71.

72.

73.

3527

Zaph, C., J. Uzonna, S. M. Beverley, and P. Scott. 2004. Central memory T cells
mediate long-term immunity to Leishmania major in the absence of persistent
parasites. Nat. Med. 10: 1104-1110.

Peters, N. C., N. Kimblin, N. Secundino, S. Kamhawi, P. Lawyer, and
D. L. Sacks. 2009. Vector transmission of Leishmania abrogates vaccine-induced
protective immunity. PLoS Pathog. 5: e1000484.

Gorak, P. M., C. R. Engwerda, and P. M. Kaye. 1998. Dendritic cells, but not
macrophages, produce IL-12 immediately following Leishmania donovani in-
fection. Eur. J. Immunol. 28: 687-695.

Leén, B., M. Lopez-Bravo, and C. Ardavin. 2007. Monocyte-derived dendritic
cells formed at the infection site control the induction of protective T helper 1
responses against Leishmania. Immunity 26: 519-531.

Moll, H. 2000. The role of dendritic cells at the early stages of Leishmania
infection. Adv. Exp. Med. Biol. 479: 163-173.

Selvapandiyan, A., A. Debrabant, R. Duncan, J. Muller, P. Salotra, G. Sreenivas,
J. L. Salisbury, and H. L. Nakhasi. 2004. Centrin gene disruption impairs stage-
specific basal body duplication and cell cycle progression in Leishmania. J. Biol.
Chem. 279: 25703-25710.

Liu, D., C. Kebaier, N. Pakpour, A. A. Capul, S. M. Beverley, P. Scott, and
J. E. Uzonna. 2009. Leishmania major phosphoglycans influence the host early
immune response by modulating dendritic cell functions. Infect. Immun. 77:
3272-3283.

20z I4dy 0Z uo 3senb Aq ypd Gy LE0EL/L LEIBEL/ELSGE/L/E61/4Pd-Bo1e/ouNWWIf/BI0"1e. S|EUINO//:dRY WOl papeojumoq



