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Abstract

In cutaneous leishmaniasis (CL) the immune response is not only protective, but also mediates 

immunopathology. We previously found that cytolytic CD8 T cells promote inflammatory 

responses that are difficult to treat with conventional therapies that target the parasite. Therefore, 

we hypothesized that inhibiting CD8 T cell cytotoxicity would reduce disease severity in patients. 

IL-15 is a potential target for such treatment, as it is highly expressed in human CL patients’ 

lesions and promotes granzyme B (GzmB) dependent CD8 T cell cytotoxicity. Here we tested 

whether tofacitinib, which inhibits IL-15 signaling by blocking janus kinase (jak) 3, might 

decrease CD8 dependent pathology. We found that tofacitinib reduced expression of GzmB by 

CD8 T cells in vitro, and in vivo systemic and topical treatment with tofacitinib protected mice 

from developing severe CL lesions. Importantly, tofacitinib treatment did not alter Th1 responses 

or parasite control. Collectively, our results suggest that host-directed therapies do not need to be 

limited to autoimmune disorders and that topical tofacitinib application should be considered 

strategy for the treatment of CL disease in combination with anti-parasitic drugs.

Introduction

CD8 T cells promote protection by killing infected or transformed cells, but in certain 

situations this can have an undesired outcome by perpetuating inflammatory responses. For 

example, CD8 T cell cytotoxicity has been linked with enhanced disease in autoimmune 

diseases, such as type 1 diabetes (Young et al., 1989; Kägi et al., 1997; Trivedi et al., 2016) 

and alopecia universalis (Xing et al., 2014), in infectious diseases, such as cerebral malaria 

(Junqueira et al., 2018; Claser et al., 2019; Kaminski et al., 2019; Riggle et al., 2019), 

myocarditis caused by coxsackievirus (Gebhard et al., 1998) and cutaneous leishmaniasis 

(CL) (Brodskyn et al., 1997; Faria et al., 2009; Novais et al., 2013; Santos et al., 2013; 

Cardoso et al., 2015; Crosby et al., 2015; Novais et al., 2015; Novais et al., 2017; Amorim et 
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al., 2019; Campos et al., 2019; Covre et al., 2020). Therefore, understanding how to dampen 

cytotoxicity is of major clinical importance in several human disorders.

Cutaneous leishmaniasis (CL) is caused by protozoans of the genus Leishmania with 1.5 

million people living at risk of contracting the disease. Standard treatment for CL is 

pentavalent antimony, a toxic drug with high failure rates and growing antimony resistance 

(Croft et al., 2006; Arevalo et al., 2007; Unger et al., 2009; Ponte-Sucre et al., 2017). One of 

the major problems of this treatment is that it only targets the parasite, but fails to limit the 

immunopathologic responses that have a major role in disease severity (Scott and Novais, 

2016). Using murine models of CL, we identified CD8 T cells as prime drivers of pathology 

due to cytolysis and release of damage associated molecular patterns that activate the 

NLRP3 inflammasome, which processes IL-1β ultimately promoting severe inflammation 

(Novais et al., 2013; Novais et al., 2017) (Novais et al., 2015). Recently, we validated the 

importance of this pathway in humans by showing that the levels of components of the CD8 

T cell cytolytic granules in lesions predict treatment failure with pentavalent antimony 

(Amorim et al., 2019). Therefore, pharmacological strategies that block the cytotoxic 

response of CD8 T cells have the potential to dampen inflammation while preventing the 

development of severe cases of mucosal leishmaniasis, which develops when parasites 

metastasize to the nasal-pharyngeal mucosa.

Cytokines of the common gamma (γc) chain (or CD132) family, including IL-2, IL-15 and 

IL-21, induce granzyme B (GzmB), a serine protease responsible for the activation of the 

cell death pathway mediated by cytotoxic granules (Golstein and Griffiths, 2018)(Gadina et 

al., 2018). (Ye et al., 1996; Alves et al., 2003; Janas et al., 2005; Özdemir et al., 2005; 

Rausch et al., 2006; Tamang et al., 2006; Ebert, 2009; Sutherland et al., 2013; Younes et al., 

2016). Therefore, we hypothesized that blocking these cytokines might lessen the 

development of severe CL lesions. Since elevated levels of IL15 were found in lesions we 

tested if the jak 1/3 inhibitor tofacitinib, which blocks IL-15 signaling, might lessen CD8 T 

cell mediated pathology. Systemic and topical treatment with tofacitinib prevented 

immunopathology in two different CL models of CD8 T cell-mediated disease, but did not 

abrogate IFN-γ production or parasite control. Collectively, our results suggest that blocking 

jak1/3 using topical tofacitinib should be considered as a strategy for the treatment of severe 

cases of CL in combination with pentavalent antimony.

Results

IL-15 expression is induced in CL lesions.

To investigate if cytokines involved in the expression of GzmB were expressed in CL 

lesions, we took advantage of our previously published transcriptional analysis performed in 

10 normal skin biopsies and 25 L. braziliensis-infected lesions from patients in which we 

found that cytotoxicity is a major signature of CL (Novais et al., 2015). Using this published 

dataset, we performed a new analysis to look for the expression of the γc-chain cytokines 

and found that only IL-15 and IL-15Ra mRNA expression was increased in lesions 

compared to normal skin (Fig. 1a). Similarly, gene expression analysis of lesions from mice 

infected with Leishmania at the peak of disease (5 weeks) showed that expression of Il15 
and Il15ra is higher in lesions compared to normal skin (Fig. 1b). Thus, our analysis suggest 
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that IL-15 mRNA expression is increased in CL lesions from mice and humans and we 

hypothesize that the IL-15 rich environment of CL lesions promotes GzmB expression in 

CD8 T cells.

Tofacitinib prevents GzmB expression induced by IL-15.

To determine if IL-15 was sufficient to induce the expression of GzmB by CD8 T cells, we 

cultured splenocytes from naïve mice in the presence of IL-15 for 30 and 72 hours (Fig. 2a 

and b). CD8 T cells exposed to IL-15 expressed GzmB as early as 30 hours and at 72 hours 

all CD8 T cells in IL-15 cultures were GzmB+. Since IL-15 signals through jaks 1 and 3, we 

next asked if we could block GzmB expression by adding the jak1/3 inhibitor tofacitinib to 

cultures. Our results showed that GzmB expression induced by IL-15 was completely 

blocked by the addition of tofacitinib. Since tofacitinib might also impact jak 2 required for 

IL-12 signaling and therefore induction of the differentiation of CD4 T cells into IFN-γ-

producing Th1 cells (Vignali and Kuchroo, 2012), we cultured splenocytes under Th1 

polarizing conditions in the presence of IL-12 and IL-18. In CD8 T cells, we observed that 

tofacitinib treatment significantly decreased IFN-γ production by 20% cells at 30h (Fig. 2a 

and c). Tofacitinib treatment had a more discrete impact in the ability of CD4 T cells to 

produce IFN-γ (10% decrease) detectable at 30h though not significant (Fig. 2a and d). 

Therefore, our results suggest that while tofacitinib was effective at blocking GzmB 

production by CD8 T cells in response to the γc-chain cytokine IL-15, it had a smaller 

impact on the production of IFN-γ, especially in CD4 T cells. To further investigate the 

influence of tofacitinib on GzmB and IFN-γ production, we harvested splenocytes from L. 
major infected mice and stimulated them with leishmanial antigen in the presence or absence 

of tofacitinib. Supernatants were collected and IFN-γ levels assessed by ELISA. We found a 

complete block in GzmB production (Fig. 2e), and approximately a 50% reduction in IFN-γ 
responses from cells treated in vitro with tofacitinib (Fig. 2f).

Tofacitinib does not alter Th1 responses in vivo during Leishmania infection.

Our in vitro studies indicated that tofacitinib would block GzmB but might also decrease 

IFN-γ responses. Therefore, to test if tofacitinib might influence protective responses in 

vivo, we first tested if tofacitinib treatment inhibited a classical delayed type hypersensitivity 

(DTH) response. We infected mice with L. major in one ear and after the lesion resolved 

(>10 weeks post-infection), we challenged mice with L. major in the contralateral ear and 

assessed the DTH response (Fig. 3a). As expected, previously infected mice exhibited a 

DTH response, while naïve mice did not (Fig. 3b). DTH was accompanied by IFN-γ 
expression in CD4 T cells, while IFN-γ was not detected in the naïve mice (Fig. 3c and d). 

Importantly, naïve or immune mice treated with tofacitinib at days −1, 0, 1 and 2 post-

challenged had similar responses to their control groups (Fig. 3b), and immune mice 

expressed similar levels of IFN-γ whether they were treated or not with tofacitinib (Fig. 3c 

and d). These data indicate that tofacitinib does not alter classical DTH responses or affect 

the ability of CD4 T cells to express IFN-γ in leishmaniasis.

To test if tofacitinib treatment would impact Th1 responses during infection, we infected 

C57BL/6 mice with L. major and, when lesions and immune responses were established, at 

2.5 weeks post-infection, we began systemic (i.p.) daily injections with tofacitinib until mice 
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were euthanized at 5 weeks post-infection. We chose this timepoint since lesions are large 

and visible and would simulate when patients would look for treatment. Treatment with 

tofacitinib had no impact on lesion development (Fig. 4a), or parasite numbers (Fig. 4b). 

Also, the frequency of IFN-γ producing Th1 cells in draining LN (dLN) (Fig. 4c and d) or 

lesions (Fig. 4c and e) was unchanged by treatment with tofacitinib. We also analyzed the 

expression of IFN-γ in other CD45+ cells that were negative for CD3 and we were unable to 

find differences in the expression of IFN-γ in this population (data not shown). Hence, 

treatment with tofacitinib did not impact the ability of already differentiated Th1 cells to 

produce IFN-γ and control Leishmania parasites in CL, which suggests that tofacitinib 

treatment would be safe for treating CL.

Tofacitinib inhibits CD8 T cell-mediated disease.

To determine if tofacitinib might lessen disease severity, we infected RAG deficient mice 

with L. braziliensis and reconstituted the mice with CD8 T cells (RAG+CD8). As previously 

described (Novais et al., 2013), RAG+CD8 develop severe pathology characterized by 

GzmB expressing CD8 T cells in lesions and a persistent influx of neutrophils. When RAG

+CD8 mice were treated with tofacitinib starting at 2 weeks post-infection, the treated mice 

developed significantly smaller lesions compared to vehicle-treated controls (Fig. 5a), while 

parasite numbers in the infected skin were similar between groups (Fig. 5b). The decrease in 

lesion size was accompanied by a significant reduction in the number of neutrophils 

recruited to the lesions (Fig. 5c and d) and the frequency of CD8 T cells expressing GzmB 

(Fig. 5e and f). These results demonstrate that tofacitinib prevents immunopathology by 

CD8 T cells without affecting the number of parasites in the skin.

CD8 T cell-mediated disease can be caused by both Leishmania-specific (Novais et al., 

2013) as well as CD8 T cells activated by a co-infection (Crosby et al., 2015), here called 

bystander CD8 T cells. Thus, Leishmania-infected mice that are co-infected with an acute 

strain of LCMV expand a population of cytolytic CD8 T cells that are non-specifically 

recruited to leishmanial lesions, leading to the development of more severe lesions compared 

with controls due to NKG2D lysis of NKG2D ligand expressing cells in the lesion (Crosby 

et al., 2014; Crosby et al., 2015). This NKG2D-dependent killing mechanism of CD8 T cell 

killing is IL-15-dependent in celiac disease (Meresse et al., 2004), and we hypothesized that 

tofacitinib would prevent the pathology caused by bystander CD8 T cells. C57BL/6 mice 

with L. major were infected with LCMV 2 weeks post-infection, and systemic treatment 

with tofacitinib or vehicle commenced 10 days post LCMV infection, by which time the 

virus was cleared (Crosby et al., 2015). Treatment with tofacitinib blocked the pathology 

induced by bystander CD8 T cells (Fig. 5g), while the number of parasites in lesions was 

unaltered (Fig. 5h). Together, these results show that tofacitinib treatment blocks disease in 

two mouse models of CD8 T cell-mediated disease in CL and that tofacitinib treatment does 

not alter the parasite load in the skin.

Topical tofacitinib treatment prevents CD8 T cell-mediated disease in CL.

While systemic tofacitinib administration was effective, topical application is ideal since it 

can be administered with ease and would reduce the chances of any potential side effects. 

Tofacitinib was previously used topically in several skin conditions (Schwartz et al., 2017), 
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hence we tested if local treatment with tofacitinib was sufficient to prevent CD8 T cell-

mediated inflammation. RAG+CD8 mice were infected with L. braziliensis and 2 weeks 

post-infection topical application of tofacitinib began. Topical tofacitinib was able to 

significantly reduce lesion development (Fig. 6a) without affecting parasite numbers (Fig. 

6b). Correspondingly, there was a significant decrease in the recruitment of neutrophils to 

the lesion (Fig. 6c and d) and suppressed expression of GzmB by CD8 T cells (Fig. 6e and 

f). Together, our results demonstrate that CD8 T cells promote disease in CL in a jak1/3-

dependent manner, and that treatment with tofacitinib prevents pathogenic responses from 

developing while keeping protective responses intact.

Discussion

Pentavalent antimony is the first line of treatment for CL, but has numerous limitations such 

as cardiotoxicity, pancreatitis and hepato/nephrotoxicity (Ponte-Sucre et al., 2017), lengthy 

treatment, intravenous administration and an association with treatment failure (Machado et 

al., 2002; Croft et al., 2006; Unger et al., 2009; Ponte-Sucre et al., 2017). While new drugs 

are needed, since the severity of the disease is also mediated by immunopathologic 

responses, therapies that block such responses might augment disease resolution. Our work 

demonstrates that treatment of mice with tofacitinib ameliorates pathologic aspects of the 

disease, while leaving IFN-γ production by Th1 cells intact. Importantly, both systemic and 

topical delivery of tofacitinib was effective, and since topical application of jak inhibitors 

has been used in other dermatologic conditions with no evidence of systemic toxicity 

(Schwartz et al., 2017), topical application of tofacitinib should be considered as a strategy 

for the treatment of CL in conjunction with standard anti-parasitic drugs.

In some CL patients, the magnitude of the disease is due to an ineffective immune response, 

while in others, severe disease occurs concomitantly with a Th1 response and control of the 

parasites (Scott and Novais, 2016). In L. braziliensis patients and murine models, we found 

that cytolytic CD8 T cells were the driving force in the development of pathology (Novais et 

al., 2013; Crosby et al., 2014; Crosby et al., 2015), leading to NLRP3 activation, IL-1β 
release and an exaggerated inflammatory response (Novais et al., 2017). Here we show that 

blocking the initiation of the pathway, mediated by cytolytic CD8 T cells, limits disease. We 

found elevated levels of IL-15 mRNA in lesions, and therefore sought to block IL-15 

signaling using tofacitinib, an inhibitor of the jak molecules downstream of the IL-15 

receptor. Further supporting a focus on IL-15 is the observation that NKG2D/IL-15-

dependent killing of target cells promote disease in celiac patients (Meresse et al., 2004; 

Tang et al., 2009; Tang et al., 2015). Our results show that blocking CD8 cytolysis with 

tofacitinib is effective in lessening the magnitude of disease, and that this therapeutic effect 

was evident in models where CD8 T cells were known to be killing Leishmania-infected 

cells (Novais et al., 2013), as well in our model where NKG2D expressing bystander CD8 T 

cells promoted disease (Crosby et al., 2015).

Tofacitinib, that inhibits primarily jaks 3 and 1, and to some extent jak 2, was the first jak 

inhibitor developed for treatment of autoimmune diseases (Schwartz et al., 2017). Clinical 

trials in rheumatoid arthritis (RA) showed high efficacy in the treatment of disease 

(Fleischmann et al., 2012; van Vollenhoven et al., 2012; Lee et al., 2014; Conaghan et al., 
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2016; Moodley et al., 2016). In addition, tofacitinib has been used for the treatment of 

ulcerative colitis with some success (Sandborn et al., 2014; Panés et al., 2017; Sandborn et 

al., 2017). In a mouse model of lupus nephritis, tofacitinib treatment impaired CD8 T cell-

mediated disease and was able to improve kidney function (Zhou et al., 2020). The major 

concern with using jak inhibitors is the obvious risk of developing side effects since the 

cytokines it inhibits are essential for protecting the host from certain pathogens. For 

example, patients treated with jak inhibitors are at higher risk of developing tuberculosis and 

herpes zoster (Yamaoka, 2019; Zhang et al., 2019). Though this should be a major risk for 

patients that receive long-term treatment for inflammatory diseases such as RA (Kubo et al., 

2017; Schwartz et al., 2017), in CL patients treatment would be limited, and any undesirable 

effects of tofacinitib would be significantly reduced by topical delivery. In the case of 

leishmaniasis, the concern would be blockade of IFN-γ production that might lead to loss of 

parasite control. While in vitro studies indicated an effect on IFN-γ, we found that in vivo 

treatment with tofacitinib did not block IFN-γ or protection. We do not know why there is a 

discrepancy in the in vitro and in vivo results, although it may reflect the limitations of 

recapitulating what is happening in vivo with in vitro studies. Considering all of our 

findings, we conclude that topical treatment with tofacitinib has the potential to reduce the 

deleterious effects of cytotoxicity in CL lesions without overtly increasing the risk of side-

effects.

Tofacitinib has also been used for the treatment of numerous dermatologic conditions 

(Shreberk-Hassidim et al., 2017). For example, psoriasis is an autoimmune skin disorder in 

which cytokines such as TNF, IL-17 and IL-23 play a major role (Lowes et al., 2014), and in 

several clinical trials tofacitinib treated patients showed significant improvement over 

controls (Schwartz et al., 2017). In alopecia areata, CD8 T cells kill hair follicles in an 

NKG2D-dependent manner as a result of an environment rich in IFN-γ and IL-15 (Xing et 

al., 2014), and murine studies showed that tofacitinib leads to disease improvement (Xing et 

al., 2014). Similarly, in humans, the treatment of alopecia areata, totalis and universalis with 

tofacitinib was effective at reducing symptoms (Kennedy Crispin et al., 2016; Scheinberg 

and Ferreira, 2016; Craiglow et al., 2017; Liu and King, 2018; Hernandez-Montoya and 

Ruiz-Villaverde, 2019). In vitiligo, an autoimmune disorder also caused by cytotoxic CD8 T 

cells that kill melanocytes (van den Boorn et al., 2009; Zloza et al., 2011; Cheuk et al., 2017; 

Frisoli et al., 2020), treatment with tofacitinib was also shown to be efficacious (Craiglow 

and King, 2015; Kim et al., 2018). In addition, tofacitinib has been successfully used in 

atopic dermatitis and idiopathic erythema multiform (Bissonnette et al., 2016; Damsky and 

King, 2016). Thus, our results are consistent with the use of tofacitinib to prevent several 

inflammatory skin conditions, and is likely to be safe given the extensive experience with 

this drug.

Here we used mouse models to ask if tofacitinib is able to block pathology induced by 

cytolytic CD8 T cells while sparing protective Th1 responses. Because individual mouse 

models have limitations in their ability to address how tofacitinib impacts every aspect of the 

immune response in CL, we used transcriptional profiling, in vitro, ex vivo and 3 different in 

vivo models to analyze each individual question by different angles. Collectively, these 

series of experiments suggest tofacitinib is an inhibitor that should be considered for the 

treatment of CL. The use of host-directed therapies that block inflammatory responses might 
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be considered problematic in infectious diseases, since it is possible that protective 

responses might simultaneously be dampened. Since Leishmania killing requires the 

development of a Th1 response, blocking either IL-12 or IFN-γ might lead to uncontrolled 

parasite growth (Ghoreschi et al., 2011; Almanzar et al., 2019). However, we found that 

tofacitinib had a mild impact on IFN-γ production by CD4 T cells stimulated with IL-12 

and IL-18, and in vivo tofacitinib treatment had no impact on the production of IFN-γ 
during infection. Furthermore, in CL we have identified an immunopathologic response that 

can be blocked without affecting parasite control. Thus, we found that tofacitinib inhibited 

CD8 T cell mediated pathology, while Th1 responses remained intact. Thus, our results 

indicate that tofacitinib, used in combination with anti-parasitic drugs, would be a successful 

and to our knowledge a previously unreported strategy for the treatment of CL. In another 

host-directed therapy using a jak inhibitor, inhibition of type I IFN was shown to enhance 

protection in visceral leishmaniasis (Kumar et al., 2020). More broadly, these results suggest 

that host-directed therapies in infectious diseases should be considered as a strategy for 

lessening disease manifestations in situations where the therapy does not compromise 

control of the pathogen.

Materials & Methods

Ethics statement.

This study was carried out in accordance with the recommendations in the Guide for the 

Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was 

approved by the Institutional Animal Care and Use Committee, University of Pennsylvania.

Patients and lesion biopsies.

Patient data in Fig. 1a is derived from published transcriptional profiling (Novais et al., 

2015).

Mice.

C57BL/6 mice (6 weeks old) were purchased from Charles River, and RAG−/− (B6.12957-

RAG1tm1Mom) were purchased from The Jackson Laboratory. All mice were maintained in a 

specific pathogen-free environment at the University of Pennsylvania Animal Care 

Facilities.

RNA isolation and quantitative real-time PCR.

Skin was homogenized and RNA was extracted using the RNeasy Mini kit (QIAGEN) 

according to the manufacturer’s instructions. RNA was reverse transcribed using high 

capacity cDNA Reverse Transcription (Applied Biosystems). Real-time PCR was performed 

on a ViiA 7 Real-Time PCR System (Applied Biosystems) using SYBR Green PCR Master 

Mix (Applied Biosystems). mRNA levels for each sample were normalized to ribosomal 

protein S11 genes and displayed as fold change over uninfected skin. Primers: Il15, forward, 

50 - GCAGAGTTGGACGAAGAC - 30, and reverse 50 - AGCACGAGATGGATGTATT - 

30; Il15ra, forward, 50 - TCTCCCCACAGTTCCAAA - 30, and reverse 50 - 

GGCACCCAGGCTCAGTAA - 30.
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Parasites and virus.

L. braziliensis (MHOM/BR/01/BA788) and L. major (Friedlin) were grown in Schneider’s 

insect medium (GIBCO) supplemented with 20% heat-inactivated FBS and 2 mM 

glutamine. Metacyclic enriched promastigotes were used for infection. Mice were infected 

with either 105 L. braziliensis or 106 L. major intradermally in the ear, and the lesion 

progression was monitored weekly by measuring the diameter of ear. For lymphocytic 

choriomeningitis virus (LCMV) infections, mice were infected with 2×105 PFU of 

Armstrong strain by intraperitoneal injection.

Cell purification and adoptive transfer.

Splenocytes from C57BL/6 mice were collected, red blood cells lysed with ACK lysing 

buffer (LONZA) and CD8 T cells were purified using a magnetic bead separation kit 

(Miltenyi Biotec). Three million CD8 T cells were transferred into RAG−/− mice that were 

subsequently infected with L. braziliensis. Mice reconstituted with CD8 T cells received 4 

injections of 250 μg of anti-CD4 within the first 2 weeks.

Ear preparation.

Infected ears were harvested, the dorsal and ventral layers of the ear separated, and the ears 

incubated in RPMI (Gibco) with 250 μg/mL of Liberase (Roche) for 90 mins at 37°C/5% 

CO2. Ears were dissociated using a cell strainer (40 μm, BD Pharmingen) and an aliquot of 

the cell suspension was used for parasite titration.

Parasite titration.

The parasite burden in the ears was quantified as described previously (Uzonna et al., 2004). 

Briefly, the homogenate was serially diluted and incubated at 26°C. The number of viable 

parasites was calculated from the highest dilution at which parasites were observed after 7 

days.

Flow cytometric analysis.

Cell suspensions were incubated for 4–6h with PMA (50 ng/mL), ionomycin (500 ng/mL) 

and Brefeldin A (10 μg /mL) (all from SIGMA) for intracellular staining. Before surface and 

intracellular staining, cells were stained with live/dead fixable aqua dead cell stain kit 

(Molecular Probes), according to manufacturer instructions. Analysis was performed using 

the FlowJo Software and gates were drawn based on fluorescence minus one (FMO) 

controls. Antibodies: anti-CD45 APC-AlexaFluor 780, anti-CD11b eF450, anti-CD3 eFluor 

450 and anti-IFN-γ PeCy7 (all from eBioscience). Anti-CD4 APC-Cy7 (BD Pharmingen), 

anti-CD8β PerCPCy5.5 and anti-Ly6G APC (Biolegend) and anti-granzyme B APC 

(Invitrogen).

In vitro and in vivo treatment with tofacitinib.

In vitro (Fig. 2 a–d): splenocytes from mice were collected, red blood cells lysed with ACK 

lysing buffer (LONZA), cells were counted and plated in a 96-well plate “u” bottom. Cells 

were stimulated with IL-2 (10 ng/mL), IL-15 (50 ng/mL) or IL-12 (10 ng/mL) + IL-18 (25 

ng/mL) with 2 μM of tofacitinib citrate (Selleckchem) or vehicle for 30 or 72 hours at 
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37°C/5% CO2. The 2μM dose was determined by dose-response assay in which we 

measured GzmB expression by treating splenocytes with 0.5–2μM (data not shown). All 

doses were able to block GzmB expression by CD8 T cells in vitro. During the last 4 hours, 

cells were incubated with PMA, ionomycin and brefeldin A as described above. In vitro 

(Fig. 2e and f): splenocytes from 2 week-infected mice were stimulated for 24h with media 

or antigen (5:1) +/− 2μM of tofacitinib and supernatants were collected for ELISA. IFN-γ 
(eBioscience) and GzmB (R&D Systems) ELISA were performed according with the 

manufacturer’s instructions. In vivo systemic: 2 weeks post infection of RAG−/− mice with 

L. braziliensis or 10 days post LCMV infection in C57BL/6 mice infected with L. major, 
treatment with 30 mg/Kg of tofacitinib per day commenced. In vivo topical: 2 weeks post 

infection of RAG−/− mice with L. braziliensis treatment with 30 mg/Kg of tofacitinib per 

day commenced. Tofacitinib or vehicle was combined with moisturizing lotion (Cetaphil) 

and applied to the skin. For the in vivo studies, we use the dose suggested by the 

manufacturer.

Statistical analysis.

Data are presented as mean ± standard error. Statistical significance was determined using 

the two-tailed unpaired Student’s t-test. Pearson correlation coefficient was used to 

determine correlation between LOG2 expressions of genes from human skin transcripts. 

Statistical analysis was calculated using Prism software (GraphPad).
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Figure 1: 
IL-15 mRNA is induced in human and mouse lesions compared to healthy skin. (a) Log2 

expression of γc-chain cytokines in human healthy skin or L. braziliensis-infected lesions. 

(b) Il15 and Il15ra expression of L. major-infected lesions at 5 weeks post-infection. mRNA 

data is represented as a fold change over expression in naive mice. ***p ≤ 0.001 and ****p 
≤ 0.0001
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Figure 2: 
Jak1/3 inhibition with tofacitinib suppresses IL-15-induced granzyme B production by CD8 

T cells. (a-d) Splenocytes from naive mice were stimulated for 30 or 72 hours with 

tofacitinib or vehicle in the presence of various cytokines. Cells were stimulated with PMA 

and ionomycin in the presence of brefeldin A for the last 4 hours and analyzed by flow 

cytometry for the expression of intracellular granzyme B and IFN-γ. Data are representative 

of at least 3 individual experiments performed with duplicates. Gating strategy: live, 

singlets, CD3, CD44high, CD8β or CD4. (e and f) Splenocytes from L. major-infected mice 

were stimulated with tofacitinib or vehicle in the presence or leishmania antigen. 

Supernatants were collected at 24h post-antigen stimulation and used to perform ELISA for 
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(e) GzmB and (f) IFN-γ. Bar graphs are representative of 2 individual experiments with 5 

mice per group with similar results.
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Figure 3: 
DTH responses to Leishmania challenge are intact after treatment with tofacitinib. (a) Naive 

or immune mice (infected for >10 weeks) were challenged with Leishmania at the 

contralateral ear and mice were treated with tofacitinib or vehicle. (b) DTH reaction was 

measured at 72 hours post-challenge. (c and d) Cells were stimulated with PMA and 

ionomycin in the presence of brefeldin A for 4 hours and analyzed by flow cytometry for the 

expression of intracellular IFN-γ. (c) Representative contour plots and (d) bar graphs are 

representative of 2 individual experiments with 4–5 mice per group with similar results. 

Gating strategy: live, singlets, CD3, CD4. **p ≤ 0.01 and ***p ≤ 0.001
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Figure 4: 
IFN-γ production by CD4 T cells is not altered by treatment with tofacitinib. Mice were 

infected with Leishmania and 2.5 weeks later daily i.p. treatment with tofacitinib or vehicle 

started. (a) Ear thickness was measured weekly and at 5 weeks (b) parasite numbers (c) and 

IFN-γ production by CD4 T cells was assessed by flow cytometry. Cells from (d) infected 

ears or (e) draining LN (dLN) were stimulated with PMA and ionomycin in the presence of 

brefeldin A for 4 hours and analyzed by flow cytometry for the expression of intracellular 

IFN-γ. (c) Representative contour plots and (d and e) bar graphs are representative of 2 

individual experiments with 5 mice per group. Gating strategy: live, singlets, CD3, CD4, 

CD44high.
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Figure 5: 
Treatment with tofacitinib prevents CD8 T cells from inducing pathology in Leishmania 

infection. RAG−/− mice were infected with Leishmania and reconstituted with CD8 T cells. 

Two weeks post-infection, mice were treated with tofacitinib or vehicle for 2 weeks. (a) Ear 

thickness was measured weekly and at 4 weeks (b) parasite numbers was assessed. (c and d) 

neutrophil recruitment and (e and f) granzyme B expression by CD8 T cells was assessed 

directly ex vivo by flow cytometry at 4 weeks post-infection. (c and e) Representative 

contour plots and (d and f) bar graphs are representative of 2 individual experiments with 5 

mice per group. Gating strategy: live, singlets, CD11b, Ly6G or CD3, CD8β. (g and h) Mice 

were infected with Leishmania in the skin and 2 weeks post-infection a subset of mice were 

co-infected with LCMV. 10 days post-LCMV infection mice were treated with tofacitinib or 
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vehicle. (g) Ear thickness was measured weekly and at 6 weeks (h) parasite numbers was 

assessed. *p ≤ 0.05 and **p ≤ 0.01
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Figure 6: 
Topical treatment with tofacitinib is sufficient to inhibit pathology induced by CD8 T cells 

during Leishmania infection. RAG−/− mice were infected with Leishmania and reconstituted 

with CD8 T cells. Two weeks post-infection, mice were topically treated with tofacitinib or 

vehicle for 3 weeks. (a) Ear thickness was measured weekly and at 4 weeks (b) parasite 

numbers was assessed. Depicted are pictures of lesions at 5 weeks post-infection. (c and d) 

neutrophil recruitment and (e and f) granzyme B expression by CD8 T cells was assessed 

directly ex vivo by flow cytometry at 4 weeks post-infection. (c and e) Representative 

contour plots and (d and f) bar graphs are representative of 2 individual experiments with 5 
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mice per group. Gating strategy: live, singlets, CD11b, Ly6G or CD3, CD8β. *p ≤ 0.05, **p 
≤ 0.01 and ***p ≤ 0.001
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