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ABSTRACT The skin microenvironment at the site of infection plays a role in the
early events that determine protective T helper 1/type 1 immune responses during
cutaneous leishmaniasis (CL) infection. During CL in nonhealing BALB/c mice, early
interleukin-4 (IL-4) can instruct dendritic cells for protective Th1 immunity. Addition-
ally, keratinocytes, which are the principal cell type in the skin epidermis, have been
shown to secrete IL-4 early after Leishmania major infection. Here, we investigated
whether IL-4/IL-13 signaling via the common IL-4 receptor alpha chain (IL-4R�) on
keratinocytes contributes to susceptibility during experimental CL. To address this,
keratinocyte-specific IL-4R�-deficient (KRT14cre IL-4R��/lox) mice on a BALB/c genetic
background were generated by gene targeting and site-specific recombination (Cre/loxP)
under the control of the keratinocyte-specific krt14 locus. Following high-dose infection
with L. major IL-81 and LV39 promastigotes subcutaneously in the footpad, footpad
swelling, parasite burden, IFN-�/IL-4/IL-13 cytokine production, and type 1 and type 2
antibody responses were similar between KRT14cre IL-4R��/lox and littermate control IL-
4R��/lox BALB/c mice. An intradermal infection with low-dose L. major IL-81 and LV39
promastigotes in the ear showed results in infected KRT14cre IL-4R��/lox BALB/c mice
similar to those of littermate control IL-4R��/lox BALB/c mice, with the exception of a
significant decrease observed in parasite burden only at the site of LV39 infection in the
ear. Collectively, our results show that autocrine and paracrine signaling of IL-4/IL-13
through the IL-4R� chain on keratinocytes does not influence the establishment of a
nonhealing Th2 immune response in BALB/c mice during L. major infection.
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Murine studies in leishmaniasis provide a well-established model to investigate the
T helper (Th) Th1/Th2 paradigm observed during Leishmania major infection.

While a polarized Th1 immune response is associated with host protective immunity to
L. major infection, a polarized Th2 immune response is affiliated with susceptibility
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to the disease (1–3). Th1 immunity during L. major infection is characterized by
classical activation of macrophages via the cytokines interferon gamma (IFN-�) and
interleukin-12 (IL-12), while Th2 immunity is characterized by alternative activation of
macrophages via the production of various cytokines, including IL-13, IL-5, and, pri-
marily, IL-4, which signals via the IL-4 receptor alpha chain (IL-4R�). Previous studies
have demonstrated that a resistant phenotype was observed in C57BL/6 mice (healer
strain) infected with L. major, while BALB/c mice (nonhealer strain) were susceptible to
cutaneous leishmaniasis (CL) (2, 4–7). While the general understanding is that IL-4
induces a Th2 response detrimental to CL, there have been studies demonstrating that
the early production of IL-4 at the site of infection in BALB/c mice drives a beneficial Th1
response under the instruction of dendritic cells (DCs) (8, 9). This phenomenon is
further supported by the fact that both BALB/c and C57BL/6 mouse strains secrete IL-4
early after L. major infection, which is sustained in susceptible but transient in resistant
mice (10). The skin, which serves as an immune organ (11), is the primary site of
infection during cutaneous leishmaniasis (1). During a blood feed, the female phle-
botomine sandfly deposits L. major promastigotes into the skin. The promastigote
parasites must pass through this skin barrier and its components to establish an
infection. The epidermal layer of the skin is composed primarily of keratinocytes, which
produce factors such as cytokines, among others (12). Thus, keratinocytes could provide
early signals at the site of L. major infection to initiate distinct immune effector
responses. Indeed, infection with L. major IL-81 promastigotes has been shown to
induce keratinocytes to rapidly secrete IL-12, IL-1�, and IL-4 in C57BL/6 mice. This
suggests that keratinocytes provide the source of early IL-4 that may instruct DCs to
drive the host beneficial Th1/type 1 response (13). As keratinocytes express surface IL-4
receptor, these cells are capable of both autocrine and paracrine stimulation (14, 15).
We recently demonstrated that C57BL/6 mice deficient for IL-4R�-responsive keratin-
ocytes were able to develop a protective Th1/type 1 effector response to L. major LV39
infection (16). However, considering that the impact of IL-4-mediated DC instruction
was most pronounced in the susceptible BALB/c background in response to more
virulent and less virulent strains of parasites, the role of early IL-4 signaling on
keratinocytes needs to be investigated on a nonhealer BALB/c genetic background
during cutaneous leishmaniasis to fully elucidate effector immune responses in re-
sponse to infection with more virulent and less virulent L. major strains. Here, we
extended our recent study by generating keratinocyte-specific IL-4R�-deficient mice on
a BALB/c genetic background (KRT14cre IL-4R��/lox mice) to analyze disease progres-
sion and host immune responses following infection with the L. major strain IL-81 (a
highly virulent strain) as well as LV39 (less virulent strain). We successfully showed that
the IL-4R� signal on keratinocytes from KRT14cre IL-4R��/lox BALB/c mice was absent,
in contrast to the results for wild-type BALB/c mice. We found that during experimental
cutaneous leishmaniasis, KRT14cre IL-4R��/lox BALB/c mice were more susceptible to
infection, similar to littermate control IL-4R��/lox BALB/c mice, following subcutaneous
(s.c.) infection in the footpad or intradermal (i.d.) infection in the ear. Furthermore,
footpad swelling, parasite loads, IFN-�/IL-4/IL-13 production, and type 1 and type 2
antibodies were similar between both groups. Despite a significant decrease in parasite
burden seen at the site of infection after i.d. inoculation of L. major LV39, KRT14cre

IL-4R��/lox mice on the BALB/c genetic background still developed a nonhealing
response. Taking our results together, we revealed that deletion of IL-4R� signaling on
keratinocytes does not influence susceptibility of genetically susceptible BALB/c mice
to CL.

RESULTS
Genotypic and functional characterization of KRT14cre IL-4R��/lox BALB/c mice.

Genetically modified BALB/c mice expressing Cre-recombinase under the control of the
keratinocyte cell-specific locus krt14 (Jackson Laboratory) were intercrossed with IL-
4R��/� BALB/c mice (17) and IL-4R�lox/lox BALB/c mice (18) to generate KRT14cre

IL-4R��/lox mice (Fig. 1A). This breeding strategy avoids possible non-Mendelian Cre
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FIG 1 Characterization of KRT14cre IL-4R��/lox BALB/c mice. (A) Mouse breeding strategy. Transgenic BALB/c mice expressing cre-recombinase under the control
of the KRT14 promoter were intercrossed with IL-4R��/� BALB/c mice and IL-4R�lox/lox BALB/c mice to generate KRT14cre IL-4R��/lox mice. (B) Genotyping by
PCR analysis of tail DNA from KRT14cre IL-4R��/lox, IL-4R��/lox, IL-4R��/�, IL-4R��/�, and IL-4R�lox/lox mice and a negative water control is shown. The yielded

(Continued on next page)
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activities during early embryogenesis by reducing the substrate (lox), resulting in
increased Cre efficiency (19, 20). KRT14cre IL-4R��/lox BALB/c mice were identified by
PCR genotyping (Fig. 1B), as indicated by the presence of the 494-bp Cre band, 450-bp
LoxP band, and both the deleted and wild-type IL-4R� allele. Analysis of IL-4R� cell
surface expression on isolated ear keratinocytes (CD45� CD49� K14�) by flow cytom-
etry demonstrated efficient IL-4R� depletion on KRT14cre IL-4R��/lox keratinocytes,
which was apparent by the shift of IL-4R� expression and geometric mean fluorescence
intensity (GMFI) compared to that of wild-type BALB/c keratinocytes (Fig. 1C). As
expected, KRT14cre IL-4R��/lox mice were confirmed to have a regular cell surface
expression of IL-4R� on CD4� T cells, CD19� B cells, MHCIIhi CD11chi dendritic cells, and
MHCIIhi CD11c� CD11bhi macrophages in the cervical lymph node after L. major
infection (Fig. 1D). The expression of Desmocollin-1 (Dsc-1), a marker gene for keratin-
ocytes, can correlate with normal epidermal differentiation and development of kera-
tinocytes (21). Additionally, the presence of IL-4 has been shown to downregulate the
expression of Dsc-1 (22, 23). We therefore examined whether keratinocyte function
would be altered due to loss of IL-4R� on keratinocytes by measuring Dsc-1 expression
and treating with recombinant IL-4. IL-4 stimulation reduced mRNA expression of Dsc-1
in wild-type BALB/c but not keratinocytes isolated from KRT14cre IL-4R��/lox or IL-
4R��/� mice, confirming functionally unresponsive IL-4R� signaling in KRT14cre IL-
4R��/lox keratinocytes (Fig. 1E). These data provide evidence of efficient deletion of
IL-4R� on keratinocytes from KRT14cre IL-4R��/lox BALB/c mice while showing intact
IL-4R� surface expression on other lymph node cells and demonstrating no effect on
keratinocyte functionality.

KRT14cre IL-4R��/lox BALB/c mice remain susceptible to L. major infection, similar
to littermate control IL-4R��/lox BALB/c mice, during experimental cutaneous leish-
maniasis in the footpad. To determine whether IL-4R� signaling on keratinocytes at the
site of infection contributes to nonhealing disease during CL, KRT14cre IL-4R��/lox

BALB/c mice and appropriate controls (IL-4R��/lox BALB/c, IL-4R��/� BALB/c, and
C57BL/6 mice) were infected s.c. in the left hind footpad with stationary-phase pro-
mastigotes, either with 2 � 105 of the highly virulent L. major IL-81 strain (Fig. 2A) or
with a dose of 2 � 106 of the less virulent L. major LV39 strain (Fig. 2B). Importantly,
during both L. major IL-81 and L. major LV39 infections, KRT14cre IL-4R��/lox BALB/c
mice developed progressive footpad swelling, similar to littermate control IL-4R��/lox

BALB/c mice, and exhibited similarly high parasite loads in the infected footpads and
draining popliteal lymph nodes and dissemination to the spleen (Fig. 2). Global
IL-4R��/� BALB/c mice, which are generally resistant to L. major infection, had signif-
icantly less footpad swelling than littermate control IL-4R��/lox BALB/c mice during
infection with either strain (Fig. 2A). After infection with L. major IL-81, parasite loads of
global IL-4R��/� BALB/c mice in the footpad, popliteal lymph node, and spleen
appeared to be significantly lower than the loads in littermate control IL-4R��/lox

BALB/c mice (Fig. 2A). Upon infection with L. major LV39, the parasite loads in the
popliteal lymph nodes of global IL-4R��/� BALB/c mice appeared to be significantly
higher than those of the littermate control IL-4R��/lox BALB/c mice, which has been
observed previously (24), while parasite loads in the spleen were significantly lower, as
anticipated (Fig. 2B). As expected, genetically resistant C57BL/6 mice controlled the
development of lesions during acute infection with L. major IL-81 and LV39 (Fig. 2A and
B), correlating with low parasite loads in footpads, draining popliteal lymph nodes, and
spleens. Together, these results suggest that deletion of the IL-4R� chain on keratin-

FIG 1 Legend (Continued)
PCR products are indicated in base pairs. (C) Flow cytometry was performed to show IL-4R� expression on ear keratinocytes isolated from naive mice.
Keratinocytes were gated as CD45� CD49� K14�. (D) Flow cytometry was performed to show IL-4R� expression on nonkeratinocyte lymph node cells following
L. major infection, staining for Th cells (CD3� CD4�), B cells (CD19� B220�), dendritic cells (CD11c� MHCII�), and macrophages (CD11b� MHCII�). (E) Dsc-1
mRNA expression in keratinocytes. Primary keratinocytes were isolated from tails of adult BALB/c, KRT14cre IL-4R��/lox, and IL-4R��/� mice. Keratinocytes were
left unstimulated (�) or stimulated (�) for 24 h with 20 ng/ml of recombinant IL-4. Cells were isolated and Dsc-1 mRNA expression was assessed via qRT-PCR.
Values were normalized to hprt levels (n � 3 in each group; representative of two individual experiments shown). Statistical analysis for the mRNA expression
of Dsc-1 in keratinocytes was performed using a one-way analysis of variance (ANOVA), with Sidaks’s multiple-comparison test. **, P � 0.01.
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ocytes in BALB/c mice does not affect L. major disease progression when parasites are
subcutaneously injected into the footpad.

Absence of IL-4R� on keratinocytes in BALB/c mice has no functional effect on
cellular and humoral immune responses during L. major IL-81 infection in the
footpad. BALB/c mice are genetically susceptible to L. major infection and develop a
detrimental type 2 immune response (2, 25). We therefore evaluated the cellular and
humoral immune response in KRT14cre IL-4R��/lox BALB/c mice during L. major IL-81

FIG 2 KRT14cre IL-4R��/lox BALB/c mice are as susceptible to L. major as littermate control mice following footpad infection.
Mice were infected subcutaneously in the left hind footpad (FP) with stationary-phase L. major promastigotes at either 2 �
105 IL-81 (A) or 2 � 106 LV39 (B) (n � 5 to 7 mice per group). The change in footpad swelling (in mm) was measured at
weekly intervals. Parasite burden was determined at week 6 for panel A and week 8 for panel B by limiting dilution of
homogenized footpads, single-cell suspensions of the draining popliteal lymph nodes (pLN), and homogenized spleens
(SP). A representative of two individual experiments is shown with mean values � SEM. Statistical analysis was performed
with comparisons to the control IL-4R��/lox littermate mouse group as significant (*, P � 0.05; **, P � 0.01; ***, P � 0.001;
****, P � 0.0001), using a two-way ANOVA with Bonferroni posttests for change in swelling data and one-way ANOVA with
Dunnett’s multiple-comparison test for parasite load data.
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infection to determine whether these mice elicited a polarized Th2 immune response.
At 6 weeks postinfection, the frequencies of immune cell populations infiltrating the
popliteal draining lymph nodes were similar between KRT14cre IL-4R��/lox BALB/c and
the littermate control IL-4R��/lox BALB/c mice, as determined by flow cytometry and
cell surface staining (Fig. 3A and B). C57BL/6 mice at week 6 presented lower percent-
ages of the CD3� CD4� Th cells, possibly due to disease control at this stage, and
higher CD19� B lymphocytes and macrophages than susceptible littermate control
IL-4R��/lox BALB/c mice (Fig. 3A and B). Collectively, these results suggest that the
immune cell repertoire in the popliteal lymph node developed independently of
IL-4R�-responsive keratinocytes during L. major infection in KRT14cre IL-4R��/lox BALB/c
mice.

To investigate the impact of IL-4R� deficiency on keratinocytes in cytokine produc-
tion by CD4� Th cells during L. major IL-81 infection, single lymph node cell suspen-
sions were restimulated with phorbol myristate acetate (PMA)-ionomycin-monensin
and stained for intracellular cytokine production by flow cytometry (Fig. 3C). KRT14cre

IL-4R��/lox BALB/c mice showed frequencies of IFN-�/IL-4/IL-13 cytokines produced by
CD4� Th cells similar to those of littermate control IL-4R��/lox BALB/c mice (Fig. 3C). As

FIG 3 KRT14cre IL-4R��/lox BALB/c mice develop an immune response similar to that of littermate control mice following L. major IL-81 infection in the footpad.
At 6 weeks after L. major IL-81 infection, mice were sacrificed and popliteal draining lymph nodes (pLN) retrieved. Single-cell suspensions obtained from the
lymph nodes were surface stained for the following populations: CD4 (CD3� CD4�) T cells, CD8 (CD3� CD8�) T cells, and B cells (CD19� B220�) (A) and DC
(dendritic cells) (CD11chi MHCIIhi) and MF (macrophages) (CD11bhi CD11c� MHCIIhi) (B). (C) Lymph node cells were stimulated with PMA-ionomycin-monensin,
followed by staining for intracellular cytokine production. (D to F) Cells were restimulated with anti-CD3 and soluble leishmanial antigen (SLA) for 72 h, after
which cytokine production was measured with ELISA for (D) IFN-�, (E) IL-4 and (F) IL-13. (G) L. major-specific type 1 (IgG2a) and (H and I) type 2 antibodies (IgG1
and total IgE) were measured in sera from 6-week infected mice by ELISA. Data are representative of two experiments with mean values � SEM (n � 3 to 5
mice per group). Statistical analysis was performed with comparisons to the control IL-4R��/lox littermate mouse group as significant (*, P � 0.05; **, P � 0.01;
***, P � 0.001; ****, P � 0.0001), using 2-way ANOVA with Dunnett’s multiple-comparison test (A to F), two-way ANOVA with Bonferroni posttests (G and H)
and Mann-Whitney (nonparametric, unpaired t) test (I).
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previously reported (9), resistant C57BL/6 mice had higher production of IFN-� (al-
though not significant) and significantly lower production of IL-13 by CD4� Th cells
than the littermate control IL-4R��/lox BALB/c mice (Fig. 3C) following IL-81 infection in
the footpad. Total popliteal lymph node cells were also restimulated with soluble
leishmanial antigen (SLA) or mitogenic anti-CD3 to detect overall cytokine production
by the immune cell repertoire (Fig. 3D to F). Similar levels of production of IFN-� (Fig.
3D), IL-4 (Fig. 3E), and IL-13 (Fig. 3F) were observed in KRT14cre IL-4R��/lox BALB/c and
littermate control IL-4R��/lox BALB/c mice. In contrast, C57BL/6 mice showed signifi-
cantly lower production of IFN-� and drastically lower quantities of Th2 cytokines
IL-4/IL-13 than littermate control IL-4R��/lox BALB/c mice when lymph node cells were
stimulated with anti-CD3 (Fig. 3D to F), as previously observed (26). Together, these
results suggest that IL-4R�-responsive keratinocytes do not play a decisive role in
driving a polarized Th2 response during L. major infection in BALB/c mice in the
footpad.

The quantification of cytokine production after ex vivo stimulation may not provide
a true indication of the type 1 and type 2 or Th1 and Th2 responses in vivo (25). As it
is known that IL-4 promotes isotype switching to IgG1 and IgE and that IgG2a levels
correlate with the activity of IFN-� in vivo (27), we measured antigen-specific type 1
(IgG2a) and type 2 (IgG1 and total IgE) antibody titers in the mouse sera by enzyme-
linked immunosorbent assay (ELISA) 6 weeks postinfection with L. major IL-81. KRT14cre

IL-4R��/lox BALB/c and littermate control IL-4R��/lox BALB/c mice had comparable
levels of IgG2a, IgG1, and total IgE during L. major IL-81 infection (Fig. 3G to I).
Collectively, the data suggest that systemic antibody responses in KRT14cre IL-4R��/lox

BALB/c mice were unaffected by the deletion of the IL-4R� signaling receptor on
keratinocytes during subcutaneous infection with L. major IL-81 in the footpad.

Intradermal inoculation of L. major parasites in the ear does not radically alter
the outcome of disease in KRT14cre IL-4R��/lox BALB/c mice. While s.c. injection of

L. major in the footpad is widely used, recent studies have suggested that i.d. injection
of a lower dose of parasites into the ear provides a more physiological mode of
infection, as it mimics some of the events that occur during parasite inoculation by the
sandfly (28, 29). Hence, we investigated whether a change in the site of infection and
parasite dose would alter the phenotype and immune response of the KRT14cre

IL-4R��/lox BALB/c mice. Mice were i.d. infected into the left ear with a low dose of
1 � 104 stationary-phase L. major IL-81 or L. major LV39 promastigotes. Ear lesion
diameter was measured to monitor disease progression during the infection, and
immune responses were evaluated at 8 weeks postinfection. Ear lesion diameter and
the parasite load in the ear, cervical lymph node, and spleen of KRT14cre IL-4R��/lox

BALB/c mice during L. major IL-81 infection were high, similar to those of littermate
control IL-4R��/lox BALB/c mice (Fig. 4A). Global IL-4R��/� BALB/c mice had signifi-
cantly smaller lesion diameters and lower parasite loads in the ear than littermate
control IL-4R��/lox BALB/c mice after infection with L. major IL-81 (Fig. 4A). As previ-
ously reported (30), C57BL/6 mice had significantly smaller lesion diameters and
associated reduced parasite load in the ear, cervical lymph node, and spleen compared
to littermate control IL-4R��/lox BALB/c mice after L. major IL-81 infection (Fig. 4A).
Infection with L. major LV39 resulted in similar ear lesion diameters and cervical lymph
node parasite loads between KRT14cre IL-4R��/lox BALB/c and littermate control IL-
4R��/lox BALB/c mice, with the surprising exception of significantly reduced parasite
loads in the ear (Fig. 4B). Both global IL-4R��/� BALB/c and C57BL/6 mouse groups had
significantly smaller lesion diameters in the ears and significantly lower parasite loads
in the ear than littermate control IL-4R��/lox BALB/c mice after L. major LV39 infection
(Fig. 4B). In contrast to L. major IL-81 infection, L. major LV39 infection did not result in
dissemination to the spleen, as demonstrated by the absence of parasites in the spleen
in all mouse groups. This could be explained by the higher virulence of the former
parasite (9) and the i.d. route of infection. Collectively, the data indicate that despite a
change in the site/route of infection and the dose of parasites, KRT14cre IL-4R��/lox
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BALB/c mice remain susceptible to L. major and remain unaffected by the abrogated
IL-4R� signaling on keratinocytes.

Early IL-4 production in the ear appears unaffected by loss of signaling of
IL-4R� on keratinocytes. The early source of IL-4 can contribute to susceptibility to L.
major infection (13). Thus, we measured IL-4 expression directly in the skin of L.
major-infected mice. Here, mice were infected with L. major LV39 in the ear dermis, and
at 2 weeks postinfection the ears were retrieved and processed for the detection of
IFN-�, IL-4, and IL-13 at mRNA and protein levels (Fig. 5A to C). IFN-�, IL-4, and IL-13
were found to be undetectable at the mRNA level, as measured by quantitative PCR
(qPCR) (data not shown). Detection of IFN-�, IL-4, and IL-13 by ELISA showed no

FIG 4 Cutaneous leishmaniasis is unaffected by the absence of IL-4R� signaling on keratinocytes on a BALB/c
genetic background following low-dose L. major infection in the ear dermis. Mice were infected intradermally in
the left ear with 1 � 104 promastigotes of L. major IL-81 (A) or L. major LV39 (B) (n � 5 to 7 mice per group). The
change in ear lesion diameter (mm) was measured at weekly intervals. Parasite burden was determined at week
8, by limiting dilution of homogenized ear cells, single-cell suspensions of the draining cervical lymph nodes (cLN),
and homogenized spleens (SP). A representative of two individual experiments is shown with mean values � SEM.
Statistical analysis was performed with comparisons to the control IL-4R��/lox littermate mouse group as significant
(*, P � 0.05; ***, P � 0.001), using a two-way ANOVA with Bonferroni posttests for change in ear lesion data and
one-way ANOVA with Dunnett’s multiple-comparison test for parasite load data.
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significant differences between control IL-4R��/lox BALB/c littermates and KRT14cre

IL-4R��/lox BALB/c mice in the L. major LV39-infected ears (Fig. 5A to C). However, IFN-�
and IL-4 levels in the ears were significantly decreased in C57BL/6 mice compared to
those in littermate control IL-4R��/lox BALB/c mice (Fig. 5A and B). Additionally, at week
1 postinfection, IL-4 was not detectable at the mRNA or protein level in the ears of
KRT14cre IL-4R��/lox BALB/c mice infected with L. major LV39 (data not shown). While
IL-4 was not detectable at the time analyzed, this finding suggests that it is produced
locally or at very low doses that are not detectable. Additionally, IL-4 was reported to

FIG 5 Similar immune responses between KRT14cre IL-4R��/lox BALB/c and littermate control IL-4R��/lox mice infected with L. major LV39 in the ear dermis.
(A to C) Early cytokine expression in the ears of mice infected with L. major LV39 at 2 weeks postinfection, with ELISA for IFN-� (A), IL-4 (B), and IL-13 (C).
At 8 weeks postinfection, mice were sacrificed and cervical draining lymph nodes (cLN) retrieved. Single-cell suspensions obtained from the lymph nodes
were extracellularly stained for CD4 (CD3�CD4�) T cells, CD8 (CD3�CD8�) T cells, and B cells (CD19�B220�) (D), DC (dendritic cells) (CD11chi MHCIIhi) and
MF (macrophages) (CD11bhi CD11c� MHCIIhi) (E), and stimulated with PMA-ionomycin-monensin, followed by staining for intracellular cytokine production
(F). Cells were restimulated with anti-CD3 and SLA for 72 h, after which cytokine production was measured by ELISA for IFN-� (G), IL-4 (H), and IL-13 (I).
(J) L. major-specific type 1 (IgG2a) and (K and L) type 2 antibodies (IgG1 and total IgE) were measured by ELISA of sera from mice infected for 6 weeks.
Data are representative of two experiments (n � 3 to 5 mice per group). Statistical analysis was performed with comparisons to the control IL-4R��/lox

littermate mouse group as significant (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.001), using 2-way ANOVA with Dunnett’s multiple-comparison
test (A to I), two-way ANOVA with Bonferroni posttests (J and K), and Mann-Whitney test (nonparametric, unpaired t test) (L).
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be produced at an earlier time and produced at low quantities at this earlier time point
(13).

Cellular and humoral immune responses of KRT14cre IL-4R��/lox BALB/c mice
remain unaffected by the deletion of IL-4R� on keratinocytes following L. major
infection into the ear. Following infection with L. major LV39 for 8 weeks, cell
populations infiltrating the draining cervical lymph nodes were similar between
KRT14cre IL-4R��/lox BALB/c and littermate control IL-4R��/lox BALB/c mice (Fig. 5D and
E). CD4� T helper cytokine production by intracellular staining of cervical lymph node
cells (Fig. 5F) and total cell cytokine production by lymph node restimulation (Fig. 5G
to I) demonstrated similar levels of IFN-�, IL-4, and IL-13 between KRT14cre IL-4R��/lox

BALB/c and littermate control IL-4R��/lox BALB/c mice. C57BL/6 mice exhibited height-
ened CD8� T cell production in lymph nodes (Fig. 5D) and reduced IFN-�, IL-4, and IL-13
production (Fig. 5F to I) compared to IL-4R��/lox BALB/c mice. No differences in type 1
and type 2 antibody titers were observed in the sera of KRT14cre IL-4R��/lox BALB/c
mice compared to littermate control IL-4R��/lox BALB/c mice (Fig. 5J to L).

L. major IL-81 infection of KRT14cre IL-4R��/lox BALB/c mice illustrated similar
frequencies of cervical lymph node cell populations (Fig. 6A and B), cytokine production
(Fig. 6C to F), and antibody titers (Fig. 6G to I) compared to levels for littermate control
IL-4R��/lox BALB/c mice. C57BL/6 mice infected with L. major IL-81 had significantly
lower CD4� T helper infiltration (Fig. 6A), significantly reduced CD4� T cell-produced
IFN-� and IL-13 (Fig. 6C), and significantly reduced total cell IFN-� (Fig. 6D) compared
to levels for the littermate control IL-4R��/lox BALB/c mice.

Together, these findings highlight that during intradermal infection in the ear,
IL-4R� signaling on keratinocytes in BALB/c mice does not affect protective immune
responses, as determined by cellular responses, cytokine production, and type 1 and
type 2 antibody titers.

DISCUSSION

Previous studies have supported a role for IL-4 in driving a polarized Th1 response
and conferring resistance to BALB/c mice during L. major infection (8, 25). Conversely,
during experimental cutaneous leishmaniasis in C57BL/6 mice with a global deletion of
IL-4R�, it was seen that the deletion had no impact on resistance in these mice (16).
Dendritic cells are the primary source of IL-12 and initiate antigen-specific immunity to
Leishmania (31). Biedermann et al. incubated bone marrow-derived DCs with a Th1-
priming adjuvant in the presence of recombinant IL-4 and found increased IL-12
production upon IL-4 stimulation. Ova-specific CD4� T cells primed with activated
dendritic cells also had significantly upregulated IFN-� under these conditions, indicat-
ing that IL-4 could instruct dendritic cells to secrete IL-12, thereby inducing Th1 cell
differentiation (8). Biedermann et al. also demonstrated this IL-4 instruction theory in
mouse studies, showing that exogenous IL-4 administered during the period of den-
dritic cell activation was required to drive dendritic cells to elicit the Th1 response in
usually susceptible BALB/c mice (8). The study by Biedermann et al. highlighted that
a high dose of IL-4 administered exogenously was needed to observe a shift to
protective Th1 immunity; however, the study did not provide insight on physio-
logical doses of endogenous IL-4 during infection. Hurdayal et al. (9) addressed this
using BALB/c mice with abrogated IL-4R� expression on CD11c� dendritic cells.
During L. major infection these mice were hypersusceptible to infection, showing
increased footpad swelling and parasite loads and increased Th2 immune re-
sponses. This indicated that IL-4R�-responsive dendritic cells play an important role
in the elicited immune response. Ehrchen et al. further explored the IL-4 instruction
theory by focusing on the microenvironment of the infected tissue (13). Impor-
tantly, various cytokines, including IL-4, were induced in L. major-infected C57BL/6
mice and L. major-infected BALB/c mice (13). Additionally, cytokine induction,
including IL-4 in the skin and by keratinocytes, was higher in C57BL/6 mice than in
BALB/c mice, and genes involved in keratinocyte differentiation were found to be
overrepresented, suggesting an influence on their expression by the presence of L.
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major parasites. While Biedermann et al. showed that exogenous recombinant IL-4
could drive dendritic cells to instruct a Th1 response (8), Ehrchen et al. illustrated
that blocking endogenous IL-4 with exogenous anti-IL-4 antibody in L. major-
infected C57BL/6 mice caused these mice to switch from a genetically resistant Th1
to a susceptible Th2 phenotype (8). Following on from Biedermann et al. (8) and
Ehrchen et al. (13), we aimed to investigate whether IL-4R�-responsive keratino-
cytes influence the outcome of disease during CL. Our initial study showed that in
genetically resistant C57BL/6 mice, IL-4R�-responsive keratinocytes did not affect
the resistant phenotype (16), as seen by Ehrchen et al. in these resistant mice (13).
The next step was to investigate whether deletion of IL-4R�-responsive keratino-
cytes would contribute to nonhealing disease during experimental CL in BALB/c
mice. If IL-4R� is indeed demonstrated to be important for disease outcome,
IL-4/IL-13 released by these keratinocytes could signal and influence keratinocytes
in an autocrine manner or influence dendritic cells in a paracrine manner. A
keratinocyte-specific IL-4R�-deficient mouse model was generated using the Cre/

FIG 6 Low-dose infection in the ear dermis does not significantly alter immune response between control littermates and KRT14cre IL-4R��/lox mice on a BALB/c
genetic background during L. major IL-81 infection. At 8 weeks postinfection, mice were sacrificed and cervical draining lymph nodes (cLN) retrieved. Single-cell
suspensions obtained from the lymph nodes were extracellularly stained for CD4 (CD3�CD4�) T cells, CD8 (CD3�CD8�) T cells, and B cells (CD19� B220�) (A),
DC (dendritic cells) (CD11chi MHCIIhi) and MF (macrophages) (CD11bhi CD11c� MHCIIhi) (B), and also stimulated with PMA-ionomysin-monensin (C), followed
by staining for intracellular cytokine production. Cells were restimulated with anti-CD3 and SLA for 72 h, after which cytokine production was measured with
ELISA for IFN-� (D), IL-4 (E), and IL-13 (F). (G to I) L. major-specific type 1 (IgG2a) (G) and type 2 antibodies (IgG1 and total IgE) (H and I) were measured by ELISA
of sera from mice infected for 6 weeks. Data are representative of two experiments (n � 3 to 5 mice per group). Statistical analysis was performed with
comparisons to the control IL-4R��/lox littermate mouse group as significant (*, P � 0.05; ***, P � 0.001), using 2-way ANOVA with Dunnett’s multiple-
comparison test (A to F), two-way ANOVA with Bonferroni posttests (G and H), and Mann-Whitney test (nonparametric, unpaired t test) (I).
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loxP system under the control of the krt14 locus. These mice were infected with L.
major either s.c. in the footpad or i.d. in the ear, after which disease progression and
cellular and humoral immunity were evaluated.

Subcutaneous infection of L. major IL-81 or LV39 in the footpad of KRT14cre

IL-4R��/lox BALB/c mice revealed no role for IL-4R�-responsive keratinocytes in mod-
ulating nonhealing disease to L. major. KRT14cre IL-4R��/lox BALB/c mice were suscep-
tible to infection, showing progressive footpad swelling and parasite loads, character-
istic of genetically susceptible BALB/c mice (32). L. major IL-81-infected KRT14cre

IL-4R��/lox BALB/c mice showed dissemination of parasites to the spleen, similar to that
of littermate control IL-4R��/lox BALB/c mice and as expected in susceptible wild-type
BALB/c mice (33, 34). In these mice, the mounting of a Th2 response, along with the
alternative activation of macrophages, is the reason why parasites disseminate and
cause severe disease (35–38). The parasites can use the polyamines generated from
alternative activation of macrophages for their growth and survival (9). Disease pro-
gression in BALB/c mice infected with L. major corresponds to an upregulation of Th2
cytokines, CD4� Th2 cells, and type 2 antibody responses (9, 26, 39–42). Increased
infiltration of macrophages to the draining lymph node in C57BL/6 mice could be
linked to the roles they play in protection, being essential not just for uptake of
parasites and establishment of an immune response but also for their killing function
by classically activated macrophages (1, 6, 43–45). Together, the data suggested that
BALB/c mice with abrogated IL-4R� were susceptible to L. major infection and that the
absence of IL-4R� expression on keratinocytes did not allow for protection against L.
major.

An intradermal inoculation of low-dose stationary-phase promastigote L. major
parasites in the ear better mimics natural infection by the sandfly than s.c. inoculation
(28–30, 46–49). KRT14cre IL-4R��/lox BALB/c mice infected i.d. with 104 L. major parasites
showed swelling progression and parasite burden similar to that of littermate control
IL-4R��/lox BALB/c mice. L. major LV39-infected KRT14cre IL-4R��/lox BALB/c mice
showed significantly fewer parasites at the site of infection (the ear) than the littermate
control IL-4R��/lox BALB/c mice. This suggests that KRT14cre IL-4R��/lox BALB/c mice
were able to control parasite replication in the ear and that IL-4/IL-13 signaling
through IL-4R� on keratinocytes hampers immune regulatory functions when
present. Upon investigation of the early production of IL-4 in the ear after 2 weeks
of infection with L. major LV39, we found no significant change in KRT14cre

IL-4R��/lox BALB/c mice compared to results for littermate control IL-4R��/lox

BALB/c mice, while resistant C57BL/6 mice appeared to have significantly lower
production of IL-4. Overall, our data suggested that while IL-4R�-responsive kera-
tinocytes were not contributing to the development of the lesions or overall T
helper immune responses of KRT14cre IL-4R��/lox BALB/c mice in the ear infection
model, parasite replication at the site of the L. major LV39 infection was more
controlled in these mice than in littermate control IL-4R��/lox BALB/c mice.

Hence, our findings indicate that while IL-4/IL-13 signaling via IL-4R� on keratino-
cytes in BALB/c mice does not contribute to their nonhealing phenotype, it could
contribute to parasite control or replication at the site of infection in the ear model
during L. major LV39 infection but not during L. major IL-81 infection. This finding needs
to be further explored. This study therefore provides some understanding of the early
immune responses occurring in the dermis and during cutaneous leishmaniasis in
nonhealer BALB/c mice, and it also complements our recent findings in healer C57BL/6
mice (16). Additionally, our data highlight the importance of the strain of the L. major
parasite, as well as the use of a more physiological route of infection, when studying
cutaneous leishmaniasis in experimental mouse models.

MATERIALS AND METHODS
Ethical statement. All mice were kept under specific-pathogen-free conditions. Mouse experiments

were performed in strict accordance with the South African National Standard (SANS 10386:2008), as well
as with the Animal Research Ethics Committee of the Faculty of Health Sciences, University of Cape Town
(license no. 015/034).
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Generation and genotyping of KRT14cre IL-4R��/lox mice. Keratinocyte cell-specific IL-4R�-
deficient (KRT14cre IL-4R��/lox) BALB/c mice were generated using the Cre/loxP system and characterized
by our laboratory. Briefly, KRT14cre mice (Jackson Laboratory) were crossed with IL-4R��/� BALB/c mice
(17) and transgenic IL-4R�lox/lox mice (18) to generate hemizygous KRT14cre IL-4R��/lox BALB/c mice after
nine generations of breeding. All mice were kept under specific-pathogen-free conditions in individually
ventilated cages. Experimental mice were age and sex matched and used between 8 and 10 weeks of
age. Genotyping of KRT14cre IL-4R��/lox BALB/c mice was carried out using the following specific primers:
KRT14 P1, forward primer, 5=-TTC CTC AGG AGT GTC TTC GC; KRT14 P2, reverse primer, 5=-GTC CAT GTC
CTT CCT GAA GC; KRT14 P3, forward primer, 5=-CAA ATG TTG CTT GTC TGG TG; KRT14 P4, reverse primer,
5=-GTC AGT CGA GTG CAC AGT TT.

Functional characterization of KRT14cre IL-4R��/lox mice. IL-4R� deletion was confirmed with flow
cytometry, with staining for IL-4R� on ear-isolated keratinocytes. Briefly, ears were digested in complete
Dulbecco’s modified Eagle’s medium (cDMEM) containing 0.2 mg/ml Liberase (TL research grade; Roche)
and filtered through a 40-�m filter. Keratinocytes were then isolated, counted, and labeled. Labeling was
performed by adding the antibodies for 20 min on ice, followed by the addition of the secondary
antibody. Keratinocytes were gated as CD45� and were double positive for CD49 and K14. Antibodies
included CD45-peridinin chlorophyll protein (PerCP), CD49f-fluorescein isothiocyanate (FITC), mouse
anti-keratin 14, and goat anti-mouse A555 (ThermoFisher Scientific). CD45� CD49� K14� keratinocytes
were then stained for the presence of IL-4R� with IL-4R�-phycoerythrin (PE) (BD, Pharmingen), and
samples were acquired on a Fortessa machine (BD, San Jose, CA, USA). Flow data were analyzed using
FlowJo software (TreeStar, Ashland, OR, USA). Cell surface IL-4R� expression was further analyzed in total
lymphocytes, Th cells (CD3� CD4�), B cells (CD19� B220�), dendritic cells (CD11c� MHCII�), and
macrophages (CD11b� MHCII�) in the draining lymph node of L. major-infected IL-4R��/�, IL-4R��/lox,
and KRT14cre IL-4R��/lox mice by flow cytometry. For Dsc-1 mRNA expression in keratinocytes, primary
keratinocytes were isolated from the tail skin of adult mice. Briefly, the skin from the tail was collected
and incubated at 4°C for 16 h in 5 U/ml dispase (STEMCELL) supplemented with 1% penicillin-
streptomycin-neomycin (PSN) (Gibco) and 0.5% gentamicin (Gibco). The epidermis was next separated
from the dermis and treated with 0.2% trypsin (Gibco) for 5 min at 37°C. The reaction was stopped with
fetal calf serum (FCS), and cells were then collected by crushing the epidermis through a 100-�m cell
strainer. A total of 0.75 � 106 cells/ml were plated in a 6-well plate coated with type 1 collagen
(STEMCELL). Cells were grown for 8 days at 37°C in CnT-57.S medium (CELLnTEC) supplemented with 1%
PSN and 0.5% gentamicin. The medium was discarded and cells were detached with 200 �l 0.2% trypsin
for 5 min at 37°C. Cells were counted and plated at 0.3 � 106 cells/ml in a 96-well plate coated with type
1 collagen. Isolated keratinocytes were then stimulated with 20 ng/ml of mouse IL-4 recombinant protein
(Affymetrix, eBioscience) or left untreated for 24 h at 37°C as previously described (22). mRNA was
isolated thereafter using an RNA Minikit (Qiagen) according to the manufacturer’s instructions, cDNA
synthesized, and quantitative reverse transcription-PCR (RT-PCR) performed using a LightCycler (Roche).
Values were normalized to hprt level and are presented as fold induction compared to the level for
unstimulated keratinocytes. The primer sequences for Dsc-1 were the following: forward (F), 5=-GGGAG
CACCTTCTCTAAGCA-3=; reverse (R), 5=-TTTTGACAGGCATCACAAAATAA-3= (22).

L. major infection. L. major LV39 substrain 50132 (MRHO/SU/59/P), obtained from the American
Type Culture Collection (ATCC), an LV39 substrain (MRHO/SV/59/P) obtained from the University of
Lausanne (50, 51), and L. major IL-81 (MHOM/IL/81/FEBNI) were maintained via continuous passage in
BALB/c mice (17), and in vivo cultures were incubated in Schneider’s medium (Sigma-Aldrich) supple-
mented with 20% FCS in a T25 tissue flask (Corning). Parasites were prepared for infection as previously
described (17). Mice were anesthetized prior to subcutaneous inoculation with 2 � 105 (IL-81) or 2 � 106

(LV39) stationary-phase promastigotes into the left hind footpad, contained in a volume of 50 �l of
phosphate-buffered saline (PBS) (9, 17, 39). Disease progression was monitored weekly by measuring
change in swelling of infected footpads using a Mitutoyo micrometer caliper (Brütsch, Zürich, Switzer-
land). Alternatively, mice received an intradermal inoculation with 1 � 104 stationary-phase promastig-
otes in the left ear, contained in a volume of 10 �l of PBS (28–30). Disease progression was monitored
weekly by measuring change in diameter of lesions of the infected ear using a digital Vernier caliper
(South Africa).

Detection of viable parasite burden. Infected footpad, ear, draining lymph node, and spleen cell
suspensions were cultured in Schneider’s culture medium (Sigma). Parasite burden was determined with
the limiting dilution assay (LDA) that has been previously described (17).

Early detection of IFN-�, IL-4, and IL-13 in infected ears. Mice were infected in the left ear with
intradermal inoculation of 1 � 104 stationary-phase promastigotes, contained in a volume of 10 �l of PBS
as described above. At 2 weeks postinfection, infected and noninfected ears were retrieved for early
detection of IFN-�, IL-4, and IL-13 with qPCR. Whole ear was extracted and homogenized in QIAzol lysis
reagent (Giagen, Germany). Total RNA was isolated from the homogenate using an RNeasy Minikit
(Qiagen, Germany) according to the manufacturer’s instructions. RNA quantity and purity were measured
with an ND-1000 NanoDrop (ThermoScientific, DE, USA). Reverse transcription was performed using a
transcript first-strand cDNA synthesis kit (Roche, Germany) according to the manufacturer’s instructions.
Real-time qPCR was performed using LightCycler 480 SYBR green I master mix (Roche, Germany) and
gene-specific primers (IDT, CA, USA). The mRNA expression of each gene was normalized to the
housekeeping gene encoding hypoxanthine phosphoribosyl transferase (HPRT). The primer sequences
were the following: HPRT F, 5=-GTT GGA TAT GCC CTT GAC-3=; R, 5=-AGG ACT AGA ACA CCT GCT-3=; IL-4
F, 5=-TCG GCA TTT TGA ACG AGG TC-3=; R, 5=-GAA AAG CCC GAA AGA GTG GCA-3=; IL-13 F, 5=-CTC ACT
GGC TCT GGG CTT CA-3=; R, 5=-CTC ATT AGA AGG GGC CGT GG-3=; IFN-� F, 5=-GCT CTG AGA CAA TGA
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ACG CT-3=; R, 5=-AAA GAG ATA ATC TGG CTC TGC-3=. For ELISA detection of the cytokines IFN-�, IL-4, and
IL-13, whole ear was extracted and homogenized in Tween saline buffer and ELISA was performed as
described below.

Ex vivo restimulation of draining lymph node cells. Single-cell lymph node suspensions (1 � 106)
were stimulated with 20 �g/ml anti-CD3 or 50 �g/ml SLA and incubated at 37°C and 5% CO2 for 72 h.
Supernatants were collected and cytokines were measured by sandwich ELISA as previously described (17).

Flow cytometry. Single-cell lymph node suspensions (1 � 106 cells/well) were seeded (96-well Nunc
plate) and stained for the expression of surface markers for lymph node cell populations (T cells, B cells,
dendritic cells, and macrophages). The T and B cell panel included CD3-FITC, CD4-PE, CD8-allo-
phycocyanin (APC), and CD19-PerCP-Cy5.5. The dendritic cell and macrophage panel included CD11c-
APC, CD11b-PE, and major histocompatibility complex class II (MHCII)-FITC. Each mix also included 1% rat
serum and 10 �g Fc gamma receptor blocker (Fc�). For intracellular cytokine staining, single-cell lymph
node suspensions (2 � 106 cells/well) were stimulated at 37°C for 2 h with 50 ng/ml PMA and 250 ng/ml
ionomycin, followed by the addition of 200 �M monensin for 4 h. Cells were stained with extracellular
markers (CD3-FITC, CD4-PerCP, CD8-APC, 1% rat serum, and 10 �g Fc�), fixed with 2% paraformaldehyde,
and permeabilized with 0.5% saponin buffer, followed by intracellular staining for IFN-�, IL-4, and IL-13
with PE-labeled anti-mouse antibodies. Acquisition of cells was completed on a FACSCalibur machine (BD
Immunocytometry Systems, San Jose, CA, USA). Flow data were analyzed using FlowJo software (Treestar,
Ashland, OR, USA).

ELISA for cytokine and antibody detection. Cytokines were detected in the cell supernatants with
a sandwich ELISA as previously described (17). Detection of serum antigen-specific levels of IgG2a and
IgG1 and total IgE was performed as previously described (17). Microtiter plate readings were carried out
with a VersaMax ELISA plate reader.

Statistics. Statistical analysis was carried out using GraphPad Prism 7 software. The data were
calculated as means � standard errors of the means (SEM). There was a normal distribution of samples,
and statistical significance was determined with specific tests as stated for each experiment, defining
differences from IL-4R��/lox as significant (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001).

ACKNOWLEDGMENTS
This work was financed by international cooperation grant IZLSZU3_14906 and

Swiss National Science Foundation (SNF) and South African National Research Foun-
dation (NRF) grants to F.T.-C. and R.G. Part of the work was supported by SNF grant
3100030_166651/1 to F.T.-C. Grants were also from the NRF and from the Department
of Science and Technology, South African Research Chair Initiative (SARCHi), and South
Africa Medical Research Council (SAMRC) to F.B., as well as from the Department of
Science and Technology (DST)/NRF for the Swiss-South African Joint Research Program
(SSAJRP; UID 87399) to R.G. and the DST/NRF postgraduate training program to R.G.,
UID 92532. This work was also supported by Wellcome Trust CIDRI-Africa (203135Z/
16/Z). M.G. was supported by fellowships from the National Research Foundation,
Oppenheimer Memorial Trust, University of Cape Town, and South African Association
of Women Graduates. R.H. was supported by fellowships from the National Research
Foundation.

We thank the UCT Animal Unit for maintaining mice. We thank Munadia Ansarie and
Nazila Ghodsi for genotyping mice. We thank Noémie Oeschlin for preliminary exper-
iments. We thank Fadwah Booley, Faried Abbass, Rodney Lucas, Mzwandile Erasmus,
and Yazmin Hauyon-La-Torre for their valuable technical assistance.

REFERENCES
1. Kaye P, Scott P. 2011. Leishmaniasis: complexity at the host-pathogen

surface. Nat Rev Microbiol 9:604 – 615. https://doi.org/10.1038/
nrmicro2608.

2. Sacks D, Noben-Trauth N. 2002. The immunology of susceptibility and
resistance to Leishmania major in mice. Nat Rev Immunol 2:845– 858.
https://doi.org/10.1038/nri933.

3. Tacchini-Cottier F, Weinkopff T, Launois P. 2012. Does T helper differen-
tiation correlate with resistance or susceptibility to infection with L.
major? Some insights from the murine model. Front Immunol 3:32.

4. Kopf M, Brombacher F, Kohler G, Kienzle G, Widmann KH, Lefrang K,
Humborg C, Ledermann B, Solbach W. 1996. IL-4-deficient Balb/c mice
resist infection with Leishmania major. J Exp Med 184:1127–1136.
https://doi.org/10.1084/jem.184.3.1127.

5. Mougneau E, Bihl F, Glaichenhaus N. 2011. Cell biology and immunology
of Leishmania. Immunol Rev 240:286 –296. https://doi.org/10.1111/j
.1600-065X.2010.00983.x.

6. Scott P, Novais FO. 2016. Cutaneous leishmaniasis: immune responses in
protection and pathogenesis. Nat Rev Immunol 16:581–592. https://doi
.org/10.1038/nri.2016.72.

7. Tripathi P, Singh V, Naik S. 2007. Immune response to leishmania:
paradox rather than paradigm. FEMS Immunol Med Microbiol 51:
229 –242. https://doi.org/10.1111/j.1574-695X.2007.00311.x.

8. Biedermann T, Zimmermann S, Himmelrich H, Gumy A, Egeter O,
Sakrauski AK, Seegmuller I, Voigt H, Launois P, Levine AD, Wagner H,
Heeq K, Louis JA, Rocken M. 2001. IL-4 instructs TH1 responses and
resistance to Leishmania major in susceptible BALB/c mice. Nat Immunol
2:1054 –1060. https://doi.org/10.1038/ni725.

9. Hurdayal R, Nieuwenhuizen NE, Revaz-Breton M, Smith L, Hoving JC,
Parihar SP, Reizis B, Brombacher F. 2013. Deletion of IL-4 receptor
alpha on dendritic cells renders BALB/c mice hypersusceptible to
Leishmania major infection. PLoS Pathog 9:e1003699. https://doi.org/
10.1371/journal.ppat.1003699.

Govender et al. Infection and Immunity

December 2018 Volume 86 Issue 12 e00710-18 iai.asm.org 14

 on F
ebruary 12, 2019 by guest

http://iai.asm
.org/

D
ow

nloaded from
 

https://doi.org/10.1038/nrmicro2608
https://doi.org/10.1038/nrmicro2608
https://doi.org/10.1038/nri933
https://doi.org/10.1084/jem.184.3.1127
https://doi.org/10.1111/j.1600-065X.2010.00983.x
https://doi.org/10.1111/j.1600-065X.2010.00983.x
https://doi.org/10.1038/nri.2016.72
https://doi.org/10.1038/nri.2016.72
https://doi.org/10.1111/j.1574-695X.2007.00311.x
https://doi.org/10.1038/ni725
https://doi.org/10.1371/journal.ppat.1003699
https://doi.org/10.1371/journal.ppat.1003699
https://iai.asm.org
http://iai.asm.org/


10. Launois P, Ohteki T, Swihart K, MacDonald HR, Louis JA. 1995. In sus-
ceptible mice, Leishmania major induce very rapid interleukin-4 produc-
tion by CD4� T cells which are NK1.1. Eur J Immunol 25:3298 –3307.
https://doi.org/10.1002/eji.1830251215.

11. Yager JA. 1993. The skin as an immune organ. In Ihrke PJ, Mason IS,
White SD (ed), Advances in veterinary dermatology. Pergamon Press,
Oxford, United Kingdom.

12. Uchi H, Terao H, Koga T, Furue M. 2000. Cytokines and chemokines in the
epidermis. J Dermatol Sci 24:29 –38.

13. Ehrchen JM, Roebrock K, Foell D, Nippe N, von Stebut E, Weiss JM,
Munck N, Viemann D, Varga G, Muller-Tidow C, Schuberth H, Roth J,
Sunderkotter C. 2010. Keratinocytes determine Th1 immunity during
early experimental leishmaniasis. PLoS Pathog 6:e1000871. https://doi
.org/10.1371/journal.ppat.1000871.

14. Gröne A. 2002. Keratinocytes and cytokines. Vet Immunol Immuno-
pathol 88:1–12. https://doi.org/10.1016/S0165-2427(02)00136-8.

15. Junghans V, Jung T, Neumann C. 1996. Human keratinocytes constitu-
tively express IL-4 receptor molecules and respond to IL-4 with an
increase in B7/BB1 expression. Exp Dermatol 5:316 –324. https://doi.org/
10.1111/j.1600-0625.1996.tb00135.x.

16. Descatoire M, Hurrell BP, Govender M, Passelli K, Martinez-Salazar B,
Hurdayal R, Brombacher F, Guler R, Tacchini-Cottier F. 2017. IL-4R�
signaling in keratinocytes and early IL-4 production are dispensable for
generating a curative T helper 1 response in Leishmania major-infected
C57BL/6 mice. Front Immunol 8:1265. https://doi.org/10.3389/fimmu
.2017.01265.

17. Mohrs M, Ledermann B, Köhler G, Dorfmuller A, Gessner A, Brombacher
F. 1999. Differences between IL-4- and IL-4 receptor alpha-deficient mice
in chronic leishmaniasis reveal a protective role for IL-13 receptor sig-
naling. J Immunol 162:7302–7308.

18. Herbert DR, Holscher C, Mohrs M, Arendse B, Schwegmann A, Radwan-
ska M, Leeto M, Kirsch R, Hall P, Mossmann H, Claussen B, Forster I,
Brombacher F. 2004. Alternative macrophage activation is essential for
survival during schistosomiasis and downmodulates T helper 1 re-
sponses and immunopathology. Immunity 20:623– 635. https://doi.org/
10.1016/S1074-7613(04)00107-4.

19. Deng C-X. 2012. The use of Cre–loxP technology and inducible
systems to generate mouse models of cancer, p 17–36. In Green JE,
Ried T (ed), Genetically engineered mice for cancer research: design,
analysis, pathways, validation and pre-clinical testing. Springer New
York, New York, NY.

20. Gierut JJ, Jacks TE, Haigis KM. 2014. Strategies to achieve conditional
gene mutation in mice. Cold Spring Harbor Protocols 2014:339 –349.
https://doi.org/10.1101/pdb.top069807.

21. Henkler F, Strom M, Mathers K, Cordingley H, Sullivan K, King I. 2001.
Trangenic misexpression of the differentiation-specific desmocollin iso-
form 1 in basal keratinocytes. J Investig Dermatol 116:144 –149. https://
doi.org/10.1046/j.1523-1747.2001.00234.x.

22. Omori-Miyake M, Yamashita M, Tsunemi Y, Kawashima M, Yagi J. 2014.
In vitro assessment of IL-4- or IL-13-mediated changes in the structural
components of keratinocytes in mice and humans. J Investig Dermatol
134:1342–1350. https://doi.org/10.1038/jid.2013.503.

23. Totsuka A, Omori-Miyake M, Kawashima M, Yagi J, Tsunemi Y. 2017.
Expression of keratin 1, keratin 10, desmoglein 1 and desmocollin 1
in the epidermis: possible downregulation by interleukin-4 and
interleukin-13 in atopic dermatitis. Eur J Dermatol 27:247–253.

24. Masic A, Hurdayal R, Nieuwenhuizen NE, Brombacher F, Moll H. 2012.
Dendritic cell-mediated vaccination relies on interleukin-4 receptor sig-
naling to avoid tissue damage after Leishmania major infection of
BALB/c mice. PLoS Negl Trop Dis 6:e1721. https://doi.org/10.1371/
journal.pntd.0001721.

25. Noben-Trauth N, Paul WE, Sacks DL. 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.

26. Holscher C, Arendse B, Schwegmann A, Myburgh E, Brombacher F. 2006.
Impairment of alternative macrophage activation delays cutaneous
leishmaniasis in nonhealing BALB/c mice. J Immunol 176:1115–1121.
https://doi.org/10.4049/jimmunol.176.2.1115.

27. Finkelman FD, Holmes J, Katona IM, Urban JF, Jr, Beckmann MP, Park
LS, Schooley KA, Coffman RL, Mosmann TR, Paul WE. 1990. Lympho-
kine control of in vivo immunoglobulin isotype selection. Annu Rev
Immunol 8:303–333. https://doi.org/10.1146/annurev.iy.08.040190
.001511.

28. Belkaid Y, Mendez S, Lira R, Kadambi N, Milon G, Sacks D. 2000. A

natural model of Leishmania major infection reveals a prolonged
“silent” phase of parasite amplification in the skin before the onset of
lesion formation and immunity. J Immunol 165:969 –977. https://doi
.org/10.4049/jimmunol.165.2.969.

29. Cortes DF, Carneiro MB, Santos LM, Souza TC, Maioli TU, Duz AL,
Ramos-Jorge ML, Afonso LC, Carneiro C, Vieira LQ. 2010. Low and
high-dose intradermal infection with Leishmania major and Leishmania
amazonensis in C57BL/6 mice. Mem Inst Oswaldo Cruz 105:736 –745.
https://doi.org/10.1590/S0074-02762010000600002.

30. Parihar SP, Hartley M-A, Hurdayal R, Guler R, Brombacher F. 2016. Topical
simvastatin as host-directed therapy against severity of cutaneous leish-
maniasis in mice. Sci Rep 6:33458. https://doi.org/10.1038/srep33458.

31. von Stebut E, Belkaid Y, Jakob T, Sacks DL, Udey MC. 1998. Uptake of
Leishmania major amastigotes results in activation and interleukin 12
release from murine skin-derived dendritic cells: implications for the
initiation of anti-Leishmania immunity. J Exp Med 188:1547–1552.
https://doi.org/10.1084/jem.188.8.1547.

32. Loeuillet C, Bañuls A-L, Hide M. 2016. Study of Leishmania pathogenesis
in mice: experimental considerations. Parasit Vectors 9:144. https://doi
.org/10.1186/s13071-016-1413-9.

33. Blackwell JM. 1983. Leishmania donovani infection in heterozygous and
recombinant H-2 haplotype mice. Immunogenetics 18:101–109. https://
doi.org/10.1007/BF00368537.

34. Campos-Neto A. 2005. What about Th1/Th2 in cutaneous leishmaniasis
vaccine discovery? Braz J Med Biol Res 38:979 –984. https://doi.org/10
.1590/S0100-879X2005000700001.

35. Babay BEC, Louzir H, Kebaïer C, Boubaker S, Dellagi K, Cazenave PA.
2004. Inbred strains derived from feral mice reveal new pathogenic
mechanisms of experimental leishmaniasis due to Leishmania major.
Infect Immun 72:4603– 4611. https://doi.org/10.1128/IAI.72.8.4603-4611
.2004.

36. Chatelain R, Varkila K, Coffman RL. 1992. IL-4 induces a Th2 response in
Leishmania major-infected mice. J Immunol 148:1182–1187.

37. Himmelrich H, Parra-Lopez C, Tacchini-Cottier F, Louis JA, Launois P.
1998. The IL-4 rapidly produced in BALB/c mice after infection with
Leishmania major down-regulates IL-12 receptor �2 chain expression on
CD4� T cells resulting in a state of unresponsiveness to IL-12. J Immunol
161:6156 – 6163.

38. Laskay T, Diefenbach M, Rollinghof M, Solbach WW. 1995. Early parasite
containment is decisive for resistance to Leishmania major infection. Eur
J Immunol 25:2220 –2227. https://doi.org/10.1002/eji.1830250816.

39. Radwanska M, Cutler AJ, Hoving JC, Magez S, Holscher C, Bohms A,
Arendse B, Kirsch R, Hunig T, Alexander J, Kaye P, Brombacher F. 2007.
Deletion of IL-4R� on CD4 T cells renders BALB/c mice resistant to
Leishmania major infection. PLoS Pathog 3:e68. https://doi.org/10.1371/
journal.ppat.0030068.

40. Himmelrich H, Launois P, Maillard I, Biedermann T, Tacchini-Cottier F,
Locksley RM, Rocken M, Louis JA. 2000. In BALB/c mice, IL-4 production
during the initial phase of infection with Leishmania major is necessary
and sufficient to instruct Th2 cell development resulting in progressive
disease. J Immunol 164:4819 – 4825. https://doi.org/10.4049/jimmunol
.164.9.4819.

41. Matthews DJ, Emson CL, McKenzie GJ, Jolin HE, Blackwell JM, McK-
enzie AN. 2000. IL-13 is a susceptibility factor for Leishmania major
infection. J Immunol 164:1458 –1462. https://doi.org/10.4049/
jimmunol.164.3.1458.

42. Arendse B, Van Snick J, Brombacher F. 2005. IL-9 is a susceptibility factor
in Leishmania major infection by promoting detrimental Th2/type 2
responses. J Immunol 174:2205–2211. https://doi.org/10.4049/jimmunol
.174.4.2205.

43. Ribeiro-Gomes FL, Otero AC, Gomes NA, Moniz-De-Souza MC, Cysne-
Finkelstein L, Arnholdt AC, Calich VL, Coutinho SG, Lopes MF, DosReis
GA. 2004. Macrophage interactions with neutrophils regulate Leishma-
nia major infection. J Immunol 172:4454 – 4462. https://doi.org/10.4049/
jimmunol.172.7.4454.

44. Bogdan C, Moll H, Solbach W, Rollinghoff M. 1990. Tumor necrosis
factor-� in combination with interferon-�, but not with interleukin 4
activates murine macrophages for elimination of Leishmania major
amastigotes. Eur J Immunol 20:1131–1135. https://doi.org/10.1002/eji
.1830200528.

45. Green SJ, Crawford RM, Hockmeyer JT, Meltzer MS, Nacy CA. 1990.
Leishmania major amastigotes initiate the L-arginine-dependent killing
mechanism in IFN-�-stimulated macrophages by induction of tumor
necrosis factor-�. J Immunol 145:4290 – 4297.

Keratinocyte IL-4R Signaling in Skin Leishmaniasis Infection and Immunity

December 2018 Volume 86 Issue 12 e00710-18 iai.asm.org 15

 on F
ebruary 12, 2019 by guest

http://iai.asm
.org/

D
ow

nloaded from
 

https://doi.org/10.1002/eji.1830251215
https://doi.org/10.1371/journal.ppat.1000871
https://doi.org/10.1371/journal.ppat.1000871
https://doi.org/10.1016/S0165-2427(02)00136-8
https://doi.org/10.1111/j.1600-0625.1996.tb00135.x
https://doi.org/10.1111/j.1600-0625.1996.tb00135.x
https://doi.org/10.3389/fimmu.2017.01265
https://doi.org/10.3389/fimmu.2017.01265
https://doi.org/10.1016/S1074-7613(04)00107-4
https://doi.org/10.1016/S1074-7613(04)00107-4
https://doi.org/10.1101/pdb.top069807
https://doi.org/10.1046/j.1523-1747.2001.00234.x
https://doi.org/10.1046/j.1523-1747.2001.00234.x
https://doi.org/10.1038/jid.2013.503
https://doi.org/10.1371/journal.pntd.0001721
https://doi.org/10.1371/journal.pntd.0001721
https://doi.org/10.4049/jimmunol.176.2.1115
https://doi.org/10.1146/annurev.iy.08.040190.001511
https://doi.org/10.1146/annurev.iy.08.040190.001511
https://doi.org/10.4049/jimmunol.165.2.969
https://doi.org/10.4049/jimmunol.165.2.969
https://doi.org/10.1590/S0074-02762010000600002
https://doi.org/10.1038/srep33458
https://doi.org/10.1084/jem.188.8.1547
https://doi.org/10.1186/s13071-016-1413-9
https://doi.org/10.1186/s13071-016-1413-9
https://doi.org/10.1007/BF00368537
https://doi.org/10.1007/BF00368537
https://doi.org/10.1590/S0100-879X2005000700001
https://doi.org/10.1590/S0100-879X2005000700001
https://doi.org/10.1128/IAI.72.8.4603-4611.2004
https://doi.org/10.1128/IAI.72.8.4603-4611.2004
https://doi.org/10.1002/eji.1830250816
https://doi.org/10.1371/journal.ppat.0030068
https://doi.org/10.1371/journal.ppat.0030068
https://doi.org/10.4049/jimmunol.164.9.4819
https://doi.org/10.4049/jimmunol.164.9.4819
https://doi.org/10.4049/jimmunol.164.3.1458
https://doi.org/10.4049/jimmunol.164.3.1458
https://doi.org/10.4049/jimmunol.174.4.2205
https://doi.org/10.4049/jimmunol.174.4.2205
https://doi.org/10.4049/jimmunol.172.7.4454
https://doi.org/10.4049/jimmunol.172.7.4454
https://doi.org/10.1002/eji.1830200528
https://doi.org/10.1002/eji.1830200528
https://iai.asm.org
http://iai.asm.org/


46. Akilov OE, Ustyugova IV, Zhi L, Hasan T, Wu MX. 2009. Enhanced
susceptibility to Leishmania infection in resistant mice in the absence of
immediate early response gene X-1. J Immunol 183:7994 – 8003. https://
doi.org/10.4049/jimmunol.0900866.

47. Baldwin TM, Elso C, Curtis J, Buckingham L, Handman E. 2003. The site
of Leishmania major infection determines disease severity and immune
responses. Infect Immun 71:6830 – 6834. https://doi.org/10.1128/IAI.71
.12.6830-6834.2003.

48. Belkaid Y, Hoffmann KF, Mendez S, Kamhawi S, Udey MC, Wynn TA,
Sacks DL. 2001. The role of interleukin (IL)-10 in the persistence of
Leishmania major in the skin after healing and the therapeutic potential
of anti–IL-10 receptor antibody for sterile cure. J Exp Med 194:
1497–1506. https://doi.org/10.1084/jem.194.10.1497.

49. Cangussú SD, Souza CC, Campos CF, Vieira LQ, Afonso LC, Arantes RM.
2009. Histopathology of Leishmania major infection: revisiting L. major
histopathology in the ear dermis infection model. Mem Inst Oswaldo
Cruz 104:918 –922. https://doi.org/10.1590/S0074-02762009000600017.

50. Mattner F, Magram J, Ferrante J, Launois P, Di Padova K, Behin R, Gately
MK, Louis JA, Alber G. 1996. Genetically resistant mice lacking
interleukin-12 are susceptible to infection with Leishmania major and
mount a polarized Th2 cell response. Eur J Immunol 26:1553–1559.
https://doi.org/10.1002/eji.1830260722.

51. Charmoy M, Megnekou R, Allenbach C, Zweifel C, Perez C, Monnat K, Breton
M, Ronet C, Launois P, Tacchini-Cottier F. 2007. Leishmania major induces
distinct neutrophil phenotypes in mice that are resistant or susceptible to
infection. J Leukoc Biol 82:288–299. https://doi.org/10.1189/jlb.0706440.

Govender et al. Infection and Immunity

December 2018 Volume 86 Issue 12 e00710-18 iai.asm.org 16

 on F
ebruary 12, 2019 by guest

http://iai.asm
.org/

D
ow

nloaded from
 

https://doi.org/10.4049/jimmunol.0900866
https://doi.org/10.4049/jimmunol.0900866
https://doi.org/10.1128/IAI.71.12.6830-6834.2003
https://doi.org/10.1128/IAI.71.12.6830-6834.2003
https://doi.org/10.1084/jem.194.10.1497
https://doi.org/10.1590/S0074-02762009000600017
https://doi.org/10.1002/eji.1830260722
https://doi.org/10.1189/jlb.0706440
https://iai.asm.org
http://iai.asm.org/

	RESULTS
	Genotypic and functional characterization of KRT14cre IL-4R−/lox BALB/c mice. 
	KRT14cre IL-4R−/lox BALB/c mice remain susceptible to L. major infection, similar to littermate control IL-4R−/lox BALB/c mice, during experimental cutaneous leishmaniasis in the footpad. 
	Absence of IL-4R on keratinocytes in BALB/c mice has no functional effect on cellular and humoral immune responses during L. major IL-81 infection in the footpad. 
	Intradermal inoculation of L. major parasites in the ear does not radically alter the outcome of disease in KRT14cre IL-4R−/lox BALB/c mice. 
	Early IL-4 production in the ear appears unaffected by loss of signaling of IL-4R on keratinocytes. 
	Cellular and humoral immune responses of KRT14cre IL-4R−/lox BALB/c mice remain unaffected by the deletion of IL-4R on keratinocytes following L. major infection into the ear. 

	DISCUSSION
	MATERIALS AND METHODS
	Ethical statement. 
	Generation and genotyping of KRT14cre IL-4R−/lox mice. 
	Functional characterization of KRT14cre IL-4R−/lox mice. 
	L. major infection. 
	Detection of viable parasite burden. 
	Early detection of IFN-, IL-4, and IL-13 in infected ears. 
	Ex vivo restimulation of draining lymph node cells. 
	Flow cytometry. 
	ELISA for cytokine and antibody detection. 
	Statistics. 

	ACKNOWLEDGMENTS
	REFERENCES

