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Background: MyD8S8 is a critical element for host resistance to L. major.

Results: UNC93B1 mutant and triple TLR3/7/9 knock-out mice are highly susceptible to infection with L. major.
Conclusion: Nucleic acid-sensing TLRs are key sensors for Leishmania parasites.

Significance: We disclose the mechanism by which L. major initiates IL-12 production and mediates development of Thl

lymphocytes and host resistance to infection.

The mammalian homolog Bl of Unc-93 Caenorhabditis
elegans known as UNC93B1 is a chaperone protein that medi-
ates translocation of the nucleic acid-sensing Toll-like receptors
(TLRs) from the endoplasmic reticulum to the endolysosomes.
The triple deficient (UNC93B1 mutant) mice have a functional
single point mutation in the UNC93B1 that results in non-func-
tional TLR3, TLR7, and TLR9. Herein, we demonstrate that
UNC93B1 mutant mice, in the C57BL/6 (resistant) genetic
background, are highly susceptible to Leishmania major infec-
tion. Enhanced swelling of the footpad was associated with high
levels of interleukin 10, decreased levels of interferon 7y, and
increased parasitism. None of the single TLR3, TLR7, and TLR9
knock-out (KO) mice resemble the UNC93B1 mutant pheno-
type upon infection with L. major. Whereas the double TLR7/
TLR9 KO showed a partial phenotype, the triple TLR3/TLR7/
TLR9 KO mice were as susceptible as the UNC93B1 mutant
mice, when infected with Leishmania parasites. Finally, we dem-
onstrate that treatment with either anti-interleukin 10 receptor
monoclonal antibody or recombinant interleukin 12 restored a
robust anti-parasite T};1 response and reverted the susceptible
phenotype of UNC93B1 mutant mice. Altogether, our results
indicate the redundant and essential role of nucleic acid-sensing
TLR3, TLR7 and TLR9Y in inducing interleukin 12, development
of a T 1 response, and resistance to L. major infection in resis-
tant C57BL/6 mice.

Leishmaniasis is a devastating disease that leads to the devel-
opment of localized ulcerative cutaneous lesions in mammals,
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including humans and mice. Much of the information about the
pathogenicity involved in this disease was obtained from stud-
ies using murine strains infected with Leishmania major, where
development of protective immunity and severity of disease
depends on the host genetic background, parasite isolate, and
infective dose (1). The current cellular model behind the resis-
tance and susceptibility to L. major infection indicates a depen-
dence of a polarized CD4™" Ty;1 and T2 response, respectively
(2, 3). In this model, differentiation of CD4" T cell precursors
into IEN-y-producing T;;1 cells is triggered early after infection
by IL-12 (4—6). On the other hand, IL-4 and IL-10 are believed
to induce the expansion of a T};2 cell that counteract the devel-
opment of protective T};1 lymphocytes and are unable to pro-
mote healing (7-9).

The signaling events that are necessary for the early immune
response against Leishmania are largely unknown. Neverthe-
less, Toll-like receptors (TLRs)* are thought to trigger effector
mechanisms that will operate to eliminate parasites. TLRs are
membrane glycoproteins that can recognize pathogen-associ-
ated molecular patterns (10). The indication of the involvement
of TLRs in immunity against L. major came from studies where
disruption of myeloid differentiation factor 88 (MyD88), a uni-
versal TLR adaptor molecule (except for TLR3), abolished the
ability of naturally resistant C57BL/6 mice to control L. major
infection (11-14). Supposedly, TLR engagement triggers host
defense responses against L. major promoting production of
IL-12 by antigen-presenting cells such as dendritic cells (DCs)
(15, 16) and macrophages that will induce naive T cells to dif-
ferentiate into IFN-y-secreting T;;1 cells (1, 6, 17).

A restricted number of publications have documented the
participation of a specific TLR in Leishmania recognition.
TLR2, TLR4, and TLR9 appear to be involved in host resistance
to L. major. However, in mice deficient in TLR2 and TLR4, the
enhanced susceptibility is rather mild and not comparable with

“The abbreviations used are: TLR, Toll-like receptor; MyD88, myeloid differ-
entiation factor 88; DC, dendritic cell; FTAg, freeze-thaw leishmanial Ag;
ANOVA, analysis of variance; IL-10R, IL-10 receptor.
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the phenotype presented by the MyD88 knock-out (KO) mice
(11, 18-20). TLR9 KO mice display a greater susceptibility but
eventually resolve their lesions (21-23). Related TLRs can be
grouped in subfamilies that sense related pathogen-associated
molecular patterns. For instance, TLRs found exclusively in
endosomal compartments such as TLR3, TLR7, TLRS8, and
TLR9 recognize nucleic acids (10). In this context, we hypoth-
esize that a combined effort of different TLRs, in particular
those located in the endosomal compartment, account for the
MyD88 role in host resistance to infection with L. major. To
test this hypothesis, we followed the course of infection in the
triple deficient (UNC93B1 mutant) mice carrying a missense
mutation in the gene coding for UNC93B1 protein (24), which
abolishes the function of TLR3, TLR7, and TLR9 by preventing
their translocation to the endolysosomes (25). Our experiments
revealed that the UNC93B1 mutant mice are highly susceptible
to L. major. We also present evidence that the enhanced sus-
ceptibility of UNC93B1 mutant mice is due to the simultaneous
deficiency of TLR3, TLR7, and TLR9 functions, as the triple KO
mice, but not single KOs, were highly susceptible to L. major
infection. Importantly, the UNC93B1 mutant and triple KO
mice showed a skewed cytokine expression pattern toward up-
regulation of IL-10 and down-regulation of IFN-vy, which is
characteristic of a non-protective T cell response in cutaneous
leishmaniasis. Thus, our results indicate a critical role of nucleic
acid sensing TLRs in eliciting IL-12 production, development
of T;1 lymphocytes, and host resistance to L. major.

EXPERIMENTAL PROCEDURES

Mice—All animals used in this work were 6- to 8-week-old
female mice. C57BL/6 mice were obtained from The Jackson
Laboratory. The UNC93B1 mutant mice were generated by Dr.
Bruce Beutler at The Scripps Research Institute, La Jolla, Cali-
fornia (24). TLR3-, TLR7-, TLR9-, and MyD88-deficient mice
were provided by Dr. Shizuo Akira (Department of Host
Defense, Osaka University, Osaka, Japan). TLR3, TLR7, and
TLR9 triple KO as well as TLR7 and TLR9 double KO mice
were obtained by crossing TLR3, TLR7, or TLR9 mice. All mice
used were backcrossed to C57BL/6 background at least for
eight generations and housed under specific pathogen-free
conditions at the University of Massachusetts Medical School
animal facilities. All experiments were conducted following the
guidelines of the American Association for Laboratory Animal
Science and approved by the Institutional Animal Care and Use
Committee (A-1332) at the University of Massachusetts Med-
ical School.

Leishmania Parasites, Infections, and Lesion Monitoring—
L. major parasites (strain MHOM/IL/80/Friedlin) were grown
to stationary phase in Grace’s insect cell culture medium (Invit-
rogen) supplemented with 20% FBS and 2 mm glutamine.
Freeze-thaw leishmanial Ag (FTAg) was obtained from station-
ary phase promastigotes washed four times in PBS and adjusted
to a concentration of 10° cells/ml. Parasite suspensions were
then submitted to 10 freeze-thaw cycles of —70 and 37 °C and
then stored at —20 °C. For experimental infections, the meta-
cyclic promastigotes were purified using a Ficoll gradient,
washed, and resuspended in PBS, and mice were inoculated
with 1 X 10° parasites in 40 ul of PBS 1X in the right hind
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footpad. Lesion size was monitored with a metric caliper once a
week during 10 weeks. Individual lesion sizes were expressed as
the difference in footpad thickness between the uninfected foot
and the infected foot. The parasite burden of infected footpads
was determined using a limiting dilution assay described else-
where (26) and expressed as the negative log parasite titer. A
p < 0.05 was considered statistically significant in a two-way
ANOVA with Bonferroni’s post-test.

Treatment of C57BL/6 and UNC93B1 Mutant Mice with rIL-
12p70 and anti-IL-10R—We administered recombinant
IL-12p70 (eBioscience) directly into the infected hind footpad
of UNC93B1 mutant mice on the day of infection and every 3
days. We also adopted a protocol for treating UNC93B1 mutant
mice with an antibody against IL-10 receptor (BioXCell), in
which inoculations were done intraperitoneally 1 day prior to
footpad infection and every 3 days. Differences between values
were considered significant with a p < 0.05 in a two-way
ANOVA with Bonferroni’s post-test.

Lymphocyte Cultures and Cytokine Detection in Super-
natants—Spleens were homogenized, lysed using red blood cell
lysis buffer (Sigma), and resuspended in complete RPMI
medium. Cells were cultured for 48 h, 37 °C, 5% CO, at a density
of 4 X 10° cells/well in 24-well tissue culture plates in absence
of exogenous stimuli, 1 X 10° FTAg or (10 ug/ml) Concanava-
lin A (Sigma). Cells were spun down in a plaque centrifuge at
1500 X gfor 5 min, and the collected supernatants were assayed
for IFN-v, IL-10, and IL-12 cytokines using DuoSet ELISA kits
(R&D Systems) according to the manufacturer’s instructions.

Titration of IgG1 ad IgG2c by ELISA—Sera obtained after
10-week infections with L. major were assayed for IgG1 and
IgG2c antibodies by means of FTAg-coated immunoassay
plates. Serum was diluted 1:400 and incubated in duplicate for
2 h. Bound biotinylated mouse anti-mouse IgG2a and anti-
mouse IgG2C were developed with streptavidin-peroxidase
conjugate (BD Biosciences) diluted 1:200 in PBS 1X BSA 1%,
SureBlue, and the reaction was stopped with sulfuric acid 10
volumes. Optical density was determined at 450 nm for each
sample. A p < 0.05 was considered statistically significant
between samples after two-way ANOVA with Bonferroni’s
post-test.

Evaluation of Immune Response at the Beginning of L. major
Infection—C57BL/6 were infected in the right footpad with 10°
metacyclic forms of L. major. Non-infected C57BL/6 mice were
used as controls. At 3, 7, and 12 days after inoculation, animals
were sacrificed, and the draining lymph node of the infected leg
were obtained. Cells were cultivated in absence (medium) or
presence of a total lysate of L. major metacyclic parasites
(FTAg) for 48 h. Stimulation was performed in 96-well plates
with 2 X 10° cells per well and FTAg at a multiplicity of five
parasites per cell, in a final volume of 250 wl. Cells were stimu-
lated for 48 hat 37 °C and 5% CO,. Cytokines were measured in
cell-free supernatants in ELISA assays in samples from four
non-infected and four infected mice, each one consisting of a
pool of three lymph nodes.

Stimulation of Dendritic Cells with L. major—DCs (total
CD11c™ cell population) were isolated from spleens of non-
infected wild type (C57BL/6) and mice deficient in TLR3/7/9,
using the EasySep™ CD11c-positive selection kit (StemCell).
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Purified DCs were then plated at 150,000 cells per well in
96-well plates and cultivated in absence of stimulation
(medium) or in presence of metacyclic forms of L. major at a
multiplicity of one parasite (1:1) or five parasites (1:5) per DC,
for 24 or 48 h. As controls, we used a CpG containing oligonu-
cleotide (oligonucleotide 1826, 1 um), LPS (100 ng/ml), and
R848 (20 um). All stimulations were tested in duplicates. Cyto-
kines were measured in cell free supernatants in ELISA assays.

Quantification of RNA Expression by Nanostring—Total cell
lysates from C57BL/6 and UNC93B1 mutant mice infected
with L. major metacyclic promastigotes in the hind footpad and
mice from both groups treated with anti-IL-10R and rIL-12p70
were analyzed by NanoString methodology (27). Briefly, 10,000
cells were resuspended in 1 pl of Qiagen RLT lysis buffer and
hybridized to the target specific code set ON at 65 °C. The code
set contained probes against a panel of 53 genes encoding rele-
vant innate immunity proteins. After incubation, samples
(three animals per group) were loaded onto the NanoString
Prep station for excess reporter removal, binding to cartridge
surface, and probe scanning. After scanning and data collection
onto a digital analyzer, data normalization was performed
against positive and negative control oligonucletides and three
housekeeping genes (Hprtl, GAPDH, and Gusl). Normalized
results are represented as the relative mRNA level, and statisti-
cal significance was calculated using Student’s ¢ test with p <
0.01.

RESULTS

C57BL/6 Mice Lacking Functional UNC93B1 Develop a T,,2
Response and Are Highly Susceptible to L. major Infection—The
triple deficient (UNC93B1 mutant) mice present a point muta-
tion and altered function of UNC93B1, which results in
impaired responses of TLR3, TLR7, and TLR9 ligands (19, 20).
To assess the role of UNC93B1 in protective immunity to
L. major, UNC93B1 mutant and C57BL/6 wild type (WT) mice
were inoculated with promastigote parasites into the hind foot-
pad and progression of lesion swelling was monitored during 10
weeks. The UNC93B1 mutant mice showed significantly
increased lesion size when compared with WT mice (Fig. 1A).
In addition, the number of viable parasites in the lesions
showed a significantly higher parasite burden for UNC93B1
mutant mice compared with WT mice (a difference of 3—4 log)
(Fig. 1A). After the 4th week, C57BL/6 started to gradually con-
trol the infection. This control of parasite replication was not
observed in UNC93B1 mutant mice, which presented a pro-
gressive increase in the swelling of the infected footpad.

The resistance of C57BL/6 mice to L. major is dependent on
the development of a CD4* T,,1 response, characterized by the
production of high levels of IL-12 and IFN-v (1). In contrast,
susceptible mice, such as the BALB/c strain, produce high levels
of IL-4 and IL-10, but low levels of IFN-v, which is characteris-
tic of a non-protective Th2 response. To evaluate the cytokine
production, spleen cells harvested from WT and UNC93B1
mutant mice infected with L. major for 10 weeks, were cultured
in the presence of total parasite lysate (FTAg), and cytokine
accumulation in culture supernatant was assessed after 48 h.
Our data show that spleen cells from UNC93B1 mutant mice
produced lower levels of IFN-vy and higher levels of IL-10 when
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FIGURE 1. UNC93B1 mutant mice show larger footpad lesions and higher
parasite load after infection with L. major when compared with C57BL/6
wild type mice. A, mice were infected with 1 X 10° promastigotes subcuta-
neously in the right hind footpad. The course of infection was monitored
weekly and the diameter of the primary footpad lesions was measured. The
mean size of lesions and S.E. are shown (five mice per group). Bar graphs
correspond to the parasite load quantitation in lesions by limiting dilution
analysis at week 10 post-infection. B, spleens were harvested from infected
mice, and cells were cultured with no stimulation, under the stimuli of 1 X 10°
FTAg or Concanavalin A (10 ug/ml). Accumulation of IFN-yand IL-10 in super-
natants of cells cultured for 24 h was evaluated by ELISA assay as described
under “Experimental Procedures.” Results are expressed as mean and S.E. of
duplicate measurements of four animals per group. Asterisks indicate statisti-
cally significance (p < 0.05), when comparing triple deficient (3D) and WT
mice by two-way ANOVA with Bonferroni’s post-test. The data shown are
representative of three independent experiments.

compared with C57BL/6 mice (Fig. 1B). This observation is in
accordance with the high susceptibility of UNC93B1 mutant
mice to L. major infection and implies a failure in the develop-
ment of Ty;1 lymphocytes in mice lacking functional endo-
somal TLRs.

We also evaluated gene expression in the lymph nodes of WT
and UNC93B1 mutant mice at 4 weeks post-infection. We
observed no difference when comparing expression of genes
encoding different TLRs or UNC93B1. When comparing genes
that encode cytokines, expression of IL-12 and IFN-vy genes was
associated with resistance, whereas the IL-5 and IL-10 tran-
scripts clearly correlated with susceptibility to infection. We
also observed enhanced expression of CXCL9, CXCLI10, and
NOS2 genes in cells from lymph nodes derived from resistant
C57BL/6 mice infected with L. major (Fig. 2).

The Single TLR3, TLR7, or TLR9 KO Mice Develop T,1
Response and Are Resistant to L. major Infection—UNC93B1 is
a chaperone protein that mediates the translocation of TLR
receptors, including TLR3, TLR7, and TLR9 from the endoplas-
mic reticulum to endosomal compartment, where they are acti-
vated by microbial DNA or RNA (25). Because UNC93B1
mutant mice are highly susceptible to L. major infection, we
considered the possibility that single TLRs could be determi-
nants of host resistance to infection. Thus, we decided to eval-
uate the development of IFN-y-mediated immune responses
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FIGURE 2. Quantification of RNA expression after L. major infection.
C57BL/6 (black circles) and UNC93B1 mutant (white squares) mice were
infected with 1 X 10° promastigotes and had their popliteal lymph nodes
harvested after 4 weeks. Gene expression was quantified in total RNA by
nCounter Analysis System. Data represent the mean = S.E. (n = 3). Differ-
ences considered statistically significant between WT and UNC93B1 mutant
mice (*, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001) after two-way
ANOVA with Bonferroni’s post-test, are indicated.

and lesion development in single TLR3, TLR7, or TLR9 KO
mice infected with L. major. We found that TLR3 KO mice
were as resistant as C57BL/6 mice, and both groups showed
similar levels of parasitism in the footpad lesion. Although
TLR7 and TLR9Y single KO mice showed intermediate levels in
the severity of lesion swelling between WT and UNC93B1
mutant mice (Fig. 34), these differences were not statistically
significant. The parasite burden estimated in the lesions of
infected footpads showed a significant difference between
UNC93B1 mutant mice and those from the other groups (p <
0.01). Spleen cells from WT, TLR single KO, and UNC93B1
mutant mice infected for 10 weeks with L. major were cultured
under FTAg stimulation and IFN-vy levels measured in culture
supernatants. We observed that cultured splenocytes from the
UNC93B1 mutant group produced lower levels of IFN-y as
compared with WT, TLR3, TLR7, and TLR9 single KO mice,
which produced similar levels of this cytokine (Fig. 3B). Taken
together, these results indicate that individual TLRs are not
responsible for the severe phenotype observed in UNC93B1
mutant mice.

As we did not observe a substantial increase in susceptibility
in mice lackinga single TLR (TLR3, TLR7, or TLR9), we verified
whether a combined TLR deficiency would result in increased
susceptibility to L. major infection. To achieve this goal, we
generated double TLR3/7, TLR7/9, and TLR3/9 KO mice,
which were infected with L. major promastigotes in the hind
footpad and the course of infection followed for 10 weeks. As
seen in Fig. 44, all double KO mice tested showed increased
footpad swelling when compared with control mice but statis-
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FIGURE 3. UNC93B1 mutant mice show larger footpad lesions and higher
parasite load when compared with TLR3, TLR7 and TLR9 single KOs
infected with L. major. A, WT, UNC93B1 mutant, and single KO mice were
infected subcutaneously in the right hind footpad with 1 X 10° promastig-
otes. The course of infection was monitored weekly and the diameter of the
primary footpad lesions was measured. The mean size of lesions and S.E. are
shown (five mice per group). Bar graphs correspond to the parasite load
quantification in lesions by limiting dilution analysis at week 10 post-infec-
tion. The mean counts of four footpads per group are shown. B, accumulation
of IFN-y in supernatants of splenocytes from infected WT, 3d, and single KO
mice was measured by ELISA, 24 h after antigen stimulation, as described
under “Experimental Procedures.” Data shown are mean * S.E. and are rep-
resentative of three independent experiments. Asterisks indicate statistically
significant differences, after two-way ANOVA with Bonferroni’s post-test (p <
0.01), when comparing infected 3d mice with infected WT (C57BL/6), TLR3 KO,
TLR7 KO, and TLR9 KO mice. No significant difference was observed when
comparing different single KOs and WT mice.

tically lower when compared with UNC93B1 mutant mice.
Data regarding the estimated footpad parasitemia agreed with
the lesion curves obtained, and parasitemia from TLR3/7 and
TLR7/9 double KO mice showed intermediate values between
WT and UNC93B1 mutant mice. We also observed that cul-
tured splenocytes from TLR-KO mice produced lower amounts
of IFN-vy and higher amounts of IL-10 when compared with
control mice (Fig. 4B).

Both UNC93BI1 Mutant and Triple TLR3/7/9 KO Mice Are
More Susceptible Than MyD88 KO Mice upon Infection with
L. major Parasites—As knocking down a combination of two
TLR genes were not sufficient to emulate the UNC93B1 mutant
phenotype, we generated triple TLR-KO mice (deficient in
TLR3, TLR7 and TLR9 genes) and compared susceptibility to
UNC93B1 mutant mice. As expected, the triple TLR3/7/9 KO
mice were as susceptible to infection as UNC93B1 mutant
mice, showing similar levels of footpad swelling (Fig. 54). Inter-
estingly, mice deficient in MyD88 (an adaptor protein that
mediates cell signaling upon TLR (with exception of TLR3) (14)
developed less severe lesions, when compared with the triple
TLR3/7/9 KO and UNC93B1 mutant mice. Evaluation of para-
site burden in the footpad showed a similar parasitism for
TLR3/7/9 KO and UNC93B1 mutant mice, which was signifi-
cantly higher when compared with WT and MyD88 mice (Fig.
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FIGURE 4. UNC93B1 mutant mice are more susceptible to infection with
L. major than TLR3/7, TLR7/9, and TLR3/9 double KO mice. A, animals
were infected subcutaneously in the right hind footpad with 1 X 10° promas-
tigotes. The course of infection was monitored weekly, and the diameter of
the primary footpad lesions was measured. The mean size of lesions and S.E.
are shown (five mice per group). Bar graphs correspond to the parasite load
quantification in lesions by limiting dilution analysis at week 10 post-infec-
tion. Data shown are mean = S.E. and are representative of three indepen-
dent experiments. B, spleens were harvested from infected mice, and cells
were cultured with no stimulation, under the stimuli of 1 X 10° FTAg or Con-
canavalin A. Accumulation of IFN-y and IL-10 in culture supernatants, 48 h
after antigen stimulation, was evaluated by ELISA assay as described under
“Experimental Procedures.” Results are expressed as mean and S.E. of dupli-
cate measurements of four animals per group. The presented data are repre-
sentative of three independent experiments.

5A, bar graph). In addition, splenocytes from susceptible TLR3/
7/9 KO and UNC93B1 mutant mice produced higher levels of
IL-10 when compared with C57BL/6-resistant mice, which
produced higher levels of IFN-vy (Fig. 5B). These data are in
accordance with the higher resistance seen for WT mice as
compared with UNC93B1 mutant, double and triple KO mice.
Because TLR3 employs TRIF adaptor protein and not MyD88,
and we found that triple TLR3/7/9 KO were more susceptible
than the double TLR7/9 KO mice, our results suggest that in
absence of MyD88 (or TLR7/TLRY) activation, TRIF may con-
tribute to mice resistance to L. major infection.

The IgG2c isotype switching associates with the develop-
ment of Ty;1 responses. To further characterize the susceptibil-
ity presented by UNC93B1 mutant and combined TLR knock-
out mice 10 weeks after being inoculated with L. major
promastigotes, we measured the relative amount of L. major-
specific IgG1 and IgG2c isotypes in sera from infected mice. We
found similar levels of IgG1 for all groups tested (Fig. 5C). In
contrast, TLR3/7/9 KO and UNC93B1 mutant mice showed a
significant 3— 4-fold reduction in the levels of [gG2c when com-
pared with WT mice, further indicating a defective develop-
ment of protective T};1 response in these groups.

We were also interested in evaluating early cytokine produc-
tion after infection by L. major. Cultured lymph node cells from
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FIGURE 5. Severely impaired T,;1 responses and susceptibility of TLR3/7/9
triple KO mice to infection with L. major. A, WT, UNC93B1 mutant, MyD88,
and TLR3/7/9 triple KO mice were infected with 1 X 10° promastigotes sub-
cutaneously in the right hind footpad. The course of infection was monitored
weekly and the diameter of the primary footpad lesions was measured. The
mean size of lesions and S.E. are shown (five mice per group). The letters g, b,
and c indicate that lesion curve is significantly different when comparing
UNC93B1 mutant and TLR3/7/9 KO mice to MyD88 KO and WT mice. Bar
graphs correspond to the quantification of parasite load in the footpad
lesions by limiting dilution analysis at week 10 post-infection. B, spleens were
harvested from infected mice and cells cultured with no stimulation, under
the stimuli of 1 X 10° FTAg or Concanavalin A. Accumulation of IFN-y and
IL-10in culture supernatants, 48 h after antigen stimulation, was evaluated by
ELISA assay as described under “Experimental Procedures.” Results are
expressed as mean and S.E. of duplicate measurements of four animals per
group. The presented data are representative of three independent experi-
ments. C, serum was obtained from five animals per group, and the levels of
circulating L. major specificIgG1 and IgG2c determined by ELISA. Data shown
are mean = S.E. and are representative of three independent experiments.
Asterisks or different letters (g, b, ¢) indicate statistically significant differences
after two-way ANOVA with Bonferroni’s post test (p < 0.01) when comparing
results from UNC93B1 mutant and TLR3/7/9 KO mice with WT and TLR7/9 KO
mice.

the infected leg of C57BL/6 wild type mice 3,7, and 12 days after
infection with L. major were tested for production of IFN-vy,
IL-10, and IL-12 48 h after being stimulated with a total lysate of
L. major metacyclic parasites. We observed that lymph nodes
showed a small increase in size only at 12 days post-infection
and was the earliest time point when we could detect produc-
tion of IFN-vy and IL-10 cytokines by ELISA (Fig. 6, A and B).
We also determined whether T cells or antigen-presenting cells
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FIGURE 6. Characterization of early cellular immune response upon infection with L. major. Wild type C57BL/6 mice were infected in the right footpad
with 10° metacyclic forms of the L. major and, at 12 days after inoculation, animals were sacrificed, and the draining lymph nodes of the infected footpad were
obtained. Cells were grown in absence (medium) or presence of a total lysate of L. major metacyclic parasites (FTAg) 48 h, and supernatant was used for
quantification of IFN-vy (4), IL-10 (B), and IL-12 (C) by ELISA. Analysis by flow cytometry of CD4" and CD8" cells from WT and TLR3/7/9 /"~ mice 12 days after
infection is also shown. Band C, T cells expressing CD4™ and CD8™ surface markers were stained for endogenous IFN-yand IL-10, and cellular populations were
separated by flow cytometry, aswell CD11b™ and CD11¢* cells that were tested for IL-10 and IL-12 (please refer to “Experimental Procedures” for all cytokines
tested). £, data represent the mean = S.E. (n = 3). Differences are considered statistically significant (¥, p < 0.05; **, p < 0.01; and ****, p < 0.0001) after two-way

ANOVA with Bonferroni’s post-test, are indicated.

mediate IFN-vy and IL-10 production by flow cytometry. We
found that CD4™ T cells are the primary source of these cyto-
kines after L. major infection, and CD8™ T cells contribute in a
smaller scale also secreting IFN-+y but not IL-10 (Fig. 6, A and
B). We also found that CD11b™ cells contribute in IL-10 pro-
duction (Fig. 6B). In contrast, CD11c™ cells produced signifi-
cant amounts of IL-12, both ex vivo (Fig. 6C) and in vitro (Fig.
6D). We also observed that CD4 " and CD8™ cells from TLR3/
7/9~'~ produce small quantities of IFN-y when compared with
WT 12 days after infection (Fig. 6A). These results suggest an
impairment of a Th1 response in triple TLR KO mice.
Considering that CD11c™ cells are a main source of IL-12, we
decided to compare IL-12 production by DCs derived from WT
and TLR3/7/97'" mice after in vitro stimulation with living
L. major metacyclic promastigotes. We found that DCs from
triple KO mice display and impaired production of IL-12, when
compared with WT mice, at both 1:1 and 1:5 multiplicity of
infection (Fig. 6D). As a control, we also found a deficient IL-12
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production in DCs from TLR3/7/97'" stimulated with CpG
DNA and R848, which are known activators of TLR9 and TLR7,
respectively. We also performed in vitro infections of bone mar-
row-derived macrophages (CD11b™ cells) from C57BL/6 and
TLR3/7/9 KO mice with L. major promastigotes at a multiplic-
ity of infection of 1:1, and we did not observe any difference in
the average number of parasites per infected cell or the number
of infected cells at 24 h after infection (data not shown). Alto-
gether, these results indicate that the main role of TLR3, TLR7,
and TLRY in host resistance to infection with L. major is the
activation and induction of IL-12 production by CD11c™ cells.

Enhanced Susceptibility of UNC93B1 Mutant Mice to
L. major Infection Is Reversed by Administration of Recombi-
nant IL-12 or Blockage of IL-10 Receptor—So far, our data sug-
gests that an imbalance of T},1/T, 2 differentiation of T cells is
involved in the susceptibility of UNC93B1 mutant mice to
L. major. As mentioned above, low expression of IL-12/IFN-vy
genes and high expression of the IL-10 gene clearly associated

VOLUME 288+NUMBER 10-MARCH 8, 2013



UNC93B1 Mediates Resistance to L. major

Cytokines Chemokines Macrophages
10 100 10 .
: T
* N B, :
: B bd g4 1 e
A o .; 4 E_i ot = i
* * 1 A
lymphnode .|, is* «.8 1§ | 4 s Dedl g% el -
L i . . oh!0e ot v
o o, lae 4 A . e
“e g 2 e = alB$ Eol B o 1B,
H Oe : AB-‘: 0‘
- a M
0.1 NN E 0.1 ‘o
1000 . 10000 1000 —————
: B
B 1000 NES ol x
*x I . * - * A ] ) o*
100 | oA | et} gyl toof LITBE 3n g
f d N '; :ﬁ! i I . ‘i ! .;
. ! 100 +4 X
ootpa UL Ei ED gi.*: §3) 8 8 t: . E
10 l: i 1 B8 8 s B 104 5 I
Poal 8L 0] e | .
| [ 2.4 ! )
! | ot ae% | ]
1 T L —L— 1 1 | )
> &3 8 ¢ N 2§ 3 € C o o8 X
£z = = 3 5 @3 @ & © < 2 8 o
-os © o0 0o o 38 G < = ©

FIGURE 7. Quantification of RNA expression in UNC93B1 mutant mice treated with «IL-10R and rIL-12p70 after L. major infection. UNC93B1 mutant
mice (white squares), UNC93B1 mutant+alL-10R (black circles), and UNC93B1 mutant-+rIL-12p70 (black triangles) mice were infected with 1 X 10° promastig-
otes and had their popliteal lymph nodes harvested after 10 weeks (see “Experimental Procedures” for details). Quantification of gene expression was
evaluated in total RNA by nCounter Analysis System. Data represent the mean = S.E. (n = 3). Differences considered statistically significant between WT and
UNC93B1 mutant mice (¥, p < 0.05; **, p < 0.01; ***, p < 0.001; and ****, p < 0.0001) after two-way ANOVA with Bonferroni’s post-test, are indicated.

with enhanced susceptibility of UNC93B1 mutant mice
infected with L. major. In an attempt to restore resistance in
UNC93B1 mutant mice, we administered recombinant
IL-12p70 or anti-IL-10 receptor antibodies to mice infected
with L. major. When we looked for gene expression in the foot-
pad, we found that either treatment resulted in enhanced
expression of TNF-a, CCL2, CCL19, CXCL9, CXCL10,STATI,
NOS2, and COX2 genes (Fig. 7). We also found that treatment
with rIL-12 efficiently restored the expression of IFN-vy, IL-12b,
CXCLY, and lowered expression of IL-10 gene in lymph node
cells from UNC93B1 mutant mice (Fig. 7). While showing the
same tendency, the effects of treatment with anti-IL-10R on
gene expression by spleen cells from infected UNC93B1 mutant
mice were less pronounced. Moreover, we found that treatment
with either anti-IL-10R or rIL-12 restored the T,1 responses
(i.e. high IFN-y and low IL-10 levels) of spleen cells from
infected UNC93B1 mutant mice stimulated with Leishmania
antigen (Fig. 8A4). Importantly, we observed resolution of
lesions in UNC93B1 mutant mice treated with IL-12p70 or
anti-IL-10R, indicating that both treatments were effective in
promoting a resistant phenotype (smaller lesion size) to the
otherwise susceptible UNC93B1 mutant mice (Fig. 8B). We
also found a significant reduction in parasite burden (at 10
weeks p.i.) in UNC93B1 mutant mice treated with either
IL-12p70 or anti-IL-10R (Fig. 8B).

DISCUSSION

TLRs are important mediators of host resistance to every
known category of microbial pathogens (28), including proto-
zoan parasites (29). The most convincing data suggesting the
importance of TLRs in host resistance to protozoan infections
are those obtained with MyD88-deficient mice. Increased sus-
ceptibility associated with impaired production of the T};1-as-
sociated cytokines (e.g. IL-12 and IFN-vy) (1) is observed in
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MyD88 KO mice infected with different protozoan parasites,
including L. major (7, 8,14, 21, 30). However, the assignment of
specific TLRs that account for the role of MyD88 in host resis-
tance to L. major is still unsatisfactory. In this study, we dem-
onstrate that UNC93B1 mutant mice, which lack functional
UNC93B1 that mediates translocation and function of nucleic
acid-sensing TLRs (24), are highly susceptible to experimental
infection with L. major. Thus, we hypothesize that the com-
bined action of TLR3, TLR7, and TLRY is essential for host
resistance to L. major infection. The importance of TLR3 in this
process was evident because the triple TLR3/7/9 KOs are more
susceptible than the double TLR7/9 KO mice infected with
L. major. Consistently, triple TLR3/7/9 KO mice present a phe-
notype that resemble the UNC93B1 mutant mice, in terms of
impaired production of IFN-v, enhanced production of IL-10,
as well as extreme susceptibility to primary infection with
Leishmania parasites.

Only a limited number of studies have documented the par-
ticipation of a specific TLR in the innate immune responses
elicited by Leishmania parasites. Lipophosphoglycans from
Leishmania was shown to activate TLR2 (11, 18), although
upon infection with L. major, resistance of TLR2 KO mice was
not altered. In a different study, the deficiency of TLR4 resulted
in a rather modest enhancement of susceptibility to L. major,
but no specific L. major pathogen-associated molecular pattern
was shown to interact directly with this receptor (19). Further-
more, double TLR2/4 KO mice developed a protective T;1
response and normal resistance against L. major (12). Several
other studies also support a role of TLR9 in promoting resis-
tance to L. major infection (21-23, 31). However, TLR9 defi-
ciency only transiently prevented the development of the heal-
ing T},1 response, and mice showing larger footpad lesions and
higher parasitism, when compared with C57BL/6 control mice,
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FIGURE 8. Administration of anti-IL-10R and rIL-12p70 restores T,,1 responses and reduces the development of footpad lesions in UNC93B1 mutant
mice infected with L. major. A, C57BL/6 and UNC93B1 mutant mice were infected with 1 X 10° promastigotes in the footpad and treated with either
anti-IL-10R or rlL-12p70 (five mice per group). Splenocytes were cultured for 48 h in the presence or absence of antigen or Concanavalin A (10 png/ml), and
accumulation of IFN-yand IL-10 in culture supernatants evaluated by ELISA, as described under “Experimental Procedures.” Results are expressed as mean and
S.E. of duplicate measurements of four animals per group. The data shown are representative of three independent experiments. B, UNC93B1 mutant mice
were infected with 1 X 10° promastigotes promastigotes in the footpad and treated with anti-IL-10R or rlL-12p70 (five mice per group). The course of infection
was monitored weekly, and the diameter of the primary footpad lesions was measured. The mean size of lesions and S.E. are shown. Lesion size progression was
monitored with a metric caliper. Bar graphs correspond to the parasite load quantification in lesions by limiting dilution analysis. Data represent the mean *
S.E. from two independent experiments. Asterisks indicate statistically significant differences after two-way ANOVA with Bonferroni’s post-test when compar-
ing non-treated controls and mice receiving treatment with either anti-IL-10R or rlL-12p70 (p < 0.01 for C57BL/6 and p < 0.0001 for UNC93B1 mutant mice).

were eventually able to control parasite growth and resolve
their lesions (21, 22).

The susceptibility of MyD88 KO mice infected with L. major,
in contrast to TLR9 KO mice, is very pronounced (14) and
could not be explained based on the studies described above.
Nevertheless, the importance of other TLRs such as TLR3,
TLR5, and TLR7 during L. major infection has not been
explored. Furthermore, it is possible that the combined action
of different TLRs may account for the role of MyD88 in host
infection with L. major. Indeed, in a recent study performed by
our group, we observed an extreme susceptibility of UNC93B1
mutant mice to infection with another trypanosomatide,
namely Trypanosoma cruzi. Here, we show that the UNC93B1
mutant mice, which are deficient in functional UNC93B1 as a
result of a H412R missense mutation (24), do not mount an
effective Ty;1 response and are also highly susceptible to
L. major infection. The UNC93B1 mutant mice have a major
defect in the translocation of endosomal TLRs and are unre-
sponsive to TLR3 (dsRNA), TLR7 (ssRNA), and TLR9
(unmethylated CpG DNA) agonists (24, 25, 32), whereas the
function of cell surface TLRs, such as TLR1, TLR2, TLR4,
TLR5, and TLR6, mostly involved with bacterial sensing, are
not affected. Thus, our findings support the hypothesis that the
combined action of the nucleic acid-sensing TLRs are respon-
sible for activation of MyD88 during L. major infection.

In an attempt to dissect the role of individual endosomal
TLRs in L. major recognition, we evaluated the susceptibility of
single KO mice for TLR3, TLR7, and TLR9. We observed that
whereas the absence of TLR3 by itself did not affect host resis-
tance to infection the single TLR7 or single TLR9 were slightly
more susceptible to L. major infection. Hence, our findings sug-
gest a hierarchical relationship between endosomal TLRs in
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triggering immune responses and host resistance to infection
with this intracellular parasite. Importantly, the mice lacking
TLR7/9 or TLR3/7/9 were more susceptible to infection than
single KOs. The susceptibility of triple TLR3/7/9 KO mice was
similar to the UNC93B1 mutant mice infected with L. major.
Much to our surprise, in the absence of TLR7 and TLR9, TLR3
was shown to play a role in host resistance to L. major infection,
as triple TLR3/7/9 KO mice were consistently more susceptible
than the double TLR7/9 KO mice. Furthermore, we also found
that MyD88 KO mice develop less severe footpad lesions, when
compared with TLR3/7/9 KO or UNC93B1 mutant mice.
These findings further imply the involvement of TLR3 and the
TRIF adaptor in host resistance to Leishmania infection.
Indeed, an earlier study has shown that Leishmania parasites
activate TLR3 (33). In a recent study, it was shown that a sym-
biotic viral infection in Leishmania guyanensis is responsible
for activation of TLR3 and that this event mediates host suscep-
tibility to infection through the induction of type I IEN (34).
Thus, our results suggest the ability to activate TLR3 may
extend to other species of Leishmania, and in some situations, it
may promote resistance rather than host susceptibility to
infection.

Our results show that the nucleic acid-sensing TLRs have a
redundant role in Leishmania infection and act together in
inducing an optimal protective T;1 response, which is charac-
terized by IFN-y-mediated immunity. Hence, the absence of
these TLRs results in low levels of IFN-yand high levels of IL-10
production in response to parasite antigens, which character-
izes a non-protective T2 response observed in susceptible
mouse strains. Whereas a noticeable impairment of Ty;1 was
already observed in the double TLR7/9 KO mice, the profound
impairment, similar to the UNC93B1 mutant mice, was only
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observed in the triple TLR3/7/9 KO mice. Indeed, previous
publications indicate that IFN-vy production in mice infected
with L. major is at least partially independent of MyD88
because mice deficient in MyD88 adaptor still mount an IFN-y
response (13, 14, 35). These authors ascribed the susceptibility
to L. major found in MyD88 KO mice to the high levels of Th2
cytokines (i.e. IL-10, IL-4, and IL-13), which are probably sup-
pressing CD4" Th1 cell development and mounting a non-
protective cellular response (14). One explanation for the par-
tial susceptibility seen in MyD88 KO is that TRIF could partially
compensate the lack this adaptor molecule and promote partial
resistance to Leishmania infection.

The two main defects in UNC93B1 mutant mice is the
impairment of IFN-vy production and high levels of the regula-
tory cytokine (IL-10) and the consequent lack of IFN-+y induced
immune responses that are required for control of parasite rep-
lication (32). Thus, we asked which of these events was critical
in rendering UNC93B1 mutant mice highly susceptible to
L. major infection. Administration of either rIL-12p70 (a
potent inducer of IFN-vy production by T lymphocytes and NK
cells) or anti-IL-10R rescued UNC93B1 mutant mice from high
susceptibility to this parasitic infection. Our results showed
that mice that received either treatment developed smaller
footpad lesions and had lower parasitism at 10 weeks post-in-
fection, with a concomitant increase in IFN-vy production and
decrease in IL-10 secretion upon stimulation with parasite
antigens.

Finally, UNC93B1 has now been shown to be a key mediator
of inflammatory response and host resistance to infection with
protozoan parasites (36 —38). Different mechanisms, such as
altered antigen cross-presentation or autonomous control of
parasite replication by host cells, have been proposed to explain
the UNC93B1 mediated host resistance to Toxoplasma gondii
and Plasmodium falciparum (37, 38). In contrast, the results
presented here and elsewhere (31) support the hypothesis that
in the case of trypanosomatides, including L. major, the mech-
anism by which UNC93B1 mediates host resistance to infec-
tion, can be solely explained by the defect in the nucleic acid-
sensing TLRs.
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