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Abstract

Type | IFNs exert diverse effector and regulatory functions in host immunity to viral and nonviral
infections; however, the role of endogenous type I IFNs in leishmaniasis is unclear. We found that
type | IFNR-deficient (IFNAR™") mice developed attenuated lesions and reduced Ag-specific
immune responses following infection with Leishmania amazonensis parasites. The marked
reduction in tissue parasites, even at 3 d in IFNAR™/~ mice, seemed to be indicative of an
enhanced innate immunity. Further mechanistic analyses indicated distinct roles for neutrophils in
parasite clearance; IFNAR™~ mice displayed a rapid and sustained infiltration of neutrophils, but a
limited recruitment of CD11b*Ly-6C* inflammatory monocytes, into inflamed tissues;
interactions between IFNAR™~, but not wild-type (WT) or STAT1~/~, neutrophils and
macrophages greatly enhanced parasite killing in vitro; and infected IFNAR™~ neutrophils
efficiently released granular enzymes and had elevated rates of cell apoptosis. Furthermore,
although coinjection of parasites with WT neutrophils or adoptive transfer of WT neutrophils into
IFNAR™~ recipients significantly enhanced infection, the coinjection of parasites with IFNAR™~
neutrophils greatly reduced parasite survival in WT recipients. Our findings reveal an important
role for type | IFNs in regulating neutrophil/monocyte recruitment, neutrophil turnover, and
Leishmania infection and provide new insight into innate immunity to protozoan parasites.

Type | IFNs exert diverse effector or regulatory functions in innate and adaptive immune
responses by activating JAK/STAT signals through the common type | IFNR (IFNAR) (1).
Type | IFNs are needed for the control of most, if not all, viral infections, but they can be
protective or disease-aggravating in host responses to nonviral infection, depending on the
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parasitism of invading microbial pathogens (2). For example, type | IFN signaling is crucial
for host resistance against extracellular bacteria (e.g., group B streptococci, Streptococcus
pneumoniae, and Escherichia coli) (3, 4), extracellular fungal pathogens (e.g., Pneumocystis
murina) (5), and intracellular yeast (Cryptococcus neoformans) (6). However, a recent study
in mice indicated that the development of type | IFN-mediated antiviral responses can
sensitize the hosts to secondary S. pneumoniae infection (7). The detrimental effects of type
I IFNs in enhancing host susceptibility to other intracellular bacteria, such as Chlamydia
muridarum (8, 9) and Listeria monocytogenes (10-12), have been documented. In contrast,
there are controversial results with regard to intracellular mycobacterial infections in mice.
Although exogenous type | IFNs can be protective or detrimental (13, 14), the lack of
IFNAR signaling has no major effect on host resistance against Mycobacterium tuberculosis
in young or aged mice (15).

There have been few reports on the role of type I IFNs in parasitic diseases caused by
intracellular protozoan parasites. Infection with Leishmania major can induce the production
of IFN-a/p from plasmacytoid, but not myeloid, dendritic cells in a TLR9-dependent manner
(16), which is consistent with the findings that L. major-induced IFN-a/p are critical for
NO-dependent disease control (17). In addition, a low-dose of exogenous IFN-f given to L.
major-infected BALB/c mice can confer long-term protection against progressive
leishmaniasis, which is accompanied by increased production of Th1l cytokines and
expression of inducible NO synthase (18). In the case of Trypanosoma cruz infection, a
study with IFNAR™~ mice suggested no major role for endogenous type | IFN in host
defense (19); however, other studies revealed a protective effect of type | IFNs, especially in
the absence of MyD88 signaling (20, 21).

Although exogenous type | IFNs promote the control of L. major infection (17, 18), there is
no direct evidence for the role of endogenous type | IFNs in leishmaniasis. To address this
issue, we infected IFNAR ™~ mice with Leishmania amazonensis, a New World species that
can cause nonhealing cutaneous leishmaniasis in the absence of Th2 dominancy in most
inbred mouse strains (22, 23). Surprisingly, we found that IFNAR ™~ mice developed
significantly smaller lesions than did wild-type (WT) controls, which correlated with a
reduced, rather than an enhanced, T cell response. Further mechanistic analyses revealed
that the IFNAR deficiency was associated with a sustained recruitment of neutrophils (but
limited recruitment of monocytes/macrophages [Mos]) at the early stage of infection, the
enhanced release of neutrophil granular enzymes, fast turnover of neutrophils, and enhanced
parasite Killing in vitro and in vivo. This study highlights the contribution of innate
immunity in parasitic infection and is the first report indicating a detrimental role for
endogenous type | IFN signaling in host defense against nonhealing cutaneous
leishmaniasis.

Materials and Methods

Mice

Breeding pairs of IFNAR™~ mice from the 129/Sv background were kindly provided by Dr.
Herbert Virgin (Washington University School of Medicine, St. Louis, MO) and were bred
in our animal facility. WT 129/Svimj and 129/SvEv mice were purchased from The Jackson
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Laboratory (Bar Harbor, ME) and Taconic (Germantown, NY), respectively, and they
exhibited comparable susceptibilities to L. amazonensis parasites. STAT1~~ and WT 129/
SvEv mice were purchased from Taconic. BALB/c mice (The Jackson Laboratory)were
used to maintain the infectivity of the parasite. All mice were maintained under specific
pathogen-free conditions in an accredited animal care facility at the University of Texas
Medical branch and used at 8-12 wk of age, according to institutional-approved protocols.

Parasite culture and Ag preparation

The infectivity of L. amazonensis (MHOM/BR/77/LTB0016) and L. major (MHOM/IL/80/
Friedlin) was maintained by regular passage through BALB/c mice, and that of L.
braziliensis (MHOM/BR/79/LTB111) was maintained by regular passage through Syrian
golden hamsters (Harlan Sprague Dawley). Promastigotes were cultured at 23°C in
Schneider’s Drosophila medium (pH 7) (Invitrogen, Carlsbad, CA) supplemented with 20%
FBS (HyClone, Logan, UT), 2 mM .-glutamine, and 50 pg/ml gentamicin. Stationary-stage
promastigote cultures of less than five in vitro passages were used in all infection studies.
Promastigote lysates were prepared by freeze-thaw cycles of parasites (2 x 108/ml in PBS),
followed by a 15-min sonication.

In vivo infection and disease evaluation

Female IFNAR™~ and WT mice (n = 4-5/group) were infected s.c. in the right hind foot
with 2 x 106 stationary promastigotes. Lesion size was monitored weekly and expressed as
the difference in thickness between the infected and contralateral feet; tissue parasite loads
were measured via a limiting dilution assay. At 2, 4, and 8 wk, popliteal draining lymph
node (LN) cells (5 x 108/well/ml) from individual mice were restimulated with parasite
lysates (equivalent to 5 x 108 parasites). Supernatants were harvested at 72 h to measure the
levels of IFN-y and IL-10 by ELISA. Draining LN cells (1 x 105/ml) at 4 wk were
restimulated with PMA/ionomycin/GolgiPlug for 6 h, and intracellular cytokines (IFN-y and
IL-10) gated on CD3*CD4* T cells were analyzed by FACS.

Serum Ab titer

Serum samples were collected from control and infected mice at 8 wk post infection. To
assess parasite-specific Abs, Immulon plates (Thermo Electron, Milford, MA) were coated
with promastigote lysates (50 pg/ml) overnight at 4°C. After blocking, plates were incubated
with individual serum samples (1:100 dilution) for 1 h at room temperature. Then, plates
were incubated with HRP-conjugated goat anti-mouse IgG1 or IgG2a (BD Biosciences, San
Jose, CA). Color was developed with the tetramethylbenzidine substrate (BD Biosciences).
OD values at 450 nm were measured with a Multiskan Ascent ELISA reader (Labsystems,
Helsinki, Finland).

Parasite quantification by real-time PCR

Parasite loads were quantified by measuring the gene of L. amazonensis cysteine proteinase
isoform 1 (Llacysl), which is a single-copy gene per haploid genome and is expressed in
both developmental stages. Mice were infected intradermally (i.d.) with 1 x 108
promastigotes in the presence or absence of IFN-a (200 U/mouse) in the inside of the ear. At
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3,7, and 14 d, tissues from the inoculation site (~0.5 x 0.5 cm?) were collected for DNA
extraction with a DNeasy kit (Qiagen, Valencia, CA). DNA (100 ng) was used for parasite
detection by the University of Texas Medical Branch Real-time PCR Core Facility (all
reagents were purchased from Applied Biosystems, Foster City, CA). Each sample was run
in duplicate and normalized to the amount of total DNA extracted. The number of parasites
per sample was calculated based on a standard curve, as described in our previous studies
(24).

Tissue section staining

Mice were infected i.d. with 1 x 108 promastigotes in the presence or absence of IFN-a (200
U/mouse) in the ear. At 1, 3, and 7 d, ear tissue was collected, fixed with 10% neutral
buffered formalin, and embedded in paraffin. Tissue sections (5-um thickness) were stained
with H&E.

Parasite injection in a peritoneal model

Mice were injected i.p. with promastigotes (2 x 107 in 1 ml). At 6, 24, and 48 h post
injection, peritoneal cells were collected and stained with FITC-conjugated anti-Gr-1, PE-
conjugated anti-F4/80, and PerCP Cy5.5-conjugated anti-CD11b. Unless specified
otherwise, all Abs and isotype controls were purchased from eBioscience (San Diego, CA).
For typing Gr-1* cells, FITC-conjugated anti-Ly-6C and PE-conjugated anti-Ly-6G (BD
Biosciences) were used together with PerCP Cy5.5-conjugated anti-CD11b and
allophycocyanin-conjugated anti—-Gr-1. Cell populations were analyzed by FACSCanto, and
data were analyzed by using FlowJo software (Tree Star, Ashland, OR). In some cases,
different cell populations were further sorted out and cytospun onto slides. Cell morphology
was observed following Diff-Quik staining. Alternatively, single-cell images were
visualized by using Amnis Imagestream100 (Amnis, Seattle, WA). For cross-transfer
experiments, peritoneal exudates were harvested with 1 ml PBS at 24 h post injection with
parasites for the preparation of cell-free supernatants. Recipient mice were injected i.p. with
2 x 107 promastigotes prepared in 1-ml supernatants from WT or IFNAR™~ mice. At 24 h
post injection, peritoneal cells were collected for FACS analysis.

Ear cell staining and real-time PCR

At 1, 2, or 7 d, the infected ears were excised and split into dorsal and ventral halves.
Dermal sheets were placed on complete IMDM medium containing 1 mg/ml collagenase/
dispase and 50 U/ml DNase | (Roche Diagnostics, Indianapolis, IN) and incubated at 37°C
for 1 h. The treated ear sheets were passed through 70-pm cell strainers (BD Biosciences),
and the resulting cell suspensions were washed and stained with Abs specific to Ly-6C,
Ly-6G, CD11b, and CD45. Cell populations gated on CD45™" cells were analyzed by
FACSCanto, and data were analyzed by using FlowJo software. For gene expression in ear
tissues, total RNA was extracted by an RNeasy Mini Kit (Qiagen) from the lesion areas at 1,
2, or 7 d, and cDNA was synthesized by the SuperScript 11 first-strand synthesis system
(Invitrogen). Real-time PCR was performed on cDNA samples by using TagMan probes for
mouse Sppl, I11b, Cxcl2, Ccl2, and Ccl5 genes (all from Applied Biosystems). The relative
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quantity value is expressed as 272CT, where ACT is the difference between the mean cycle
threshold value of duplicates of the sample and of the endogenous 18S control.

Isolation of bone marrow- or peritoneal-derived neutrophils

Bone marrow cells were collected from the femurs using ice-cold RPMI 1640 containing 5%
FCS and treated with an RBC lysis buffer. Peritoneal exudate cells were obtained 6 h after
injection with 1 ml 3% thioglycollate (TG; Sigma-Aldrich, St. Louis, MO). The isolation of
bone marrow and peritoneal neutrophils was accomplished via density gradient
centrifugation by using stepwise gradients of 55, 65, and 75% Percoll (Sigma-Aldrich).
After centrifugation at 1500 x g for 30 min at 4°C, the band between 65 and 75% of Percoll
was collected. The purity of neutrophils (>95%) was validated by FACS and examination of
morphology after staining; cell viability was routinely >95%, as monitored by trypan blue
exclusion.

Neutrophil and M¢ coculture

Peritoneal Mos were obtained 5 d after injection of 3% TG and seeded in 24-well plates (2—
3 x 10° per well). After 4 h of incubation and extensive washing, adherent cells were
infected with 2 x 108 promastigotes in the absence or presence of LPS (100 ng/ml) plus
IFN-y (100 ng/ml) at 33°C for 3 d. For neutrophil-Me¢ coculture, TG-elicited purified
peritoneal neutrophils (2 x 106/ml) were preinfected with promastigotes (1:5 cell/parasite
ratio) at 33°C for 4 h. Preinfected neutrophils were washed and added to a Mo monolayer
(1:10 Me/neutrophil ratio). After incubation at 33°C for 3 d, DNA samples were extracted
for parasite load analysis by real-time PCR.

Neutrophil elastase and myeloperoxidase activity assay

TG-elicited purified peritoneal neutrophils (1 x 107/ml in sera-free medium) from WT and
IFNAR™~ mice were infected with promastigotes at a 1:2 cell/parasite ratio at 33°C in the
absence or presence of LPS (20 ng/ml) for 6 h. The activities of neutrophil elastase (NE) and
myeloperoxidase (MPO) were measured by EnzChek activity assay kits (Molecular Probes,
Eugene, OR).

Neutrophil apoptosis

TG-elicited purified peritoneal neutrophils from WT, IFNAR™~, or STAT1 ™/~ mice were
infected with promastigotes at the indicated ratios at 33°C in the absence or presence of
IFN-a (200 U/ml) or IFN-y (100 ng/ml). Eighteen hours later, neutrophils were stained with
PE-conjugated anti-Gr-1, FITC-conjugated Annexin V, and 7-aminoactinomycin D (7-
AAD) (BD Biosciences). The percentages of apoptotic Gr-1* neutrophils were analyzed
based on positive-staining for Annexin V but negative-staining for 7-AAD™ by FACS.

Neutrophil coinjection and adoptive cell transfer

TG-elicited purified peritoneal neutrophils (2 x 108) from WT or IFNAR™~ mice were
coinjected with 1 x 10% promastigotes in the ear of recipient mice. Parasite loads at 2 wk
were determined by real-time PCR. For adoptive cell transfer, neutrophils were purified
from bone marrow and adoptively transferred into recipients through the tail vein (5 x 108
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cells in 200 pl HBSS). One day later, recipient mice were infected with 1 x 10°
promastigotes in the ear. Parasite loads at 1 and 2 wk were determined by real-time PCR.

Statistical analysis

Results

The comparison between two different groups was determined by using the two-tailed
Student t test. The tests were performed by using GraphPad Prism, version 4.00, for
Windows (GraphPad Software, San Diego, CA).

IFNAR™~ mice develop an attenuated cutaneous leishmaniasis

Although type | IFNs play a protective role in the control of L. major infection (17, 18),
there is no direct evidence for the role of endogenous type | IFNs in leishmaniasis. In this
study, we used IFNAR™~ mice to investigate the role of type I IFN signaling in cutaneous
leishmaniasis induced by L. amazonensis parasites. Surprisingly, we found that L.
amazonensis-infected IFNAR ™'~ mice developed an attenuated disease, with significantly
smaller lesions and lower parasite loads in foot tissues, compared with WT controls (Fig.
1A, 1B). Serum parasite-specific 1gG1 titers at 4 and 8 wk and 1gG2a titers at 8 wk from
IFNAR™~ mice were also lower than those from WT controls (Fig. 1C). To ascertain
whether this attenuated disease in IFNAR™~ mice was due to an enhanced Th1 response, we
evaluated cytokine production from draining LN cells following Ag restimulation in vitro.
As shown in Fig. 1D, the production of IFN-y and IL-10 in LN cells of IFNAR™~ mice was
significantly lower than that of WT mice at 2, 4, and 8 wk. The similar results were
confirmed by intracellular cytokine production at the single-cell level (Fig. 1E). Therefore,
the attenuated disease in L. amazonensis-infected IFNAR™~ mice correlated to a reduced,
rather than enhanced, adaptive response. In self-healing cutaneous leishmaniasis models
caused by L. braziliensis or L. major infection, infected IFNAR™~ mice also developed
smaller lesions that healed faster than did those in WT controls (Supplemental Fig. 1).
Together, these results suggest an attenuated cutaneous leishmaniasis in IFNAR™~ mice.

Limited parasite growth at very early stages in IFNAR™~, but not STAT1™/~ mice

We showed that the early events at the inoculation site determine parasite survival and
disease outcome in Leishmania-infected mice (23). To define the contribution of innate
immunity, we used an ear infection model to quantify tissue parasite loads and host
responses during the first few days. As shown in Fig. 1F, even by day 3, IFNAR™~ mice
had significantly lower parasite loads in ear tissues than did the WT controls (p < 0.01);
however, the coinjection of IFN-a with parasites significantly enhanced tissue parasite loads
in WT mice at days 3 (p < 0.05) and 7 (p < 0.01). Parasite loads in IFNAR™/~ mice were
consistently lower than those in their WT controls at days 7 and 14 (p < 0.001). Because
STAT1 is critical for types 1 and Il IFN signaling, we infected STAT1~/~ mice and found no
major differences in tissue parasite loads compared with those in WT mice at day 14 (Fig.
1G). These results suggest that the reduced parasite growth in IFNAR™~ mice is mediated
by a STAT1-independent mechanism.
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We also examined histological changes in ear tissues and in situ cytokine/chemokine gene
expression by microarray analysis. As shown in Fig. 2, except for a more extensive cellular
influx at day 1, IFN-a—treated mice displayed comparable tissue responses compared with
those in WT controls during our observation period. Of note, although IFNAR ™~ mice
exhibited comparable cellular infiltration at days 1 and 2, cellular infiltrates in these mice
seemed to be milder at days 3 and 7 (Fig. 2, data not shown). In contrast to the prominent
Mo infiltration in the other two groups at day 7, neutrophil clusters were readily detected in
IFNAR™~ mice (Fig. 2, bottom panel). These pathological changes may be related to the
differential expression of cytokine/chemokine genes (Supplemental Fig. 2). For example,
IFNAR™~ mice expressed relatively high levels of secreted phosphoprotein 1 (Spp1), TNF-
a, IL-1p, CXCL2, and CCL4 at day 1, but favored the expression of CXCL9, CCR2, IFN-y,
IL-10, and TGF-p1 at day 3.

IFNAR™~ mice display a unique profile for neutrophil and monocyte/M¢ recruitment

Neutrophils are the first line of host defense and are rapidly recruited to the site of
Leishmania inoculation (25). For the ease of defining the phenotype of early infiltrates, we
first used a peritoneal injection model, in which 2 x 107 promastigotes were injected. At 6 h
postinjection, WT mice predominantly recruited CD11b*Gr-1* neutrophils that were also
positive for Ly-6C and Ly-6G (Fig. 3A). However, at 24 h, two distinct Gr-1* cell
populations were detected: CD11b*Gr-1*F4/80*Ly-6C*Ly-6G™~ inflammatory monocytes
and CD11b%4iMGr-1*F4/80~Ly-6C*Ly-6G* neutrophils. A third population (CD11b*Gr-1~
cells) represented the residential Mos, as previously reported (26). The surface markers and
morphology of these cell populations were confirmed by using Image Stream analysis (Fig.
3A) and Diff-Quik staining (Supplemental Fig. 3), respectively. Using these markers, we
then examined cellular recruitment in WT and IFNAR™~ mice. As shown in Fig. 3B, both
mouse strains contained ~30% of CD11b*Gr-1"F4/80" residential Mos prior to parasite
injection, as well as comparable percentages (~74%) of CD11b*Gr-1* (Ly-6C*Ly-6G™)
neutrophils at 6 h post injection. However, IFNAR™~ mice recruited significantly higher
percentages of CD11b4iMGr-1* (F4/80-Ly-6C*Ly-6G*) neutrophils than did WT mice at 24
h (24% versus 11%) and at 48 h (4.6% versus 1.6%), a finding suggestive of a strong and
sustained recruitment of neutrophils in IFNAR™~ mice. This conclusion was supported by
the significantly high numbers of Ly-6G*Ly-6C* neutrophils recovered from IFNAR ™~
mice at 6-48 h (Fig. 3C). In contrast, WT mice recruited 6-8-fold more
CD11b*Ly-6C*Ly-6G™ inflammatory monocytes than did the IFNAR™~ mice (Fig. 3B,
right panel). The similar trends in the recruitment of neutrophils and inflammatory
monocytes were observed following i.p. injection of L. major promastigotes (Supplemental
Fig. 4) and L. brazliensis promastigotes (data not shown).

To confirm these findings and to explore the possible mechanism underlying the differential
recruitment of neutrophils and inflammatory monocytes, we generated cell-free supernatants
from WT or IFNAR™'~ peritoneal exudates and injected them with parasites into two strains
of recipients. We found that although both types of supernatants induced a 2-3-fold increase
in total peritoneal cells compared with a PBS control at 24 h post transfer (data not shown),
the supernatants from IFNAR ™~ mice greatly promoted the recruitment of CD11b*Ly-6G*
neutrophils in WT recipients (36% = 7.7% versus 21% + 2.8%) (Fig. 3D, left panel).

J Immunol. Author manuscript; available in PMC 2014 September 09.
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However, no major differences were observed for the recruitment of CD11b*Ly-6C*
inflammatory monocytes in the recipients (Fig. 3D, right panel). These results point to the
possibility that enhanced neutrophil recruitment in IFNAR™~ mice is due to the production
of soluble factors in the supernatants.

Importantly, our data from the ear infection model validated and extended these findings. At
1, 2, and 7 d, we consistently detected greater percentages of CD11b*Ly-6G* neutrophils
(Fig. 4A, upper row) and significantly greater numbers of neutrophils (Fig. 4B) from the ear
tissues of IFNAR™~ mice than from WT controls, although both mouse strains displayed
similar kinetics of neutrophil recruitment (Fig. 4B). In sharp contrast to the favored
neutrophil recruitment, IFNAR ™~ mice were less favored for the recruitment of
inflammatory monocytes than were the WT controls, as judged by their low percentages of
CD11b*Ly-6C* cells (Fig. 4A, lower row) and the significantly low numbers of
inflammatory monocytes recovered, especially at day 7 (Fig. 4C). Furthermore, following
gene-expression analysis of infected tissues, there was an elevated expression of neutrophil
chemokine Cxcl2, as well as other inflammatory cytokines, such as Sopl and IL-1b (Fig.
4D), which correlated to the enhanced neutrophil recruitment at days 1 and 2 in IFNAR™~
mice. However, in WT mice, the expression levels of Ccl2 and Ccl5 at day 7 seemed to
correlate with the favored recruitment of inflammatory monocytes (Fig. 4D). In addition, we
detected comparable percentages of neutrophils and monocytes in the blood of naive or
infected mice and in the draining LNs of naive WT and IFNAR™~ mice (Supplemental Fig.
5A) but a decreased recruitment of inflammatory monocytes at day 7 in the draining LNs of
IFNAR™~ mice (Supplemental Fig. 5B). Together, our studies with a panel of surface
markers, different infection models, and cells derived from different locations confirmed an
early and efficient neutrophil influx, which was accompanied by a limited recruitment of
inflammatory monocytes, to the inflamed tissues in IFNAR™~ mice. This differential
cellular recruitment is likely due to the differential production of cytokines and chemokines
at early stages of parasite—host interaction.

IFNAR™~ neutrophils promote parasite killing in vitro

Because neutrophils can influence L. major infection through direct interaction with Mos
(27), we investigated the potential of parasite growth control in neutrophils and Mes in
vitro. As shown in Fig. 5A, peritoneal Mos derived from WT and IFNAR™~ mice contained
comparable parasite loads at 3 d postinfection with L. amazonensis parasites and efficiently
killed parasites following treatment with LPS plus IFN-y, suggesting no overt differences at
the Mo level. When TG-elicited peritoneal neutrophils derived from WT and IFNAR™~
mice were infected with promastigotes (1:5 cell/parasite ratio), comparable infection rates
(~50-60%) were reached at 4 h postinfection, suggesting no major differences in the uptake
of parasites in two types of neutrophils. To mimic a natural infection setting (25), we
cocultured preinfected neutrophils with Mos (10:1 neutrophil/Me ratio) under different
combinations for 3 d and examined parasite loads in the cultures by real-time PCR. We
found that the coculture of infected IFNAR™~, but not WT, neutrophils with either source of
Mas resulted in a significant reduction in parasite loads (Fig. 5B; p < 0.01). As a control, we
did similar studies with cells derived from STAT1~/~ mice. As expected, STAT17~ Mgs
failed to control parasite growth in response to LPS/IFN-y treatment (Fig. 5A); however,
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STAT1~/~ neutrophils were incompetent in promoting parasite killing in the coculture
system (Fig. 5B). Therefore, IFNAR™~, but not WT or STAT1~/~, neutrophils exhibited
unique features in promoting parasite killing.

IFNAR™~ neutrophils efficiently release enzymes and have a fast turnover rate

Upon phagocytosis or activation, neutrophils can release antimicrobial molecules and
enzymes from the azurophilic granules, such as MPO and NE, which promote killing of
bacteria (28) and Leishmania parasites (29). We tested whether parasite infection can trigger
MPO and/or NE release from TG-elicited peritoneal neutrophils and whether such responses
are favored in IFNAR™ neutrophils. Infected IFNAR™~ neutrophil cultures showed
significantly enhanced NE and MPO activities (Fig. 5C, 5D) compared with the cultures
from WT controls. The enhanced release of MPO and NE in IFNAR™~ neutrophils was also
observed after treatment with a low dose (20 ng/ml) of LPS (Fig. 5C, 5D). In addition to
having microbicidal activities, neutrophils can produce immunoregulatory cytokines to
trigger or shape the adaptive immune response (30). We next investigated cytokine
production from peritoneal WT and IFNAR ™~ neutrophils at 6 h after parasite injection via
intracellular staining. We detected comparable percentages of IFN-y* and TNF-a*
neutrophils, as well as low percentages of IL-12* and IL-10* neutrophils, in the two groups
of mice (Supplemental Fig. 6).

Given that apoptotic neutrophils can greatly modulate M¢ function and influence the fate of
parasites in Mos (27, 31), we tested whether enhanced parasite killing in IFNAR™~ mice is
due to altered neutrophil apoptosis. TG-elicited peritoneal neutrophils were incubated with
L. amazonensis parasites for 18 h. We found that IFNAR™~ neutrophils showed relatively
greater spontaneous and parasite-induced apoptosis than did the WT controls, as judged by
the percentages of Annexin V* 7-AAD™ cells gated on Gr-1* cells (23% versus 18% without
parasites, or 45% versus 33% at 1:1 infection ratio) (Fig. 5E). As expected, the addition of
IFN-a decreased apoptosis in WT neutrophils (32); however, such treatment had no effect
on IFNAR™" cells (Fig. 5E). STAT1~/~ neutrophils responded similarly to those in WT
controls, with the exception of their defective responses to IFN-y (Fig. 5F). Similarly, L.
major-infected IFNAR™~ neutrophils showed significantly greater levels of apoptosis than
did the WT controls (Supplemental Fig. 7). Collectively, these results indicate that an
efficient release of granular enzymes and IFN-y and a fast turnover rate in IFNAR ™/~
neutrophils may contribute to the enhanced parasite killing in these mice.

Coinjection and adoptive transfer of WT neutrophils promote parasite growth in vivo

To examine the role of neutrophils in vivo, we took two complementary approaches: WT or
IFNAR™~ neutrophils (purified from TG-elicited peritoneal cells) were coinjected with
promastigotes or adoptively transferred into two types of recipients 1 d prior to the infection.
First, we found that coinjection of WT neutrophils with parasites into WT mice or
IFNAR™~ mice resulted in significantly greater tissue parasite loads than did the injection of
IFNAR™~ counterparts, regardless of the type of recipient (Fig. 6A). Second, we adoptively
transferred purified neutrophils derived from the bone marrow of WT or IFNAR™'~ donors
into IFNAR™~ recipients 1 d prior to parasite infection. It was evident that the adoptive
transfer of WT neutrophils significantly promoted parasite growth at 1 wk (Fig. 6B) and 2
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wk post infection (Fig. 6C). Together, these results suggested an infection-promoting effect
of WT neutrophils and they indicated that the deficiency of IFNAR in neutrophils impaired
such an effect.

Discussion

Contrary to a previous report showing a protective effect of exogenous IFN- against L.
major infection in susceptible mice (18), our study, for the first time, indicates a detrimental
role for endogenous type I IFN signaling in host defense against nonhealing cutaneous
leishmaniasis caused by L. amazonensis parasites. Consistent with previous studies, which
demonstrated that the lack of type I IFN signaling impaired the production of inflammatory
cytokines/chemokines (e.g., IFN-y, TNF-a, IP-10, and inducible NO synthase) in different
infection models (3, 4, 6), we also found that the attenuated cutaneous leishmaniasis in
IFNAR™~ mice was due to a reduced, rather than an enhanced, Th1 response (Fig. 1).
Because Leishmania parasites preferentially infect and replicate within poorly activated or
alternatively activated Mes, the local cytokine/chemokine milieu that favors monocyte/Mo
recruitment and/or parasite replication could promote disease progression rather than
infection control. Our previous studies indicated that treatment with IFN-y enhanced the
replication of L. amazonensis amastigotes in Mos in vitro (33) and that the administration of
IL-1P exacerbated lesion development in mice (34). Therefore, the IFNAR deficiency may
reduce the inflammatory and immune responses by altering leukocyte recruitment and
cytokine/chemokine production. This study reveals an important role for type I IFNs in
regulating neutrophil/monocyte recruitment, neutrophil turnover, and Leishmania infection.

CD11b* Gr-1* (Ly-6C*) inflammatory monocytes play an essential role in host—pathogen
interactions because they can differentiate in situ into tissue Mos and dendritic cells (26,
35); regulate adaptive immune responses, such as Thl response development (36); and
participate in host defenses against microbial infection (37). Yet, the factors that regulate the
immigration of these inflammatory monocytes are a matter of debate. CCR2 expression is
known to be a key player in monocyte migration, especially in terms of its emigration from
the bone marrow (38), whereas the involvement of CX3CR1, CCR6, and P-selectin
glycoprotein ligand-1 are also reported (39-41). A recent study also suggests a role for a
TLR7-mediated innate signaling pathway in the recruitment of inflammatory monocytes
(42). In this study, we found that IFNAR deficiency caused a defective recruitment of
inflammatory monocytes into the peritoneal cavity and ear skin and skin-draining LNs (Figs.
2-4). Considering the similar levels of CD11b*Ly-6C* monocytes in the blood of naive and
infected WT and IFNAR™~ mice (Supplemental Fig. 5), we speculate that IFNAR
deficiency does not affect the emigration of monocytes from bone marrow but rather impairs
the recruitment of these cells into inflamed tissues, probably because of the reduced
production of inflammatory mediators, such as CCL2 and CCL5 (Fig. 4D, Supplemental
Fig. 2). Further studies are ongoing to define the regulation of monocyte recruitment-related
chemokines by type | IFN signaling. Regardless of the regulation mechanisms, we believe
that the defective/delayed recruitment of monocytes (safe targets for Leishmania replication)
partially contributes to the limited parasite replication at the inoculation site, and that
monocytes/Mos, by themselves, are insufficient to control parasite growth in vitro (Fig. 5A).
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In the current study, it is unclear which cell type(s) produce type I IFNs during initial
responses to Leishmania parasites. Some studies indicated that plasmacytoid dendritic cells,
rather than myeloid dendritic cells, can produce appreciable levels of IFN-a/f following
infection with different species of Leishmania via a TLR9-dependent mechanism (16),
whereas other studies suggested that inflammatory monocytes are the predominant source of
type | IFNs (43). Given that inflammatory monocytes are the rapidly recruited population in
our peritoneal injection and cutaneous leishmaniasis models, it is possible that inflammatory
monocytes contribute to initiate type | IFN production; we are investigating this possibility.

We have provided solid evidence that a rapid and sustained recruitment of neutrophils is a
unique feature in the early stages of L. amazonensis infection in IFNAR™~ mice (Figs. 3, 4).
The efficient neutrophil recruitment in these mice is most likely due to the production of
soluble factors, because the soluble factors produced in the IFNAR™~ mice directly
promoted the recruitment of neutrophils but not inflammatory monocytes (Fig. 3D).
Although the nature of the soluble factors in these supernatants was not examined in this
study, we speculate that there may be an involvement of Sppl, IL-15, and CXCL2 because
of their early induction and high expression levels in the ear tissues in infected IFNAR™~
mice (Fig. 4D, Supplemental Fig. 2). It was reported that the activation of the IL-1R/MyD88
signaling pathway in resident skin cells is critical for neutrophil recruitment in bacterial
infection (44). Of relevance to this study, Shahangian et al. (7) recently demonstrated that
the induction of type I IFNs by primary influenza virus infection inhibited the production of
keratinocyte-derived chemokine (KC/CXCL1) and CXCL2, resulting in impaired neutrophil
responses against a secondary challenge with S. pneumoniae. Therefore, results from our
Leishmania infection study support the view that endogenous or viral-induced type | IFN
signaling can negatively regulate the production of neutrophil-recruiting cytokines/
chemokines and that the lack of IFNAR promotes the production of such molecules and
rapid influx of neutrophils to the infection site.

The function of recruited neutrophils in the fate of engulfed Leishmania parasites and the
outcome of infection are subjects of active research. It was proposed that neutrophils can act
like “Trojan horses” for harboring and transporting parasite into Mos (45). Peters et al. (25)
revealed via in vivo imaging that neutrophils can efficiently capture L. major parasites
delivered by sand flies or needles and that neutrophils can release live parasites and undergo
apoptosis. Therefore, neutrophils may promote Leishmania infection by rescuing/protecting
promastigotes from death in the extracellular space or by facilitating parasite infection in
monocytes/Mes. Using neutralizing Abs, some studies showed that neutrophil depletion
reduced lesion development in L. major-infected susceptible mice (46), but it increased
parasite loads in L. major or L. braziliensis infection in genetically resistant strains of mice
(47, 48). However, the opposite results were observed by Peters et al. (25). A recent study
showed that although most Leishmania donovani parasites were rapidly killed by
phagocytosis, only a small number of parasites targeted to the nonlytic compartments of the
cells survived in neutrophils (49). Collectively, these studies highlight a critical, but
complex, role for neutrophils in Leishmania infection. We propose that the net (detrimental
versus protective) effects of neutrophils are influenced by the intrinsic sensitivity of
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Leishmania spp. to neutrophil-based killing mechanisms and the activation status of
neutrophils.

The formation of neutrophil extracellular traps (NETS) is one possible mechanism
underlying microbial killing by neutrophils. NETs are composed of decondensed chromatin
mixed with deiminated histones and a panel of granular proteins/peptides, including MPO
and NE (50, 51). It was shown that infection with L. amazonensis promastigotes can trigger
NET formation, parasite entrapment, and parasite killing (52) and that pretreatment of L.
amazonensis promastigotes with histone proteins H2A and H2B markedly reduced parasite
survival and infectivity in Mos (Y. Wang, L. Xin, V. Popov, S.M. Beverley, K-P. Chang, M.
Wang, and L. Soong, manuscript in preparation). However, it remains unclear whether and
how NET and histone proteins contribute to the outcome of infection in vivo. The most
interesting and important findings in this study are the detrimental role of WT neutrophils in
promoting parasite infection in vivo and the protective role of IFNAR™~ neutrophils in
limiting parasite infection in vitro and in vivo (Figs. 1, 5, 6). It is evident from this study
that, in the absence of IFNAR, there was an increased and sustained neutrophil influx at the
infection site, along with an increased release of antimicrobial molecules from neutrophils
and fast turnover of neutrophils. At least under in vitro conditions, the efficient killing of
parasites was determined by IFNAR ™~ neutrophils, not IFNAR™~ Mgs or WT neutrophils
(Fig. 5B). Although the molecular details about how the IFNAR™~ neutrophils interact with
parasites in vivo require further investigation, we speculate that activating the IFNAR
signaling pathway via exogenous IFN-a (Figs. 1, 2) or concurrent viral infection may have a
detrimental effect on Leishmania infection.

Neutrophil apoptosis is an important step in Leishmania infection. It was reported that L.
major infection can delay the apoptosis of human blood-derived neutrophils (53) and that
engulfing infected/apoptotic neutrophils promotes silent invasion of parasites into Ms (45).
We used elicited peritoneal neutrophils that mimic the infiltrated neutrophils in tissues and
found that L. amazonensis infection actually promoted apoptosis of murine neutrophils (Fig.
5). At this stage, it is unclear whether the discrepancy observed in these studies is due to
different host cell sources, parasite species, or experimental settings. Nevertheless, our
neutrophil infection rates (~50-60% at 4 h postinfection) were consistent with reports on
phagocytosis-induced neutrophil apoptosis through CD11b/CD18 (54). Given that type |
IFNs can inhibit neutrophil apoptosis through the PI3K signaling pathway (32), it is not
surprising that the deficiency of IFNAR promoted spontaneous or infection-induced
neutrophil apoptosis (Fig. 5). Because the uptake of apoptotic neutrophils (not B cells) or
neutrophil granules increased the antimicrobial activity of Mes against intracellular
mycobacteria and parasites (27, 31), it is possible that the increased apoptosis in L.
amazonensis-infected IFNAR ™~ neutrophils indirectly contributes to parasite killing in
Mos.

In summary, the highlight in this study is that type I IFN signaling regulates the innate
immunity to Leishmania infection through several mechanisms, including the differential
recruitment and activation of neutrophils and inflammatory monocytes. The sustained
recruitment of neutrophils, but limited recruitment of monocytes, at an early stage of
infection would regulate the availability of monocytes (safe targets) for parasites. The
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efficient influx and fast turnover of neutrophils and the enhanced release of granular
enzymes can promote neutrophil-mediated parasite killing. Thus, regulating type I IFN
signaling is an important means for regulating innate immunity to intracellular protozoan
parasites and the outcome of the infection.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Attenuated disease in L. amazonensis-infected IFNAR™~ mice. WT and IFNAR™~ mice (n

= 3-4 per group) were infected s.c. with 2 x 10 promastigotes in the right hind foot. A,
Lesion sizes were monitored weekly. B, Parasite loads at 4 and 8 wk were measured by a
limiting dilution assay. C, Ag-specific 1IgG1 and 1gG2a in sera at 8 wk were determined by
ELISA. D, Draining LN cells at 2, 4, and 8 wk were restimulated with parasite lysates for 72
h. IFN-y and IL-10 in the supernatant were measured by ELISA. Results shown are pooled
from three independent repeats. E, Intracellular cytokines (IFN-y and IL-10) from CD4* T
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cells in draining LN cells at 4 wk were measured by ex vivo restimulation with PMA/
ionomycin. F, WT and IFNAR ™~ mice (n = 12) were injected i.d. in the ear with 1 x 10°
promastigotes in the absence or presence of IFN-a (200 U/mouse). Parasite numbers per ear
at indicated days postinfection were estimated by real-time PCR. *p < 0.05; **p < 0.01;
**xp < 0.001. G, WT and STAT1™~ mice (n = 6) were similarly infected. Parasite numbers
per ear were estimated at 14 d postinfection by real-time PCR.
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FIGURE 2.
Cellular infiltration in infected ear tissues at very early stages. WT and IFNAR™~ mice were

injected i.d. in the ear with 1 x 108 promastigotes in the absence or presence of IFN-a (200
U/mouse). Tissue sections were collected at the indicated days post infection and stained
with H&E. The lower panels for day 7 represent an enlarged view of the boxed areas. The
arrows point to Mes, and the arrowheads point to a cluster of neutrophils. Upper two panels,
original magnification x100; middle two panels, original magnification x200; lower panel,
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original magnification x400. Representative results from one of three independent repeats
are shown.
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FIGURE 3.

Neutrophil and monocyte recruitment following injection with parasites. WT and IFNAR ™~
mice (n = 3 per group) were injected i.p. with 2 x 107 promastigotes. At the indicated time
points, peritoneal cells were collected, stained with different markers, and analyzed by
FACS. A, The expression of F4/80, Ly-6C, and Ly-6G was analyzed on Gr-1* populations
from WT mice at 6 and 24 h. B, The percentages of peritoneal subsets from WT and
IFNAR™~ mice were examined by staining with CD11b and Gr-1 (l&ft panel), and the
percentages of CD11b*Ly-6C* inflammatory monocytes and CD11b*Ly-6C~ monocytes at
24 and 48 h were confirmed by FACS (right panel). C, The numbers of peritoneal
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Ly-6G*Ly-6C* neutrophils were calculated at the indicated time points. Results shown are
pooled from three independent repeats. *p < 0.05; **p < 0.01. D, Peritoneal exudates were
collected at 24 h post injection, and cell-free supernatants were injected together with
promastigotes into WT or IFNAR™~ (KO Sup) mice; 24 h later, the percentages of
neutrophils and monocytes were analyzed by FACS. The percentages of neutrophils are
shown as mean + SD from three repeats, and the representative results for inflammatory
monocytes are from one of three independent repeats.
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FIGURE 4.

Recruitment of neutrophils and monocytes into infected ear tissues. WT and IFNAR™~ mice
(n = 3—4 per group) were injected i.d. with 1 x 10% promastigotes in the ear. A, At 1, 2, and 7
d of infection, ear tissue cells were collected and stained with the indicated markers for
FACS analysis. Shown are the percentages of neutrophils and monocytes. Data are
presented as mean + SD pooled from two independent repeats. The absolute numbers of
tissue neutrophils (B) and inflammatory monocytes (C) were calculated at the indicated time
points. Results shown are pooled from two independent repeats. *p < 0.05; **p < 0.01. D,

J Immunol. Author manuscript; available in PMC 2014 September 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Xinetal.

Page 24

The expression levels of indicated genes in infected ear tissues were analyzed by real-time
PCR. Data are presented as relative changes in gene expression (fold) normalized to the 18S
gene and are representative results from two independent repeats.
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FIGURE 5.
IFNAR ™~ neutrophils promote parasite killing. A, TG-elicited peritoneal Ms from WT,

IFNAR™=, and STAT1~~ mice were infected with promastigotes in the absence or presence
of LPS (100 ng/ml) plus IFN-y (100 ng/ml) at a cell/parasite ratio of 1:10 for 3 d. Parasite
loads were determined by real-time PCR. B, TG-elicited peritoneal PMNSs purified from
WT, IFNAR ™~ and STAT1~/~ mice were preinfected with promastigotes (1:5 cell/parasite
ratio) for 4 h. After washing, infected neutrophils were cocultured with peritoneal Mos (10:1
PMN/Mg ratio) for 3 d. Parasite loads were determined by real-time PCR. C and D, TG-
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elicited peritoneal neutrophils (1 x 107/ml) were infected with promastigotes in the absence
or presence of LPS (20 ng/ml) at a cell/parasite ratio of 1:2 at 33°C for 6 h. NE activity (C)
and MPO content (D) were measured in the supernatants. E and F, TG-elicited peritoneal
neutrophils purified from WT, IFNAR™~ (E), and STAT17/~ (F) mice were infected with
promastigotes in the absence or presence of IFN-a (200 U/ml) or IFN-y (100 ng/ml) at the
indicated cell/parasite ratios for 18 h. Neutrophil apoptosis in Gr-1-gated cells was assayed
by staining with Annexin V and 7-AAD, respectively. The numbers indicate the percentages
of positively stained cells. Representative results are shown from three independent repeats.
*p < 0.05; **p < 0.01. PMN, polymorphonuclear neutrophil.
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Coinjection or adoptive transfer of WT neutrophils promotes parasite growth in vivo. A, TG-
elicited peritoneal neutrophils (2 x 108) purified from WT or IFNAR™~ mice were
coinjected with 1 x 10% promastigotes in the ear of WT or IFNAR™" recipients. Parasite
numbers per ear at 2 wk postinfection were estimated by real-time PCR. B and C,
Neutrophils were purified from bone marrow of WT or IFNAR™~ mice and adoptively
transferred into IFNAR™" recipients through the tail vein. One day later, recipient and
control IFNAR ™~ mice were injected with 1 x 108 promastigotes in the ear. Parasite

J Immunol. Author manuscript; available in PMC 2014 September 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Xinetal.

Page 28

numbers per ear at 1 wk (B, n = 14) and 2 wk (C, n = 8) of infection were estimated by real-
time PCR. *p < 0.05; **p < 0.01.
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