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Abstract

Ox40 ligand (Ox40L)–Ox40 pathway has been shown to enhance Th2 responses and play a role in 

pathogenesis of cutaneous leishmaniasis (CL) caused by Leishmania major. Using Ox40l−/− 

BALB/c mice we analyzed the role of this pathway in determining the outcome to CL caused by 

L. mexicana and compared to L. major. Contrary to our expectations, Ox40l−/− mice were highly 

susceptible to both L. major (LV39) and L. mexicana (M379) and developed large non-healing 

lesions containing parasites comparable to Ox40l+/+ BALB/c mice. Interestingly, upon in vitro 

stimulation with Leishmania antigen (LmAg), the lymph node cells from L. major infected 

Ox40l−/− mice produced significantly less IL-4 and IL-10 compared to Ox40l+/+ mice. L. 

mexicana infected Ox40l−/− and Ox40l+/+ mice did not show any difference in the production of 

IL-4 and IL-10. No difference was noted in the amount of Th1 cytokines IFN-γ and IL-12 

produced by Ox40l−/− and Ox40l+/+ mice infected with either parasite. These results indicate that 

the Ox40L–Ox40 pathway promotes Th2 bias only in L. major infection but not L. mexicana 

infection and this pathway is not critical for susceptibility to CL.

Graphical abstract

© 2014 Elsevier Inc. All rights reserved.
*Corresponding author. Fax: +1 614 366 2191. Abhay.Satoskar@osumc.edu (A.R. Satoskar). 

HHS Public Access
Author manuscript
Exp Parasitol. Author manuscript; available in PMC 2016 January 01.

Published in final edited form as:
Exp Parasitol. 2015 January ; 148: 49–55. doi:10.1016/j.exppara.2014.11.002.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Ox40L–Ox40; L. major; L. mexicana; Cutaneous leishmaniasis

1. Introduction

1.1. Cutaneous leishmaniasis (CL)

CL manifests as localized cutaneous lesions at the site of infection with the parasite 

Leishmania (Herwaldt, 1999). Nearly 1.5 million new cases of CL are detected annually 

(Alvar et al., 2012). L. major and L. mexicana are common agents of CL in the Old World 

and the New World respectively (Herwaldt, 1999). In the mammalian host, Leishmania 

primarily survives and replicates within host macrophages, and clinical outcomes depend on 

whether macrophages are fully activated to clear the parasite. CD4+ Th1 cells produce IFN-

γ which activates inducible nitric oxide synthase (iNOS) in macrophages, leading to the 

production of leishmanicidal nitric oxide (NO) (Scott, 1991). IL-12, another Th1 promoting 

cytokine produced by macrophages and dendritic cells (DCs), indirectly contributes to host 

immunity by inducing IFN-γ production in NK cells (Stamm et al., 1999). On the other 

hand, IL-4 produced by Th2 cells inhibits IL-12 mediated Th1 activation. IL-10, an anti-

inflammatory cytokine, indirectly enhances Th2 responses by suppressing IL-12, IFN-γ and 

NO production by Leishmania infected cells. IL-4 and IL-10 thus act to favor parasite 

persistence and establishment of chronic CL (Chatelain et al., 1999a, 1999b).

1.2. Ox40 ligand (Ox40L)–Ox40 co-stimulation

During antigen presentation, co-stimulatory molecules on antigen presenting cells (APCs) 

also activate naive CD4+T cells via specific receptors which are critical in influencing 

differentiation of T cells into Th1 or Th2 lineages (Sharpe and Freeman, 2002). The co-

stimulatory molecule, Ox40L is expressed by DCs, macrophages and B cells and signals via 

its receptor Ox40 which is a protein of the tumor necrosis factor (TNF) receptor super 
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family expressed on activated T cells. Ox40L–Ox40 co-stimulation leads to activation of 

TNF receptor associated factor (TRAF) 2, 3 and 5. This pathway has been shown to prolong 

the survival of effector CD4+Th cells via expression of anti-apoptotic factors Bcl-2 and 

Bcl-XL as well as contributes to generation of memory T cells (Croft, 2010).

Earlier studies using in vitro models indicated that Ox40L–Ox40 interactions led to 

generation of Th2 responses during antigen presentation. While a number of disease models 

supported a Th2 response enhancing role (Jember et al., 2001; Tsukada et al., 2000; 

Yoshioka et al., 2000), other models have contradicted this role (Ishii et al., 2003; Zubairi et 

al., 2004). Activation of the Ox40 pathway has been shown to promote Th1 responses and 

contribute to parasite killing during L. donovani infection of mice (Zubairi et al., 2004). On 

the other hand, studies of L. major infection in Ox40l transgenic BALB/c mice, which 

overexpress OX40L mainly on T cells and display constitutive Ox40L–Ox40 interaction, 

showed increased parasite burdens and elevated Th2 responses (Ishii et al., 2003). Further 

Ox40l gene deficient BALB/c mice were shown to be more resistant to L. major infection 

than WT BALB/c mice and this was associated with a significant reduction in the 

production of Th2 cytokines (Ishii et al., 2003). However, the role of Ox40L–Ox40 

interactions during L. mexicana infection has not been examined. Murine models have 

shown that immunological mechanisms governing resistance or susceptibility to CL are 

different between L. major and L. mexicana (Alexander and Kaye, 1985; McMahon-Pratt 

and Alexander, 2004).

To further examine the role of Ox40L–Ox40 interactions in CL, we examined host immune 

responses of wild type (Ox40l+/+) and Ox40l gene deficient (Ox40l−/−) mice to infection by 

L. mexicana and compared this with similar infection using L. major (LV39). Our results 

suggest that pathogen derived virulence factors could affect the role of the Ox40L–Ox40 

pathway in determining disease outcomes of CL.

2. Materials and methods

2.1. Mice

Female Ox40l+/+ BALB/c mice were purchased from Harlan laboratory. Ox40l−/− BALB/c 

mice were provided by Dr. Arlene Sharpe (Brigham and Women’s Hospital) which were 

then bred and maintained at Ohio State University’s Animal facility in accordance with 

University Laboratory Animal Resource (ULAR) guidelines. All experiments were 

approved by the Institutional Animal Care and Use Committee (IACUC) of the Ohio State 

University.

2.2. Parasites and infections

Two million L. mexicana (M379) and L. major (LV39) metacyclic promastigotes recovered 

from animal stocks were injected s.c. into hind left footpad of age and sex matched Ox40l+/+ 

and Ox40l−/− mice in 50 μl volume. Five mice per group were used in the study and 3 

independent sets of such experiments were performed. Mice were monitored weekly for 

thickness of infected and uninfected contra-lateral footpads using a dial gauge micrometer 

(Mitutoyo). Difference in thickness of infected hind left footpad compared with the 

uninfected contralateral footpad is expressed as mean footpad swelling.
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2.3. Quantification of parasite load

Infected footpads from mice sacrificed 7 weeks p.i. were cut and ground in 5 ml Schneider’s 

media (Gibco) supplemented with 10% fetal calf serum (FCS) (Gibco), 100 U/ml penicillin 

(Gibco) and 100 μg/ ml streptomycin (Gibco) over 70 μm nylon cell strainer (BD Falcon). 

The suspension was then centrifuged at 3000 rpm and resuspended in 400 μl of Schneider’s 

media. Limiting dilution assay was performed in duplicate as described previously (Rosas et 

al., 2005). Parasite viability was recorded after 4–7 days of incubation at 25 °C. The highest 

log dilution with viable parasites was reported.

2.4. Histopathology

Infected footpads from one representative mouse in each group were fixed in 10% formalin 

for at least 4 days. Fixed tissues were sent to Ohio State University’s Department of 

Comparative Pathology for routine H&E staining.

2.5. T cell proliferation assay and cytokine estimation

Popliteal lymph nodes were collected from infected mice, 7 weeks p.i. and single cell 

suspension was prepared in 5 ml RPMI 1640 (Gibco) supplemented with 10% FCS (Gibco), 

100 U/ml penicillin (Gibco), 100 μg/ml streptomycin (Gibco), 10 μM HEPES (Gibco) and 

500 μl beta-mercaptoethanol (Gibco). T cell proliferation was performed as previously 

described (Rosas et al., 2005). Supernatants were collected 72 hours after incubation and 

cytokine ELISA was performed according to manufacturer instructions. Cytokine clones 

used were IL-4: 11B11-capture, BVD6-24G2-detection (BD Biosciences), IL-10: 

JES5-16E3-capture, JES5-2A5-detection (Biolegend), IL-12: C18.2-capture, C17.8-

detection (Biolegend), IFN-γ: R4-6A2-capture, XMG1.2-detection (Biolegend).

2.6. Antibody ELISA

Tail vein bleeding was done at weeks 2, 4 and 6 p.i., according to ULAR’s guidelines. 

Serum was obtained by centrifuging blood at 5000 rpm for 10 minutes and stored at −20 °C. 

L. mexicana and L. major specific IgG1 and IgG2a were detected by ELISA as previously 

described (Rosas et al., 2005) using HRP conjugated anti IgG1 and IgG2a antibodies and 

Streptavidin AKP (BD Pharmingen).

2.7. Statistical analysis

All data presented were obtained from 3 independent experiments. Unpaired Student’s t test 

was performed to compare statistical significance in footpad swelling, parasite load and 

cytokine concentration results. p value below 0.05 was considered significant. Mann–

Whitney U prime test was used to compare antibody titers.

3. Results and discussion

3.1. Ox40l−/− mice are susceptible to L. mexicana infection

Ox40L–Ox40 co-stimulation has been implicated in inducing susceptibility to CL caused by 

L. major (Akiba et al., 2000; Ishii et al., 2003) but mediates resistance to visceral 

leishmaniasis (Zubairi et al., 2004). Although both L. major and L. mexicana cause CL, 

Tuladhar et al. Page 4

Exp Parasitol. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



these parasites are significantly different in their phylogenetic, virulence and immunogenic 

characteristics (McMahon-Pratt and Alexander, 2004). We therefore analyzed the role of 

Ox40L–Ox40 co-stimulatory pathway in L. mexicana (M379) infection using Ox40l+/+ and 

Ox40l−/− BALB/c mice. We observed similar progressive footpad swellings in L. mexicana 

infected Ox40l−/− and Ox40l+/+ mice (Fig. 1A). Seven weeks p.i., infected footpads in 

Ox40l−/− and Ox40l+/+ mice further had similar parasite burdens (Fig. 1B). H&E staining of 

infected footpads also revealed similar inflammatory infiltrate comprising of lymphocytes 

and parasitized macrophages in both groups of mice (Fig. 1C–F). Our observations indicate 

that unlike previous studies with L. major, susceptibility to L. mexicana in BALB/c mice is 

independent of Ox40L pathway.

Immunological mechanisms governing CL are different between L. major and L. mexicana. 

C57BL/6 mice infected with L. major develop a robust Th1 response and are resistant to 

infection but develop chronic CL upon infection with L. mexicana. Also, virulence factors 

which have the ability to modulate host immune responses are markedly different between 

these two Leishmania species. For example, surface lipophosphoglycan is an important 

virulence factor for L. major, but not L. mexicana (McMahon-Pratt and Alexander, 2004; 

Mottram et al., 2004). Cathepsin L-like cysteine protease B (CPB) enzymes have been 

identified as an important virulence factor in L. mexicana but not L. major (Buxbaum et al., 

2003; Mottram et al., 2004). Moreover, genes involved in immune responses modulating 

susceptibility/ resistance to Leishmania infection are distinct for L. major and L. mexicana 

(Alexander and Kaye, 1985). It is therefore not surprising that the roles for co-stimulatory 

molecules in regulating immunity to Leishmania may differ between the two species.

3.2. Ox40L–Ox40 interaction does not affect Th1 or Th2 responses in L. mexicana infected 
BALB/c mice

In L. major infected mice, Ox40 co-stimulation is associated with the generation of Th2 

responses (Ishii et al., 2003), while in L. donovani infection Ox40 stimulation results in Th1 

immune response generation (Zubairi et al., 2004). We therefore examined whether Ox40L–

Ox40 interaction has any role in enhancing or suppressing either Th1 or Th2 immune 

responses during L. mexicana infection. Cytokine analysis of lymph node cells from L. 

mexicana infected Ox40l−/− and Ox40l+/+ mice re-stimulated with Leishmania antigen 

(LmAg) showed no differences in production of IL-4, IL-10, IFN-γ and IL-12 (Fig. 2A–D). 

Further, L. mexicana specific serum IgG1 and IgG2a antibodies, indicative of a Th2 and Th1 

response respectively (Rosas et al., 2005), were comparable in both Ox40l−/−and Ox40l+/+ 

mice infected with L. mexicana (Fig. 2E,F). Our results indicate that Ox40L–Ox40 

interaction does not contribute to the development of Th1 nor Th2 immune responses during 

L. mexicana infection of BALB/c mice. This contrasts with the Th2 promoting role of Ox40 

co-stimulatory pathway in response to L. major infection (Ishii et al., 2003), as well as the 

enhanced Th1 response and subsequent parasite clearance in L. donovani infected mice 

following OX40 co-stimulation (Zubairi et al., 2004). Although mechanisms behind these 

observed differences are yet to be fully understood, these results seem to suggest that the 

immunological consequence of Ox40L–Ox40 interactions depends on prevailing immune 

conditions elicited by the infecting pathogen (Gupta et al., 2013; Oghumu et al., 2010; 

Tuladhar et al., 2011).
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Ox40L–Ox40 pathway is implicated in prolonging the survival and proliferation of effector 

T cells (Pippig et al., 1999), and it may be that Ox40 stimulation functions primarily to 

sustain ongoing T cell activation processes rather than direct T helper differentiation in 

Leishmania infections (Gramaglia et al., 1998). This would explain why different T helper 

states are enhanced by the Ox40L–Ox40 pathway after infection with different species of 

Leishmania. Further, other pathways including CD40L-CD40, B7-CD28/CTLA4 also play a 

role in skewing Th1/Th2 responses (Tuladhar et al., 2011), and Ox40L–Ox40 interactions 

have been shown to exert their effects much later after initial T cell activation (Curry et al., 

2004; Gramaglia et al., 1998). It is therefore possible that the effects of Ox40 stimulation 

during L. mexicana infections are minimal, unlike in L. major infection. Another factor that 

may contribute to this difference is the role of parasite virulence factors. While L. mexicana 

virulence is mediated primarily by CPB, this factor has a much less profound role in L. 

major virulence (Mottram et al., 2004). CPB has been shown to be capable of inducing a 

Th2 response in L. mexicana infected BALB/c mice (Buxbaum et al., 2003). The 

immunomodulatory ability of L. mexicana specific virulence factors could potentially 

override any immune response exerted by Ox40 co-stimulation in mice infected with L. 

mexicana (Buxbaum et al., 2003; McMahon-Pratt and Alexander, 2004; Mottram et al., 

2004).

3.3. Ox40l−/− mice display decreased Th2 responses than Ox40l+/+ mice but are equally 
susceptible to a virulent strain of L. major

Previous studies indicated that blockade of Ox40L–Ox40 co-stimulation in L. major 

infection results in decreased IL-4 and IL-10 levels and led to abrogation of CL (Akiba et 

al., 2000; Ishii et al., 2003). Similar to these reports, we observed significantly reduced IL-4 

and IL-10 production by L. major infected Ox40l−/− mice compared to Ox40l+/+ mice upon 

stimulation of lymph node cells with LmAg (Fig 3A,B). Ox40l−/− and Ox40l+/+ mice did not 

exhibit any differences in IFN-γ and IL-12 production (Fig. 3C,D). Further, production of 

serum IgG1 (Fig. 3E) and IgG2a (Fig. 3F) were similar between Ox40l−/− and Ox40l+/+ mice 

infected with L. major.

However, contrary to previously published results, we observed comparable footpad 

swelling (Fig. 3G) and parasite loads (Fig. 3H) in Ox40l−/− and Ox40l+/+ mice infected with 

L. major (LV39). H&E staining of infected footpads also revealed similar degree of 

inflammation in Ox40l−/− and Ox40l+/+ mice (Fig. 3I–L). The difference in the outcome of 

L. major infection observed between our study and previous studies may possibly be a result 

of the different strains of L. major used. Previous studies used the L. major strain 

(MHOM/SU/73/5ASKH) while our current study was performed using L. major strain LV39 

(MRHO/SU/59/P). A number of studies have demonstrated that different strains of L. major 

parasites vary in their pathogenicity and in the induction of immune responses which can 

alter the outcome of infection (Alimohammadian et al., 2010; Asadpour et al., 2013). Taken 

together, these results suggest that pathogen derived factors could affect the role of the 

OX40L–OX40 pathway in determining disease outcomes of CL.

It is surprising that although Th2 cytokine responses were reduced in L. major infected 

Ox40L−/− mice compared to Ox40L+/+ mice, lesion sizes and antigen specific IgG1 and 
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IgG2a antibodies were comparable between both groups of mice. Although it is generally 

accepted that the Th2 cytokine IL-4 contributes to the generation of antigen specific IgG1 

antibodies, other cytokines (Bryson et al., 2008) and parasite derived factors (Buxbaum, 

2013; Mohammadi et al., 2006) have been shown to affect IgG subclass distribution. 

Moreover, levels of IgG1 and IgG2a antibodies do not always correlate with disease 

outcome (Fossati-Jimack et al., 2000). For example increased levels of IgG2a antibodies 

have been shown to contribute to disease exacerbation of CL in PD-L2−/− mice due to 

increased binding of opsonized parasites to FcγR and suppression of protective immune 

responses (Liang et al., 2006), which contrasts with the protective immune responses 

associated with elevated IgG2a levels in WT mice. Taken together our results suggest that 

IL-4 independent mechanisms affect the generation of antigen specific IgG isotypes in 

OX40L deficient mice during CL caused by L. major.

4. Conclusions

This is the first report that examines the effect of Ox40L deficiency in CL caused by L. 

mexicana. Our study demonstrates that the Ox40L–Ox40 pathway does not contribute to 

Th1 nor Th2 bias and subsequently disease outcome of L. mexicana infection. Our study 

also shows that this co-stimulatory pathway promotes Th2 responses, but is not required for 

susceptibility to CL caused by L. major strain LV39.
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HIGHLIGHTS

• First study to examine the role of Ox40L–Ox40 in L. mexicana infection.

• Ox40L pathway does not induce Th2 responses in experimental L. mexicana 

infection.

• Ox40L–Ox40 co-stimulation is not critical for susceptibility to L. mexicana.

• Ox40L–Ox40 promotes Th2 response but does not affect outcome of L. major 

infection.
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Fig. 1. 
Footpad infection of Ox40l−/− and Ox40l+/+ BALB/c mice with L. mexicana. (Results are 

representative of three independent experiments.) (A) Lesion size is expressed as mean 

footpad swelling (millimeters) ± SE (n = 15 mice per group). (B) Parasite load is expressed 

as the largest log dilution that yields viable parasite upon culture for 4–7 days and is 

expressed as mean log dilution ± SE (n = 12 mice per group). (C–F) Histopathological 

examination of infected footpads after H&E staining (n = 3 mice per group). L. mexicana 

infected Ox40l+/+ mice, 10× (C) and 40× (D) and L. mexicana infected Ox40l−/− mice, 10× 

(E) and 40× (F).
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Fig. 2. 
Cytokines and antibodies in Ox40l+/+ and Ox40l−/− mice infected with L. mexicana. IL-4 

(A), IL-10 (B), IFN-γ (C) and IL-12 (D) concentrations measured by ELISA are expressed 

as mean concentration (picogram) ± SE (n = 15 mice per group). Serum antibody was tested 

for IgG1 (E) and IgG2a (F) specific for L. mexicana by ELISA. Results are represented as 

mean antibody titer ± SE (n = 15 mice per group).
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Fig. 3. 
Footpad infection of Ox40l−/− and Ox40l+/+ BALB/c mice with L. major. (Results are 

representative of three independent experiments.) IL-4 (A), IL-10 (B), IFN-γ (C) and IL-12 

(D) concentrations measured by ELISA are expressed as mean concentration (picogram) ± 

SE (n = 15 mice per group). * denotes p < 0.05 calculated by unpaired Student’s t test. 

Serum antibody was tested for IgG1 (E) and IgG2a (F) specific for L. major by ELISA. 

Results are represented as mean antibody titer ± SE (n = 15 mice per group). (G) Lesion size 

is expressed as mean footpad swelling (millimeters) ± SE (n = 15 mice per group). (H) 

Parasite burden in infected footpad is expressed as mean log dilution ± SE (n = 12 mice per 

group). (I–L) Histopathological examination of infected footpads by H&E staining (n = 3 

mice per group). L. major infected Ox40l+/+ mice, 10× (I) and 40× (J) and L. major infected 

Ox40l−/− mice, 10× (K) and 40× (L).
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