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Abstract

Vitiligo is an autoimmune skin disease in which epidermal melanocytes are targeted for 

destruction by CD8+ T cells specific for melanocyte/melanoma-shared antigens. IFNγ is the 

central cytokine driving disease but the role of type I IFN in vitiligo remains unclear. We 

investigated the functional role of type I IFN during vitiligo progression using two different mouse 

models; one induced with a vaccinia virus (VV) vaccine and one induced with dendritic cells to 

prime autoimmune T cells. Induction of vitiligo by VV in IFNaR-deficient mice led to 

development of severe vitiligo compared to wild type (WT) mice and was characterized by a 

significantly enhanced effector CD8+ T cell response. Severe vitiligo in this model was a result of 

VV persistence, because exacerbation of disease in IFNaR-deficient mice was not observed when 

antigen-pulsed dendritic cells were used to induce vitiligo instead of virus. Treatment of B16F10 

melanoma inoculated mice with VV vaccine therapy also induced a significantly enhanced anti-

tumor response in IFNaR-deficient mice compared to WT. These results not only help define the 

pathways responsible for vitiligo progression but also suggest that blockade of type I IFNs 

following administration of a VV vaccine may provide increased immunogenicity and efficacy for 

melanoma immunotherapy.
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Introduction

Vitiligo is a disfiguring skin disease in which autoreactive CD8+ T cells target and destroy 

melanocytes, the pigment-producing cells of the epidermis, leading to patchy 

depigmentation(Ogg, Dunbar, Romero, Chen, & Cerundolo, 1998; van den Boorn et al., 

2009). Vitiligo affects roughly 1% of the population worldwide and currently there are no 

FDA approved medical treatments to reverse the disease (Alikhan, Felsten, Daly, & 

Petronic-Rosic, 2011; Ezzedine et al., 2015; J. E. Harris, 2017; Taïeb & Picardo, 2009). Our 

lab and others have shown that signaling through type II interferon, IFN-gamma (IFNγ), is 
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critical for disease pathogenesis in human patients and in a mouse model of vitiligo (J. E. 

Harris, Harris, Weninger, Wherry, Hunter, & Turka, 2012a; Rashighi et al., 2014; Strassner, 

Rashighi, Ahmed Refat, Richmond, & Harris, 2017; van den Boorn et al., 2009). Previous 

work has identified epidermal IFNγ signaling and the induction of the chemokine ligands 

CXCL9 and CXCL10 in promoting migration of anti-melanocyte CXCR3-expressing CD8+ 

T cells to the epidermal-dermal junction where they mediate elimination of melanocytes (J. 

E. Harris, Harris, Weninger, Wherry, Hunter, & Turka, 2012a; Rashighi et al., 2014; 

Richmond, Bangari, et al., 2017a; Richmond, Masterjohn, et al., 2017b).

The role of type I interferon signaling in vitiligo pathogenesis is unclear. Vitiligo patients 

have an increased incidence of other type I interferon-driven autoimmune diseases, such as 

systemic lupus erythematous (SLE) and Sjogrens syndrome, and their association with 

vitiligo suggests an overlap in disease-associated pathways (Alkhateeb, Fain, Thody, 

Bennett, & Spritz, 2003; Cunliffe, Hall, Newell, & Stevenson, 1968; Gill et al., 2016; J. E. 

Harris, 2017). In addition, genome wide association studies identified variants in interferon-

induced with helicase C domain 1 (IFIH1) and toll like receptor adaptor molecule 1 

(TICAM1) as vitiligo susceptibility loci (Jin et al., 2016; Spritz, 2013). Activation of IFIH1 

or TICAM1 leads to induction of type I IFNs and expression of interferon-stimulated genes. 

Finally, both IFNγ and type I IFN receptor signaling can lead to activation of STAT1 

homodimers to induce transcription of multiple overlapping gene targets, including 

CXCL10, due to the sharing of promoter binding elements (Ivashkiv & Donlin, 2014; van 

Boxel-Dezaire, Rani, & Stark, 2006).

A few reports show a correlation between the presence of type I IFNs and vitiligo 

development. One study showed a modest increase in IFNB1 mRNA in vitiligo uninvolved 

skin compared to healthy control skin but there was no difference in gene expression 

compared to lesional skin (Reimann et al., 2012). This suggests that the expression of type I 

IFN may be more closely associated with immune tolerance in the skin rather than 

progressive disease. Another study reported increased numbers of CD123 positive cells in 

the skin of vitiligo patients and moderately increased levels of CXCL9 and MxA, and 

concluded that type I IFN was responsible for this induction (Bertolotti et al., 2014; 

Jacquemin et al., 2017), although these markers can also be associated with IFNγ. 

Furthermore, multiple case studies have reported the development of vitiligo in Hepatitis C 

Virus patients following therapy with PEG-IFNα and ribavirin (Anbar, Abdel-Rahman, & 

Ahmad, 2008; Hamadah, Binamer, Sanai, Abdo, & Alajlan, 2010; Nouri, Busso, & Machler, 

1997). However, this rare phenomenon is not only linked to vitiligo but also to the 

development of other autoimmune diseases such as type I diabetes and SLE (Lodato et al., 

2006; Onishi et al., 2010; C. Popescu, Popescu, & Arama, 2013).

It is well established that melanoma, an aggressive skin cancer that arises from mutations in 

melanocytes, can be targeted by CD8+ T cells that recognize tumor-specific antigens (Hodi 

et al., 2010; Schwartzentruber et al., 2011). In fact, immunotherapies for melanoma have 

focused on targeting CD8 T cell function (van Oijen et al., 2004). The association between 

vitiligo and melanoma has been long recognized after many case studies reported the 

development of vitiligo following melanoma immunotherapy (BURDICK & HAWK, 1964; 

J. L. Smith & Stehlin, 1965). This is because there is significant overlap between the 
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antigens expressed by normal melanocytes and melanoma cells, antigens known as 

melanocyte differentiation antigens (MDA), which include the protein premelanosome 

(PMEL) (Houghton, 1984). In fact vitiligo is an independent positive prognostic factor for 

melanoma patients (Nordlund et al., 1983). Melanoma patients that developed vitiligo 

following treatment with anti-PD-1 (pembrolizumab) or anti-CTLA-4 (ipilimumab) 

immunotherapies have increased overall survival compared to patients that did not develop 

vitiligo (Hodi et al., 2010; Hua et al., 2016). Additional studies in mice reveal that the 

development of vitiligo increases the formation of memory CD8+ T cells, and that these 

memory cells provide protection against melanoma tumor re-challenge (Malik et al., 2017; 

Park et al., 2019).

Vaccinia virus have been used as a recombinant vaccine vector because of its large genome, 

which allows for insertion and high level expression of foreign genes, and because it 

replicates in the cytoplasm and poses no risk of integration of inserted DNA into the host 

genome (Jacobs et al., 2009). Vaccinia virus has been used for the treatment of melanoma 

either by direct injection into the tumor, or through vaccination of recombinant vaccinia 

virus expressing tumor associated antigens (Drexler et al., 1999; Oertli et al., 2002; Roenigk, 

Deodhar, St Jacques, & Burdick, 1974). Expression of MDAs increased specific anti-tumor 

CD8+ T cell frequencies and improved clinical responses. Other vaccination strategies 

infected dendritic cells with recombinant VACV, which revealed induction of strong anti-

tumor CD8+ T cell responses (Di Nicola et al., 2003; Prabakaran et al., 2002; Yang et al., 

2000). Although, vaccinia virus vaccines are safe and stimulate anti-tumor effects, 

understanding the signals driving VACV-induced anti-tumor responses will lead to the 

development of strategies that enhance the immunogenicity and durability of VACV 

therapies.

Here, we sought to determine whether there is a functional role of type I IFN in vitiligo. In 

this study, we used two different mouse models of human disease. The first model is 

dependent on activation of autoimmune T cells using a vaccinia virus vaccine. The second 

model is a novel mouse model that is dependent on adoptive transfer of bone marrow-

derived dendritic cells to prime autoimmune T cells. We find that induction of vitiligo using 

vaccinia virus vaccine resulted in severe disease in IFNaR-deficient hosts because of 

vaccinia virus persistence and the subsequent hyperactivation of autoimmune effector CD8+ 

T cells. Consistent with this observation, we determined that vaccination with vaccinia virus 

improved anti-tumor immunity against melanoma in IFNaR-deficient hosts compared to 

treatment in WT hosts. We show functional evidence that type I IFN is not required during 

the effector phase of the vitiligo response, since induction of vitiligo with antigen-pulsed 

dendritic cells resulted in similar disease development in both WT and IFNaR-deficient 

hosts. Our results further define the pathways responsible for vitiligo progression and will 

inform new therapies. These studies highlight the role of type I IFN in viral vaccine-induced 

adaptive immune responses and suggest targeting IFNaR to benefit viral vaccine efficacy 

during melanoma immunotherapy.
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Materials & Methods

Mice.

All mice were maintained in pathogen-free facilities at UMMS, and procedures were 

approved by the UMMS Institutional Animal Care and Use Committee and in accordance 

with the NIH Guide for the Care and Use of Laboratory Animals. The following mouse 

strains were used for these studies and are available from The Jackson Laboratory: PMEL 

TCR transgenic mice (stock no. 005023), KRT14-Kitl*4XTG2Bjl (Krt14-Kitl*) mice (stock 

no. 009687), IFNgR1-deficient mice (stock no. 003288), and IFNAR1-deficient mice 

(provided by A. Rothstein, now available as stock no. 032045, MMRRC). All mice used for 

vitiligo studies were on a C57BL/6J background, or a mixed 129-B6 background that had 

been backcrossed for at least 10 generations. Age and sex-matched mice were used, and both 

male and female mice of all strains were tested to avoid gender bias.

Vitiligo induction using vaccinia virus.

Vitiligo was induced as previously described (Harris et al., 2012). Briefly, PMEL CD8+ T 

cells were isolated from the spleens of PMEL TCR transgenic mice through negative 

selection on microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the 

manufacturer’s instructions. Purified CD8+ T cells (1×106) were injected intravenously into 

sublethally irradiated (500 rads 1 day before transfer) Krt14-Kitl* hosts. Recipient mice also 

received i.p. injection of 1×106 pfu rVV-hPMEL (N Restifo, NCI, NIH) on the same day of 

transfer. Scoring of vitiligo progression in mice was done by a blinded investigator, using a 

point scale based on the estimated depigmentation on the ears, nose, tail, and footpads. 

Replicate experiments were performed at least twice.

Flow Cytometry.

Tissues were harvested at the indicated times and processed as previously described(Riding, 

Richmond, & Harris, 2018). Skin was incubated for 1 hour at 37°C in 5U/mL of Dispase II 

(Roche, Basel, Switzerland) for tail or 50U/mL Dispase II for ears or footpad skin. 

Epidermal skin was removed and mechanically dissociated into a single cell suspension for 

staining. Dermis was incubated in 1mg/mL collagenase IV and 2 mg/mL DNAse I (Sigma 

Aldrich, St. Louis, MO) for 1 hour at 37°C before mechanical dissociation. All murine flow 

cytometry samples were blocked with 2.4G2 following staining with antibodies.

Bone marrow chimeras.

Bone marrow was isolated from femurs and tibias of donor mice. Recipient mice were 

lethally irradiated (800 rads at least 5h before transplant) and administered 5×106 bone 

marrow cells intravenously. Mice were left untreated for 8 weeks for reconstitution of bone 

marrow cells prior to use in the vitiligo model. Chimerism was verified by performing PCRs 

or flow cytometry.

Generation of BMDCs for peptide-pulsed DC vaccine.

Bone marrow-derived dendritic cells (BMDCs) were generated according to a modified 

version of a previously described method(Helft et al., 2015; Lutz et al., 1999). Briefly, bone 
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marrow cells isolated from the femurs and tibia of 7–14-week-old WT mice were filtered 

through a 70-μm nylon strainer, red blood cells lysed by ACK lysis buffer (Sigma Aldrich), 

and cultured in BMDC medium (RPMI-1640 containing 10% FBS, 100 U/mL PS, 2 mM L-

glutamine (Gibco), 50 μM 2-mercaptoethanol (Sigma Aldrich), 20 ng/mL GM-CSF 

(PeproTech), and 10 ng/mL IL-4 (PeproTech)). The BMDC medium was replaced on days 3 

and 6. On day 8, non-adherent cells were harvested and BMDC purity was assessed by flow 

cytometry to ensure staining for markers CD11c, MHC II, CD11b, and CD86. For DC 

vaccination, non-adherent cells were pulsed for 3 h at 37°C with 10 μM of the human 

gp10025–33 (hgp100) peptide (GenScript) in Opti-MEM media (Gibco) and washed three 

times with PBS before their use. For induction of vitiligo in mice, 1.0×106 CD11c+MHC II+ 

hgp100 pulsed BMDCs were co-injected intravenously into WT, IFNaR-deficient or 

IFNGR-deficient hosts.

Plaque Assay.

The day before infection, CV-1 cells were seeded in a 6 well plate at 1 million cells/well in 2 

mLs DMEM + 10% fetal bovine serum (FBS) and incubated at 37°C overnight. The 

following day, serial dilutions of virus infected tissue supernatants was performed. Culture 

medium was removed from CV-1 cells and 600 ul-1mL of virus infected tissue supernatant 

was added to each well and incubated at 37°C for 1 hour. After incubation, 2 mLs of a 

heated agarose solution containing 0.6% agarose and 2X MEM+20% FBS mixed at 1:1 was 

added to each well. Plates were incubated at 37°C for 72 hours. Cells were fixed by adding 

1.5 mLs of 10% formaldehyde. Following fixation, excess fixative and agar was removed 

carefully to avoid scraping the plate underneath. Cells were then stained with 200 ul of 2% 

Crystal violet diluted in water.

Tumor Model.

B16F10 melanoma cells (1.0×105) were resuspended in 100 μL of PBS and implanted 

subcutaneously into the right flank of 6–12-week-old WT and IFNaR deficient mice. Tumor 

size was measured in two dimensions by caliper and is expressed as the product of two 

perpendicular diameters. PMELs were isolated from the spleens of PMEL mice through 

negative selection on microbeads (Miltenyi Biotec) according to the manufacturer’s 

instructions. After 6–8 days of tumor injection, purified PMELs (1.0 ×106) were transferred 

by intravenous injection into sublethally irradiated (500 rad, day −1) hosts. On the same day 

mice were infected with 106 pfu of rVV-hPMEL to activate PMEL in vivo.

Statistical Analyses.

Statistical analyses were performed using GraphPad Prism software (GraphPad, La Jolla, 

CA). Dual comparisons were made with unpaired Student’s t test. Groups of three or more 

were analyzed by analysis of variance with Tukey or Dunnett posttests. P values less than 

0.05 were considered significant.
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Results

IFNaR-deficient hosts develop accelerated and severe viral-induced vitiligo compared to 
WT hosts

To directly compare the relative contribution of type I and type II interferon signaling in 

vitiligo pathogenesis, we induced vitiligo in WT, IFNaR-deficient, and IFNGR-deficient 

hosts as previously described (J. E. Harris, Harris, Weninger, Wherry, Hunter, & Turka, 

2012a). In brief, vitiligo was induced by adoptive cell transfer of naïve CD8+ T cells specific 

for the melanocyte protein premelanosome (PMEL) and these cells were activated by same 

day infection with recombinant vaccinia virus (VV) expressing their cognate antigen. 

Effector PMEL CD8+ T cells traffic to the skin to target melanocytes and hosts develop 

epidermal depigmentation on the ears, nose, footpads, and tail between 5–7 weeks after 

PMEL transfer (J. E. Harris, Harris, Weninger, Wherry, Hunter, & Turka, 2012b; Riding et 

al., 2018).

Surprisingly, induction of vitiligo in IFNaR-deficient hosts led to enhanced disease 

compared to wildtype hosts and resulted in complete depigmentation at some skin sites 

(Figure 1A–D). This was in stark contrast to IFNGR-deficient hosts, which were protected 

from disease (Figure 1C–D) and had significantly reduced PMEL numbers in the epidermis 

and dermis (Supplementary Figure 1A–C), consistent with our previous studies that targeted 

IFNγ using an antibody (J. E. Harris, Harris, Weninger, Wherry, Hunter, & Turka, 2012a). 

In IFNaR-deficient hosts, depigmentation was accelerated, with severe disease visible by 5 

weeks post vitiligo induction (Figure 1E). We next asked whether IFNaR signaling affects 

PMEL trafficking into the skin. PMEL number was slightly increased in the skin at week 3, 

but significantly increased at week 5 post vitiligo induction in IFNaR-deficient mice (Figure 

1F–G). The altered kinetics of PMEL infiltration into the skin of IFNaR-deficient mice 

correlate with the acceleration of vitiligo. These results suggest that in contrast to IFNGR 

signaling, IFNaR signaling is not required during the effector phase of the CD8+ T cell 

response to vitiligo.

IFNaR signaling on host radioresistant cells is important for controlling disease 
development

In wild type and IFNaR-deficient vitiligo hosts, transferred wild type PMELs can respond to 

type I IFNs. Since type I IFN signaling can directly enhance the proliferation and effector 

capabilities of CD8+ T cells (Kolumam, Thomas, Thompson, Sprent, & Murali-Krishna, 

2005; Le Bon et al., 2006), we asked whether type I IFNs acted directly on PMELs to 

mediate severe disease. To test this, we transferred wild-type or IFNaR-deficient PMELs 

into wild type and IFNaR-deficient hosts. Whether the T cells were IFNaR-deficient or 

IFNaR-sufficient had no impact on the course of the disease (Figure 2A–B). However, 

IFNaR expression on host cells played a critical role as both WT and IFNaR-deficient T 

cells into IFNaR-deficient hosts developed significantly more severe vitiligo than the 

corresponding wild type hosts (Figure 2 A–B). These results suggest that type I IFN 

signaling directly on autoreactive PMEL does not modulate disease severity.

Riding et al. Page 6

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To determine whether IFNaR deficiency on host hematopoietic or radioresistant cells was 

required for enhanced vitiligo, we generated bone marrow chimeric mice by reconstituting 

lethally irradiated WT or IFNaR-deficient mice with WT or IFNaR-deficient BM stem cells. 

Chimeric mice that lacked IFNaR on radioresistant cells (IFNaRRC) developed significantly 

more severe disease compared to wild type recipients (Figure 2C). IFNaR-deficiency in the 

hematopoietic cells had more modest effects (Figure 2C). There was increased PMEL 

trafficking to the epidermis and dermis of IFNaRRC mice at 3 weeks post vitiligo induction 

(Figure 2D–F). Thus, IFNaR deficiency on radioresistant cells and, to a lesser extent, 

hematopoietic cells is responsible for the accelerated migration of autoimmune CD8+ T cells 

in hosts with vitiligo.

IFNaR-deficient mice have increased circulating CD44+ effector memory PMEL with 
enhanced effector function

In addition to increased migration of PMEL into the skin of IFNaR-deficient mice, we 

observed significantly increased numbers of circulating PMEL in the skin draining lymph 

nodes and spleen of IFNaR-deficient hosts as early as 3 weeks after vitiligo induction 

(Supplementary Figure 2A–B), and the number of T cells remained significantly increased 

relative to wild type mice for up to 7 weeks. Phenotypic analyses of circulating PMEL 

revealed a significant increase in effector memory, CD44+CD62L− PMEL in IFNaR-

deficient host mice compared to WT (Supplementary Figure 2C–D). Since recirculating 

memory PMEL are important in mediating melanocyte death in vitiligo mice (Richmond et 

al., 2018), these results suggest that increased numbers of recirculating memory PMEL are 

likely to contribute to disease severity.

We next asked whether PMEL in IFNaR-deficient hosts exhibited increased effector 

potential. Vitiligo was induced in mice and then tissue cell suspensions were stimulated with 

anti-CD3/CD28 overnight. Epidermal PMEL in IFNaR-deficient hosts produced 

significantly more TNFα and IFNγ compared to WT controls (Figure 3A–C). Importantly, 

poly functional TNFα+ IFNγ+ PMEL were significantly increased in the epidermis of 

IFNaR-deficient host mice (Figure 3B). Thus, development of severe vitiligo in IFNaR-

deficient hosts likely results from increased PMEL IFNγ production.

Increased expression of the CXCR3 ligands CXCL9 and CXCL10 in IFNaR-deficient hosts

The IFN-induced chemokine ligands CXCL9 and CXCL10 promote migration of CXCR3+ 

PMEL T cells into the skin to destroy melanocytes during vitiligo (Rashighi et al., 2014; 

Richmond, Masterjohn, et al., 2017b). Because we observed increased IFNγ production by 

PMEL in IFNaR-deficient mice, we monitored CXCL9 and CXCL10 expression levels in 

the skin over the course of disease using reporter REX3 mice (Groom et al., 2012). We 

previously described that chemokine production by epidermal keratinocytes (Richmond, 

Bangari, et al., 2017a) is important for disease progression, and we found that epidermal 

keratinocyte expression of CXCL9 and CXCL10 was significantly higher in IFNaR-deficient 

mice compared to WT mice (Figure 3 D–F), as well as production by dermal phagocytes. 

These results suggest that increased IFNγ production by PMEL in IFNaR-deficient mice 

amplifies expression of the chemokines CXCL9 and CXCL10, thereby enhancing the 

migration of effector PMEL into the skin.
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Expression of the negative immune regulators PD-1 and PD-L1 are reduced in IFNaR-
deficient hosts

Since type I IFNs induce expression of negative immune regulators such as programmed cell 

death-1 and programmed cell death ligand 1 (PD-L1), which act to suppress T cell immune 

responses (L. Chen et al., 2007; Schreiner et al., 2004; Teijaro et al., 2013), we sought to 

determine whether inhibitory molecule expression was altered in IFNaR-deficient mice. 

Both the percentage of PD-1 expressing PMEL and the mean fluorescent intensity (MFI) of 

PD-1 was significantly reduced on PMELs in the epidermis and dermis of IFNaR-deficient 

hosts compared to wild type hosts (Figure 4A–D). However, there was no difference in PD-1 

expression on PMEL in the lymph nodes or spleen (Figure 4E). In addition, IFNaRRC 

chimeras revealed significantly reduced PD-1 expression on PMEL (Supplementary Figure 

3A–C). Examination of PD-L1 on cross priming CD8⍺ dendritic cells revealed a significant 

reduction in IFNaR-deficient hosts compared to wild type (Figure 4F–G). These results 

suggest that enhanced vitiligo in IFNaR-deficient mice may result from dysregulated 

inhibitory molecule expression on both T cells and antigen presenting cells.

Severe disease in IFNaR-deficient hosts requires activation of PMEL CD8+ T cells by 
exposure to vaccinia virus

Early studies show that both type I IFN and IFNγ are required for defense against vaccinia 

virus as mice deficient for either IFNaR or IFNGR showed increased susceptibility to 

infection compared to wild type mice(Müller et al., 1994). Although our mouse model of 

vitiligo is induced with a highly attenuated vaccinia virus strain and we inject virus-specific 

CD8+ T cells (PMELs) into mice that have the capability to clear infected cells, we asked 

whether IFNaR-deficient mice had reduced viral clearance. IFNaR-deficient host mice had 

significantly increased viral loads in the ovary at 9 days and 3 weeks post-infection 

compared to wild type hosts (Figure 5A), however, no virus was detected in the skin of wild 

type or IFNaR-deficient mice (Figure 5A). These results suggest that increased viral 

replication in IFNaR-deficient hosts may be responsible for increasing the activation of 

PMELs and thus the development of severe autoimmune vitiligo.

To determine whether IFNaR-mediated restraint of the autoimmune T cell response was a 

result of increased vaccinia virus replication, we developed a novel mouse model of vitiligo 

that is independent of induction with a vaccinia virus vaccine. In this model, vitiligo is 

induced by sublethal irradiation of Krt14-Kitl* host mice the day before adoptive T cell 

transfer. The following day, bone marrow derived dendritic cells (BMDCs) pulsed with 

PMEL peptide are co-transferred with PMEL CD8+ T cells into hosts (Figure 5B). Hosts are 

injected with rmIL-2 for the following 3 days to support PMEL CD8+ T cell engraftment 

(Figure 5B). Following induction of disease, hosts develop epidermal depigmentation on the 

nose, ears, footpads and tail, similar to vitiligo induced with a vaccinia viral vector (Figure 

5C).

To determine whether IFNγ signaling is also required for disease pathogenesis in BMDC-

induced vitiligo, we used IFNGR-deficient mice as hosts. Vitiligo induced in IFNGR-

deficient hosts with BMDC-PMEL showed protection from disease and a significant 

reduction of PMEL in the epidermis and dermis (Figure 5D–G). These results reveal IFNγ 
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as the shared pathogenic pathway in both BMDC-induced and vaccinia virus-induced 

vitiligo and confirm its importance in driving vitiligo progression.

To determine the role of type I IFN in vitiligo using a mouse model independent of the 

vaccinia virus vaccine, we induced vitiligo using BMDC-PMEL in IFNaR-deficient and 

wild type hosts. Disease severity was comparable between the two groups, revealing that 

type I IFN is not required for vitiligo induction or progression (Figure 5D). These results 

demonstrate that the extent of disease activity exhibited by CD8+ PMEL effector cells in the 

vaccinia virus-induced model was directly linked to the viral induction phase of the disease. 

Delayed clearance of vaccinia virus in IFNaR-deficient mice extends the priming phase of 

the disease, possibly resulting in greater activation of the effector T cells through a variety of 

mechanisms. These studies further show that timing and balance of type I and type II 

interferons during anti-viral immune responses is critical to prevent pathogenic immune 

responses to self.

Vaccinia virus vaccine therapy in IFNaR-deficient mice significantly enhances the anti-
tumor response to melanoma

Our results reveal that type I IFN limits viral persistence and vaccinia virus vaccine delivery 

in IFNaR-deficient hosts enhances the activation of anti-melanocyte T cells. Since vaccinia 

vectors have also been used to prime T cells for tumor vaccination immunotherapies (Li et 

al., 2011; Oertli et al., 2002; Schütz et al., 2001; Zajac et al., 2003), we decided to ask 

whether a similar loss of type I IFN would improve tumor control in a model of adoptive T 

cell therapy enhanced by vaccinia virus vaccine (Figure 6A). B16-F10 melanomas were 

injected into WT or IFNaR-deficient mice. Six to eight days after melanoma injection, mice 

were infected with recombinant vaccinia virus expressing gp100 in combination with 

adoptive transfer of PMEL CD8+ T cells. IFNaR-deficient mice showed improved tumor 

control compared to wild type hosts and had significantly increased overall survival (Figure 

6B–C). Complete regression of tumors was not observed in IFNaR-deficient hosts and 

approximately 25 days post infection, IFNaR-deficient hosts relapsed. We hypothesize that 

tumor outgrowth occurs following vaccinia virus clearance. Significant reduction in tumor 

weight in IFNaR-deficient host mice correlated with an increase in tumor infiltrating PMEL 

CD8+ T cells (Figure 6D–E) and a significant reduction in the expression of the immune 

checkpoint inhibitor PD-1 on PMEL T cells (Figure 6F–G). These results reveal that type I 

IFN production following vaccinia virus vaccination restricts anti-melanocyte CD8+ T cell 

response in both autoimmunity and melanoma immunotherapy.

Discussion

Here we describe the role of type I IFN in vitiligo using two different mouse models of 

disease. We report that in contrast to IFNγ, type I IFN signaling is not required for the 

effector phase of the T cell response during vitiligo development in mice. These results are 

important to inform future therapies for vitiligo patients. Our results further reveal that 

administration of a vaccinia virus vaccine in IFNaR-deficient mice led to enhanced priming 

of CD8+ T cells and development of more severe vitiligo compared to IFNaR-sufficient 
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hosts. Type I IFNs are critical for controlling virus infections, and we report that type I IFN 

signaling is necessary to control the replication of even an attenuated vaccinia virus strain.

Type I IFNs can contribute to impaired host adaptive immune responses during chronic 

infections (Cheng et al., 2017; Teijaro et al., 2013). Blockade of type I IFN during chronic 

LCMV and HIV reactivates the anti-viral CD8+ T cell response leading to clearance of the 

virus through reduction of PD-1 on T cells and PD-L1 on dendritic cells (Cheng et al., 2017; 

Teijaro et al., 2013). Similar to these observations, we show that type I IFN signaling on 

radioresistant cells during vaccinia virus persistence limits T cell expansion and activation. 

Increased activation of T cells in IFNaR-deficient hosts following vaccinia virus vaccine 

may result from prolonged antigen exposure, because of persistent antigen presentation. 

Persistent infection may also impact the regulatory activity of dendritic cells, as we observed 

reduced PD-L1 on the CD8α dendritic cells responsible for T cell priming.

Previous clinical studies report that injection of type I IFN into the skin has induced local, 

and sometimes distant depigmentation consistent with vitiligo(Anbar et al., 2008; Hamadah 

et al., 2010; Nouri et al., 1997). These reports demonstrate that overexposure of the skin to 

increased doses of type I IFN are capable of promoting depigmentation, although this does 

not necessarily indicate that type I IFN plays a role in normal vitiligo pathogenesis and we 

show functional evidence that type I IFN is not required for the autoimmune CD8+ T cell 

effector response. Thus, the reported development of autoimmunity following IFN treatment 

may be dependent on chronic infection or an individuals’ predisposition to autoimmunity. 

Administration of type I IFNs in the setting of chronic infection may lead to the activation of 

cross-reactive T cells that cause autoimmune pathology, or alternatively that type I IFN-

induced inflammation in the right context can recruit autoreactive T cells into the skin, 

similar to koebner phenomenon(van Geel et al., 2012).

Since we intentionally activate transferred PMEL CD8+ T cells either using vaccinia virus 

that expresses their cognate antigen or peptide pulsed DCs, our model may bypass the role 

of innate immune activation and type I IFN production in the development of vitiligo. 

Activation downstream of innate immune pattern recognition receptors in DCs and 

production of type I IFN results in maturation of DCs (Cella et al., 1999). This includes DC 

migration into the lymph nodes, upregulation of MHC molecules, costimulatory molecules, 

and production of cytokines that all impact the presentation of antigens and the priming of 

CD8+ T cells (Banchereau et al., 2000). Thus, type I IFN production may play a role during 

the initiation of disease or during the development of autoimmunity through the priming of 

endogenous autoreactive CD8+ T cells, but more studies are required to answer this 

question.

The generation of a robust cytotoxic T lymphocyte (CTL) response against melanoma is 

critical for the success of immunotherapy. Similar to the immune-suppressive effects of type 

I IFN during chronic viral infections, prolonged type I IFNs can supress tumor immunity 

and induce resistance to treatment (Medrano, Hunger, Mendonça, Barbuto, & Strauss, 2017; 

Snell, McGaha, & Brooks, 2017). After observing more severe vitiligo in IFNaR-deficient 

hosts following administration of a vaccinia virus vaccine, we sought to determine whether 

stimulation of the anti-tumor response to melanoma could be enhanced in IFNaR-deficient 
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mice. Our results demonstrate that in the absence of type I IFN signaling, adoptive CD8+ T 

cell therapy in combination with a vaccinia virus vaccine enhances the anti-melanoma 

response.

Immune related adverse side effects (irAEs) or autoimmune toxicity occur in some patients 

following immunotherapy administration as seen with anti-PD-1 and anti-CTLA4 treatment 

(Okada et al., 2019; Rogado et al., 2019). Autoimmune toxicity can occur as a consequence 

of shared antigen expression between the tumor and normal tissue. This has been observed 

in patients with melanoma where those responding develop autoimmune vitiligo (Hua et al., 

2016; Nordlund et al., 1983). Autoimmune toxicity or irAEs may also develop as a result of 

activation of T cells present in organs with pre-existing inflammation or as a result of 

inflammatory cytokine production that activates bystander cross-reactive T cells (Das & 

Johnson, 2019). Our model system requires adoptive transfer of T cells specific for the 

antigen PMEL, combined with a vaccinia virus vaccine that expresses PMEL to specifically 

activate these cells, thus toxicity against normal tissue expressing PMEL is possible. We did 

not observe any irEAs in IFNaR-deficient host mice following treatment with extended 

observation. However, administration of vaccinia virus vaccine in immunocompromised 

individuals in combination with IFNaR blockade may pose a risk of dissemination of the 

virus.

A major limitation to the use of viral vaccines in cancer immunotherapy has been their lack 

of immunogenicity (C. L. Smith et al., 2005). Our results reveal that absence of type I IFNs 

during vaccinia virus administration can improve the immunogenicity of the vaccine, likely 

resulting from increased CD8+ T cell priming during vector persistence. Studies using 

oncolytic viruses for cancer immunotherapy have also reported benefits of blocking type I 

IFNs to increase infection and improve responses to therapy (Budhwani, Mazzieri, & 

Dolcetti, 2018). A recent study reported increased tumor regression after IFNaR blockade 

during oncolytic virus therapy in combination with adoptive T cell therapy in mice (Walsh et 

al., 2019). Another report revealed that type I IFN following oncolytic virus infection 

reduced the efficacy of a combination therapy with CAR T cells, highlighting an important 

observation that type I IFN production following virus infection can suppress the anti-tumor 

response(Evgin et al., 2020). Our findings suggest that blockade of IFNaR during vaccinia 

virus vaccine for cancer immunotherapy may enhance both immunogenicity and persistence 

of the vector, thus improving vaccine efficacy, and may induce long-term benefits for tumor 

eradication.
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Significance

Vitiligo is an autoimmune skin disease mediated by CD8+ T cells specific for shared 

melanocyte/melanoma antigens. Vitiligo is an independent positive prognostic factor for 

melanoma patients following immunotherapy. We report that administration of a vaccinia 

virus vaccine in the absence of type I IFN signaling leads to viral persistence and robust 

activation of both autoimmune/anti-tumor CD8+ T cells. Vaccinia virus vaccine delivered 

to IFNaR-deficient mice resulted in more severe vitiligo and an enhanced anti-tumor 

response to melanoma, reflected by improved tumor regression. Our results indicate that 

type I IFN blockade will enhance the potency of vector-vaccines in cancer 

immunotherapy.
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Figure 1: Type I interferon receptor-deficient mice develop accelerated and severe vitiligo.
Representative images of mouse ears, nose, footpads, and tail 7 weeks post vitiligo induction 

for A) WT, B) IFNaR KO, and C) IFNGR KO hosts. D) Vitiligo score at 7 weeks post 

vitiligo induction. E) Vitiligo scores of WT (black) and IFNaR KO (grey) mice at weeks 3, 5 

and 7 pooled from 2 to 3 separate experiments; mean ± standard deviation of the mean. 

Normalized number of PMEL in the footpad epidermis (F) and dermis (G) of WT and 

IFNaR KO mice at weeks 3 and 5 post vitiligo induction.
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Figure 2: IFNaR signaling on host radioresistant cells is important for controlling disease 
development.
A) Representative mouse images at 7 weeks post vitiligo induction. B) Vitiligo scores at 

week 7 post vitiligo induction. C) Vitiligo scores of chimeric mice 7 weeks post vitiligo 

induction. Normalized PMEL numbers in the epidermis (D), dermis (E), and draining lymph 

node (F) of chimeric mice at 5 weeks post vitiligo induction.
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Figure 3: Increased PMEL function in IFNaR-deficient hosts leads to enhanced CXCL9 and 
CXCL10 chemokine ligand expression.
A) Representative flow plots of IFNy and TNFa production by PMEL following ex vivo 

stimulation with 5 ug/mL anti-CD3 and 2 ug/mL anti-CD28 in the epidermis and dermis of 

WT and IFNaR KO mice. Percentage of IFNy+, and IFNy+ TNFa+ PMEL in the epidermis 

(B) and dermis (C). D) CXCL9 and CXCL10 reporter expression by epidermal 

keratinocytes and dermal MHC II+ phagocytes in the ear skin of WT and IFNaR KO mice at 
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week 3 post vitiligo induction. Percent CXCL10 single positive and CXCL9+CXCL10+ 

double positive keratinocytes (E) and dermal phagocytes (F) in WT and IFNaR KO mice.
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Figure 4: Reduced expression of PD-1 and PD-L1 in IFNaR-deficient hosts.
A) Representative flow plots of epidermal and dermal PD-1 expression on PMEL in WT and 

IFNaR KO host mice. B) PD-1 MFI on PMEL in the skin epidermis and dermis. Each data 

point represents an individual animal; n = 5 with 2–3 replicate experiments performed. 

Percentage of PD-1 on epidermal (C) dermal (D) and draining lymph node (E) PMEL at 

weeks 3, 5, and 7 post vitiligo induction pooled from 2 to 3 separate experiments; mean ± 

standard deviation of the mean. F) PD-L1 expression by CD8a dendritic cells in the spleen 

of WT and IFNaR KO mice at week 3 post vitiligo induction. G) Representative histogram 
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and quantification of PD-L1 expression as determined by flow cytometry on WT and IFNaR 

KO CD8a DCs at week 3 post vitiligo induction. Each data point represents an individual 

animal with 2–3 replicate experiments performed.
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Figure 5: Severe vitiligo in IFNaR-deficient hosts is dependent on vaccinia virus persistence.
A) Vaccinia virus PFU in WT and IFNaR KO mouse ovaries and ear skin determined by 

plaque assay at day 9 and week 3 post infection. Each data point represents an individual 

animal, pooled from 2 separate experiments. B) Schematic of the experimental time line for 

induction of vitiligo in mice using peptide-pulsed bone marrow dendritic cells (BMDCs). C) 
Representative mouse images showing spots of depigmentation of the ears, nose, footpads, 

and tail of WT mice 7 weeks post vitiligo induction. D) Vitiligo mouse scores 7 weeks post 

Riding et al. Page 24

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



vitiligo induction. Normalized PMEL numbers in the epidermis (E), dermis (F), and 

draining lymph node (G) 7 weeks post vitiligo induction.
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Figure 6: Vaccinia virus vaccine therapy in IFNaR-deficient mice significantly enhances the anti-
tumor response to melanoma.
A) Schematic of the experimental design for treatment of B16-F10 melanomas in WT and 

IFNaR KO hosts. B) Tumor volume post treatment in WT and IFNaR KO mice. Data shown 

is one representative experiment, repeated 3 times. C) Overall survival of WT (n=10) and 

IFNaR KO (n=9) hosts following treatment pooled from 2 experiments. D) Tumor weight 14 

days after adoptive T cell and vaccinia virus vaccine treatment. E) Normalized tumor 

infiltrating PMEL numbers 14 days post treatment in WT and IFNaR KO host mice. F) 
Percentage of PD-1 positive PMEL in WT and IFNaR KO host tumors. G) PD-1 MFI on 

PMEL in WT and IFNaR KO host tumors. Each data point represents an individual animal 

pooled from 2–3 experiments.
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