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SUMMARY
HSP70i and other stress proteins have been used in anti-tumor vaccines. This begs the question
whether HSP70i plays a unique role in immune activation. We vaccinated inducible HSP70i
(Hsp70-1) knockout mice and wild-type animals with optimized TRP-1, a highly immunogenic
melanosomal target molecule. We were unable to induce robust and lasting depigmentation in the
Hsp70-1 knockout mice, and in vivo cytolytic assays revealed a lack of CTL activity. Absence of
T cell infiltration to the skin and maintenance of hair follicle melanocytes was observed. By
contrast, depigmentation proceeded without interruption in mice lacking a tissue specific
constitutive isoform of HSP70 (Hsp70-2) vaccinated with TRP-2. Next, we demonstrated that
HSP70i was necessary and sufficient to accelerate depigmentation in vitiligo-prone Pmel-1 mice,
accompanied by lasting phenotypic changes in dendritic cell subpopulations. In summary, these
studies assign a unique function to HSP70i in vitiligo, and identify HSP70i as targetable entity for
treatment.
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INTRODUCTION
Vitiligo is a T cell mediated autoimmune disease of the skin. Patients present with
progressive depigmentation that advances at an average rate of 1% bodily surface area a
year (Cedercreutz et al, 2010). Genetic predisposition has been assigned to candidate genes
including MHC class I and II, PTPN22 and IL2RA, supporting the autoimmune etiology of
the disease (Jin et al, 2010). Approximately 25% more women than men develop vitiligo
(Cedercreutz et al, 2010). At this time, there is no definitive evidence to support an
association between vitiligo and a particular ethnic background. However, the progressively
depigmenting skin is clearly more apparent for patients with a darker skin tone. Also, the
social implications of disease are particularly devastating in countries where leprosy is a
considerable health problem, as the appearance of skin lesions can bare similarities among
both patient groups, and patients with vitiligo are mistakenly identified as individuals
expressing a contagious disease (Millington and Levell, 2007).
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Aside from a hereditary component, vitiligo pathogenesis involves environmental factors
that contribute to precipitating the disease. Among these, exposure to skin bleaching phenols
has been particularly well studied (Boissy and Manga, 2004). It is of great interest to
identify the molecular connection between environmental precipitating factors and the
autoimmune response that follows, as such studies can serve to identify candidate target
molecules to develop novel and effective treatment strategies for the disease. There is a lack
of effective therapeutics available for vitiligo, in part because halting disease progression
and re-establishing pigmentation are conceptually different phases of the disease that may
have to be addressed by separate means (Le Poole and Luiten, 2008).

Establishing pigmentation in patients with active disease is likewise problematic. An
important step forward in developing vitiligo therapeutics is thus to recognize that
progressive disease must first be effectively brought to a halt. Understanding of mechanisms
at work in progressive disease will be important. In this respect, heat shock and glucose
regulated proteins are prime candidates to connect stress to the skin with the autoimmune
response to follow. In particular gp96 and HSPs 60, 70 and 90 have been implicated in
immune cell activation (Multhoff, 2006). Stress proteins support immune reactivity by
activating dendritic cells to more efficiently phagocytize, process and present antigens
(Murshid et al, 2008). This concept has been elaborately exploited in the design of anti-
tumor vaccines for melanoma, renal cell cancer and less immunogenic tumor types (Tosti et
al, 2009).

Among heat shock proteins, inducible HSP70 (HSP70i) stands out as it can be secreted by
live cells (Asea, 2007). Secretion of HSP70i by live cells would thus indicate that even in
the absence of cell death, an immune response can be triggered to proteins and peptides
derived from the cells under stress, chaperoned by HSP70i. This has guided an interest in
defining the involvement of HSP70i in autoimmune vitiligo. Interestingly, heat shock
proteins have been implicated in other autoimmune diseases as well, including rheumatoid
arthritis, and other skin disorders such as psoriasis (Millar and Ohashi, 2007).

After observing consistent differential expression of HSP70i in non-lesional and vitiligo skin
from 3 patients (Le Poole and Luiten, 2008), the concept was tested that expression of
inducible HSP70 is a major contributor to the development of vitiligo in mice. Accelerated
depigmentation was associated with enhanced cytotoxic T lymphocyte (CTL) responses to
the vaccinated antigen, supporting that depigmentation occurs in a T cell mediated fashion
in a vaccine based model of vitiligo (Denman et al, 2008). Also, melanocyte-directed
overexpression of HSP70 can enhance anti-tumor responses to melanoma (Sanchez-Perez et
al, 2006).

Whereas HSP70i can induce autoimmune depigmentation, given the shared chaperone and
immune activating functions, the same is likely to hold true for other stress proteins as well.
The question then remains, whether a single stress protein can be held responsible for
mediating progressive disease, or whether there is redundancy in this mechanism. The
HSP70 family of proteins is extensive, with estimates of up to 17 genes in human (Kabani et
al, 2008) and 3 in mouse (Snoek et al, 1993). The canonical HSP70 isoforms are
functionally redundant, with the main differences in their spatio-temporal expression
(Kabani et al, 2008). The constitutively expressed isoforms are considered important for
cellular housekeeping, whereas the inducible isoforms protect the cell from stressful
conditions (Kabani et al, 2008; Daugaard et al, 2007).

What remains to be understood is whether HSP70i is critically important to vitiligo
development. If the stress protein is redundant, we expect that in the absence of HSP70i
another stress protein can mediate depigmentation. This issue requires resolution before
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considering HSP70i depletion in the treatment of vitiligo. Here we addressed whether
HSP70i is solely responsible in vitiligo pathogenesis using different animal models. Initially,
HSP70 knockout mice were vaccinated with DNA encoding melanocyte specific target
antigens and assessed for progressive depigmentation, melanocyte loss, T cell infiltration
and CTL activity. These experiments were performed in Hsp70-1 knockout animals lacking
inducible HSP70 (Hunt et al, 2004), and repeated with Hsp70-2 knockout animals that lack a
constitutively expressed, tissue-specific isoform of the protein important for
spermatogenesis (E.M. Eddy, 1998). Next, a vitiligo-prone model was used to analyze
whether HSP70i alone is sufficient to support progressive depigmentation. This model
established by the group of N. Restifo at NIH carries a gp100 reactive T cell receptor
transgene that is expressed by the majority of circulating T cells (Overwijk et al, 2003).
Untreated animals develop minor depigmentation by approximately 9 months of age.
Finally, blocking of HSP70i induced DC activation by antibodies was assessed using bone
marrow derived dendritic cells. Taken together, these experiments provide a solid means to
identify HSP70i as a potential target for immunotherapy of vitiligo.

RESULTS
HSP70i is uniquely required for autoimmune depigmentation

To evaluate redundancy of the involvement of HSP70i in depigmentation, wild-type C57BL/
6 and inducible hsp70 knockout (Hsp70-1) mice were gene gun vaccinated with antigenic
mouse Tyrp1ee (optimized TRP-1) encoding plasmid, an antigen more potent than TRP-2 to
ensure that even the most subtle depigmentation responses may be detectable (Guevara-
Patino et al, 2006). Gene-gun vaccinations involve coating gold particles with gene
encoding plasmids which are then rapidly fired into the skin via pressurized helium. Four
weeks after the final vaccination, we observed that depigmentation was virtually absent in
the Hsp70-1 knockout mice (Figure 1A), and confirmed this with image analysis (Figure
1B). By contrast, 16.9% depigmentation was detected in wild-type mice at the vaccination
site. Including the human HSP70i-encoding plasmid in the vaccine is insufficient to restore
the depigmentation process in Hsp70-1 knockout mice, and resulted in 23.9%
depigmentation in wild-type mice at the vaccination site (Figure 1A, B). We also followed
depigmentation in Hsp70-2 knockout mice gene gun vaccinated with DNA encoding human
TRP-2 (Supplementary Figure 1A, B). The HSP70-2 mice lack tissue specific expression of
a constitutive isoform of hsp70 involved in spermatogenesis. Here we observed no
differences in depigmentation compared to wild-type C57BL/6 mice, with both sets of
animals displaying approximately 15% depigmentation at the vaccination site after four
weeks (Supplementary Figure 1B). Taken together, the data indicate a critical and non-
redundant role for HSP70i in inducing a depigmentation response.

HSP70i increases a cytotoxic response towards melanocyte antigens
To determine whether HSP70i mediates the immune activation of CTLs, wild-type C57BL/6
and Hsp70-1 knockout mice vaccinated with a combination of optimized TRP-1 and HSP70i
encoding plasmids were boosted by two additional vaccinations three days apart, and six
days later were assessed for in vivo cytotoxicity towards the encoded antigen as well as
reactivity towards human TRP-2 (Figure 2A). Gene gun vaccinated wild-type mice
displayed killing of 20.6% more splenocytes pulsed with a peptide derived from optimized
TRP-1 compared to Hsp70-1 knockout mice (Figure 2B), indicating that CTL activation had
taken place primarily in mice capable of expressing HSP70i. The data also reveal
cytotoxicity towards approximately 25% of TRP-2 peptide-pulsed splenocytes indicating
that significant epitope spreading had occurred (Figure 2B). By contrast, there were no
differences in cytotoxicity towards peptide-pulsed splenocytes from wild-type and Hsp70-2
knockout mice vaccinated with the TRP-2 encoding plasmid (Supplementary Figure 1C).
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This is unlike the Hsp70-1 knockout mice which displayed less killing towards the antigen.
It should be noted that mice vaccinated with optimized TRP-1 display 2-3 fold increased
cytotoxicity towards the derivative peptide as compared to TRP-2 vaccinated animals, and in
general achieve greater levels of depigmentation as compared to mice vaccinated with
TRP-2 (Figure1; Figure 2). Together, these data further demonstrate the unique requirement
for inducible HSP70 expression in the skin in precipitating autoimmune vitiligo.

HSP70i is associated with melanocyte loss and T cell infiltration in actively depigmenting
skin

To further support that depigmentation following HSP70i-induced skin immune reactivity
reflects a vitiligo phenotype, we evaluated local differences in immune reactivity in response
to HSP70i. We probed skin from wild-type C57BL/6 and Hsp70-1 knockout mice one week
following booster gene gun vaccinations using antibodies against the pan T lymphocyte
marker CD3 and evaluated the density and location of the stained cells (Figure 3A). The
vaccinated skin of wild-type mice contained 58.1% more T cells than Hsp70-1 knockout
mice (Figure 3B). Further analysis revealed that the vast majority (>95%) of skin-infiltrating
CD3+ cells co-express CD8 in both wild-type and Hsp70-1 knockout mice (Supplementary
Figure 2). Although rare, a few CD3+/CD4+ double positive cells were detected, most CD4
expression as found primarily in the dermis could be assigned to a CD3-, non-T cell
population (Supplementary Figure 2). Consistent with the depigmentation data,
immunodetection of the melanocyte antigen TRP-1 revealed a 2.8 fold reduction in
melanocyte-containing hair follicles in wild-type mice compared to Hsp70-1 knockout mice
(figure 3C, D), supporting the loss of melanocytes in the latter that was not observed in mice
lacking Hsp70i. Taken together, the immunohistology data establish the development of
vaccine induced vitiligo in the skin of depigmenting wild-type animals.

HSP70i is sufficient to support depigmentation in a spontaneous model of autoimmune
vitiligo

We next tested whether HSP70i alone is sufficient to establish depigmentation in animals
predisposed to developing autoimmune depigmentation, akin to human vitiligo. The T cell
receptor (TCR) transgenic mouse strain Pmel-1 and C57BL/6 mice were gene gun
vaccinated with either HSP70i encoding plasmid or empty vector control DNA. Six months
after the final vaccination, Pmel-1 mice approximately 9 months of age vaccinated with
HSP70i encoding DNA displayed markedly increased depigmentation (3.7 fold ventral; 2.8
fold dorsal) compared to mice vaccinated with control DNA (Figure 4A, B). Pmel-1 mice
display subtle depigmentation even after vaccinating with empty vector DNA alone, with
18% and 25% depigmentation ventral and dorsal respectively (Figure4 A, B). This is similar
to depigmentation in animals of that age which had not been vaccinated (Supplementary
Figure 3). As expected, no depigmentation was observed in wild-type mice gene gun
vaccinated with any plasmid (Figure 4A, B). This data set implies that elevated HSP70i
expression alone is sufficient to augment the depigmentation process in animals prone to
vitiligo development.

HSP70i provides a durable shift of the dendritic cell population towards an inflammatory
subset

We next tested whether HSP70i has lasting effects on monocyte-derivative cell populations.
Leukocyte phenotypic profiles were obtained from splenocytes of 9 month old mice
euthanized 6 months after the final vaccination. The mouse splenocytes were stained for
lymphocyte markers CD3, CD8, and Thy1.2, and the non-lymphocyte markers CD11b,
CD11c, and F4/80. No sustained differences in the abundance of lymphocyte subpopulations
were found, yet we observed marked differences in the abundance of monocyte-derived
subpopulations discriminated based on CD11b and CD11c expression levels, shown as R1
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through R3 (Figure 5A). The R1 population is characterized by the expression of
CD11bint/hiCD11clo, typical for macrophages. Intriguingly, we show that the population R1
remained markedly suppressed for several months after vaccination with HSP70i (Figure
5B). By contrast, the dendritic cell population R2 (CD11bintCD11cint), representative of pro-
inflammatory dendritic cells, showed an opposite trend (Figure 5B). These data demonstrate
that HSP70i can drive the relative abundance of dendritic cell subpopulations with
inflammatory versus immunosuppressive potential, associated with autoimmune
depigmentation.

Blocking HSP70i inhibits dendritic cells activation in vitro
Based on the FACS profiles suggesting that HSP70i induced sustained changes in dendritic
cell populations, we assessed whether blocking the HSP70i protein could prevent dendritic
cell activation. Mouse bone marrow monocytes were magnetically sorted and driven to a
dendritic cell phenotype by addition of GM-CSF and IL-4 cytokines. After one week,
HSP70i with or without blocking antibodies were added. To prevent the HSP70i antibody
from inducing Fc receptor mediated dendritic cell stimulation itself, Fc receptor blocking
antibodies were included. LPS and control media were used as controls. Twenty-four hours
later, the dendritic cells were stained for the activation markers CD11c, CD80, CD83,
CD86, and MHCII and analyzed by flow cytometry (Supplementary Figure 4; Figure 6).
Gating on the CD11c+ population, it was observed that the entire population expressed
CD80, CD86, and MHCII, with marked increases in expression attributed to the addition of
HSP70i and LPS (Figure 6A). By contrast, addition of HSP70i antibodies markedly
decreased activation (Figure 6A). Staining for CD83 revealed expressing and non-
expressing cells (Figure 6A), with increases noted in the CD83+ population after the
addition of LPS or HSP70i, and decreased activation with HSP70i antibodies (Figure 6B).
Together, these data confirm that the HSP70i protein directly activates dendritic cells, while
strongly suggesting that antibodies to HSP70i may be useful in preventing dendritic cell
activation in vitiligo.

DISCUSSION
Our current data provide support to the notion that inducible HSP70 is a critical component
in mediating autoimmune reactivity to melanocytes in vitiligo-prone animals. Previously, we
have shown that overexpression of the heat shock protein, together with melanocyte-specific
target antigen TRP-2 of human origin, could serve to induce progressive depigmentation in
mice (Denman et al, 2008). Such depigmentation was originally restricted to the vaccination
site, but would later diffusely spread to other sites as described (Denman et al, 2008).
Melanocytes were not detected in follicles giving rise to depigmented hair, which is similar
to the actual loss of melanocytes (rather than reduced melanization by existing melanocytes)
observed in human vitiligo skin (Le Poole et al, 1993b). The vaccine combining TRP-2 and
HSP70i was effectively used to generate an inducible animal model of the disease, useful to
study immune effector responses involved in vitiligo. At that time we did not address the
unique or redundant role of HSP70i versus other stress proteins, or discuss whether antigens
other than TRP-2 can likewise serve to direct immune responses towards melanocytes.

As emphasized by the current data, the role of TRP-2 as a target antigen is not unique; we
can replace this antigen by others expressed within the melanosomal compartment to
likewise introduce progressive, CTL mediated responses to melanocytes. This is in
concordance with the literature where the application of anti-melanoma vaccines targeting
tyrosinase or TRP-2 was likewise associated with depigmentation of the pelage (Chapman
and Wolchok, 2002). Depigmentation in response to DNA vaccines encoding human gp100
was mentioned previously as well (Chapman and Wolchok, 2002). There is however a
difference in the type and extent of immune activation elicited by individual antigens. In

Mosenson et al. Page 5

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2013 May 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



fact, minimal humoral immunogenicity has been assigned to TRP-1, whereas TRP-2 can
drive CTL responses (Avogadri et al, 2010). To elicit robust immune responses to vaccines,
the immunogenicity of naturally occurring TRP-1 has been adjusted in its optimized version
Tyrp-ee, generating peptides with enhanced binding to MHC and neopeptides revealed by
deglycosylation (Guevara-Patino et al, 2006). Indeed in the current studies, optimized
TRP-1 resulted in greater levels of depigmentation, as well as a 2-3 fold increase in
cytotoxicity as compared to vaccination with TRP-2 in C57BL/6 wild-type mice. Also
following optimized TRP-1 vaccination, responses were observed to TRP-2 derivative
peptide SVYDFFWL. This peptide shares homology to the TRP-1 protein spanning the first
8 amino acids. As vaccination with native TRP-1 does not induce anti-TRP-2 responses, this
phenomenon is most likely due to epitope spreading, with T cells targeting heteroclytic
epitopes killing melanocytes which subsequently results in responses to TRP-2 as well. At
this time however, we cannot rule out that reactivity to TRP-2 is rather a consequence of
cross reactivity, where optimized TRP-1 has altered its processing in such a way that the
homologous TRP-1 derivative peptide directly elicits a response to TRP-2.

The use of Tyrp-ee, eliciting optimal responses to melanocytes was important for the
greatest possible odds of detecting vitiligo in vaccinated animals in the absence of inducible
HSP70. Even with this optimized antigen, however, consistent depigmentation was not
observed in animals lacking hsp70i, the inducible form of hsp70. In contrast, depigmentation
was uninhibited in mice lacking hsp70-2, a tissue-specific isoform of hsp70 constitutively
expressed in testes, even in response to vaccination with suboptimal antigen TRP-2. These
findings suggest that HSP70 isoforms expressed outside the skin are less important to
vitiligo development.

It is important to note that the progressive loss of melanocytes and T cell infiltration to the
skin are considered hallmarks of vitiligo, and such hallmark events were likewise observed
in our depigmenting mice (Badri et al, 1993; Ongenae et al, 2003). Enhanced T cell
infiltration was inversely related to the loss of melanocytes within the wild-type mice, which
can be attributed to increases in self-reactive CTLs. Meanwhile enhanced T cell infiltration
or reduced melanocyte numbers were not observed in animals lacking expression of
inducible HSP70. Removing isoform Hsp70-2 however still resulted in melanocyte death.
Taken together our data demonstrate a critical role reserved for inducible HSP70 in
supporting depigmentation.

Regarding potential redundancy of HSP70i, anti-melanoma vaccines are commonly applied
in the absence of adjuvant heat shock proteins. This led us to consider that stress to the skin
involved with the vaccine application process may be sufficient to enhance heat shock
protein expression in the skin, serving as a natural adjuvant to enhance autoimmunity. Stress
induced depigmentation is conclusively supported by reports of depigmentation occurring at
the site of injection in mice previously vaccinated against melanocyte antigen TRP-2 (Lane
et al, 2004). The question addressed here was whether there is a unique role reserved for
HSP70i in autoimmune depigmentation in vitiligo. As other heat shock proteins including
HSP27 and HSP110 have likewise been implicated as adjuvants in anti-melanoma vaccines,
a non-redundant role for HSP70i would appear unusual (Srivastava, 2002). Our preliminary
data in fact showed that in contrast to HSP60, HSP27 was differentially expressed in vitiligo
lesional skin (not shown). This implies that HSP27 may play a role similar to HSP70, where
patchy expression of the heat shock protein was noted in lesional, but not in non-lesional
skin (Kroll et al, 2004). Also, gp96 has been implicated in autoimmune disease (Han et al,
2010), and it has been hypothesized that it is secreted in response to stress or cell death (Li
et al, 2002). Investigators have modified gp96 to allow it to be secreted; however, there are
no published data available supporting natural secretion of gp96, and this finding remains
exclusively reserved for HSP70i (Strbo and Podack, 2008). In contrast to HSP70i, which is
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generally located in the cytoplasm or nucleus of the cell, gp96 is expressed in the
endoplasmic reticulum (Li et al, 2002). The difference in subcellular location and function
suggest that in the absence of HSP70i, gp96 cannot simply compensate for a loss of HSP70i.
The current data indeed support that compensation does not occur, which is best explained
by the different circumstances that call for overexpression of either stress protein, as well as
its differential role in folding and chaperoning newly synthesized versus resident cellular
proteins (Srivastava, 2002).

The current data definitively support a non-redundant role for HSP70i in progressive
depigmentation, as we were unable to confer significant depigmentation upon mice that lack
expression of the inducible isoform of HSP70. Although HSP70i was included in the
vaccine, focal expression does not restore depigmentation, suggesting that systemic
expression of HSP70i is required to drive biologically relevant responses to melanocytes.

We next chose to determine whether HSP70i alone was sufficient to define depigmentation
in a model genetically prone to develop vitiligo. In this regard, the recent development of
relevant T cell receptor transgenic mouse models now provides an opportunity to study and
modulate effector responses in vitiligo. TCR transgenic animals with the majority of T cells
reactive to a TRP-1 derived peptide presented in the context of MHC class II were engaged
in experiments to provide a first line of evidence that a newly discovered subset of helper T
cells, the Th17 cell, provides a driving force behind immune reactivity to melanocyte
differentiation antigens in vitiligo (Muranski et al, 2008). This novel finding has yet to be
translated to the human setting, where an infiltrate of CD4 cells may likewise be composed
primarily of Th17 cells, as Th17 have now been implicated in several autoimmune settings
(Hu et al, 2011). The TRP-1 reactive, TCR transgenic model is maintained in cappuccino
mice, lacking any expression of the target antigen, as TRP-1 reactive T cells are otherwise
clonally deleted (Muranski et al, 2008). Interestingly, clonal deletion does not occur in a
setting of MHC class I restricted TCRs. The FH mouse expressing TCR transgenic CD8 T
cells reactive with mouse tyrosinase is therefore the first reported spontaneous model of
vitiligo, with depigmentation developing by 4 weeks of age (Gregg et al, 2010). This model
has been pivotal to identify the central role for IFN-γ in depigmentation (Gregg et al, 2010).
Due to the rapid development of vitiligo, this model is however less amenable to
prophylactic measures that may prevent depigmentation. On the other hand, the Pmel-1
mouse expresses a gp100-reactive transgenic TCR on the majority of circulating CD8+ T
cells, but mice are generally not maintained to the point where spontaneous depigmentation
is observed (Overwijk et al, 2003). We found that by 9 months of age, minimal yet
measurable depigmentation will occur. Delayed depigmentation can possibly be explained
by a relatively lesser affinity of this TCR for its antigen, allowing T cell to circulate without
causing damage to melanocytes. It is also possible that the cognitive peptide is less
immunogenic or has reduced binding affinity to MHC. Whatever the cause, the Pmel-1
mouse has provided us with the currently exploited opportunity to study precipitating factors
in vitiligo, as we were able to demonstrate that HSP70i is a critical player in defining the
depigmentation process.

Earlier it was reported that CD11bintCD11cint dendritic cells induce IL-17-producing T cells
associated with autoimmunity, which fits with our observations that this dendritic cell
population (shown as R2 in Figure 5) remains increased at 6 months after vaccination with
wild-type HSP70i (Denning et al, 2007). Further, Denning et al. (2007) demonstrated that
the CD11b+F4/80+CD11clo macrophage population induced Foxp3+ regulatory T cells
(Tregs). Although we recognize the preliminary nature of our observations, we currently
demonstrate that the same subset of Treg-inducing macrophages is downregulated by
HSP70i. Thus, HSP70i may contribute to vitiligo through the inhibition of Tregs via reduced
macrophage activity, and through supporting Th17-mediated autoimmunity by inflammatory
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dendritic cells. It appears then that HSP70i may be acting on two fronts, by activating CTLs
via dendritic cell activation, and simultaneously downregulating Treg activity.

Taken together, these data suggest that stress signals to the skin are funneled through
inducible HSP70 to activate dendritic cells in the immediate environment of the stressful
event. Thus, HSP70i may be regarded as a targetable entity, important for the development
of new treatment strategies in vitiligo. When considering this opportunity, current
knowledge about heat shock protein mediated dendritic cell activation can be used for
guidance (Basu et al, 2000; Kuppner et al, 2001). Under stress, secreted inducible HSP70
serves as an adjuvant in vitiligo. Indeed, HSP70 has been previously shown to break T cell
tolerance towards self antigens as mediated by dendritic cells (Millar et al, 2003). Thus, if
dendritic cell activation is mediated primarily by HSP70i, such activation may be prevented
by preventing the stress protein from binding dendritic cells.

Several stress protein receptors have been identified on the surface of immature dendritic
cells. Such receptors include TLR4, TLR2, CD14, CD91, and CD40 (Chen et al, 2009; Asea
et al, 2002; Asea et al, 2000). Preventing binding of HSP70i by blocking its receptors
through antibodies is not likely to meet with success, as antibody binding will have dendritic
cell-activating consequences itself, and may have cytolytic effects on cells other than the
pivotal dendritic cell population. Thus we are currently focusing attention on HSP70i itself
and attempting to prevent its binding to dendritic cells. Here we demonstrate that antibodies
to HSP70i prevented complete dendritic cell activation as measured by expression of CD80,
CD83, CD86 and MHC class II molecules. It is thus entirely possible that preventing
HSP70i from binding to dendritic cells will provide an effective prophylactic measure in
vitiligo. In conclusion, the current data provide evidence of a unique and pivotal role for
HSP70i in progressive vitiligo, suggesting that targeting this heat shock protein can
contribute to new treatment of the autoimmune depigmentation process.

MATERIALS AND METHODS
Mice

C57BL/6 mice were purchased from Jackson Labs (Bar Harbor, ME, USA) and inducible
hsp70 (Hsp70-1) knockout mice (B6;129S7-Hspa1a/Hspa1btm1Dix/Mmcd) were purchased
from Mutant Mouse Resource Center (UC Davis, CA, USA). Constitutive hsp70 (Hsp70-2)
knockout mice were contributed by Dr. E.M. Eddy and maintained as heterozygotes; male
Hsp70-2 knockout mice are infertile, whereas females are not (Eddy, 1998). A neomycin
insert precedes the Hsp70-2 gene; DNA was isolated from mice tail snips, followed by PCR
with the appropriate primers to determine homozygosity of the offspring with Hsp70-2
knockout mice displaying the presence of the neomycin gene insert that obliterates Hsp70-2
expression, and complete absence of Hsp70-2-encoding DNA. Wild-type mice were also
selected and used in the Hsp70-2 knockout experiments. Vitiligo-prone, 78B6.Cg-Thy1a/Cy
Tg (TcraTcrb) 8Rest/J (Pmel-1) gp100 reactive T cell receptor transgenic mice were
purchased from Jackson Labs. All mice were 6-8 weeks old when included in experiments,
excluding the Hsp70-2 knockouts and associated control animals which were 18-24 months
of age. All mice were gender matched to wild-type animals. Experiments included 10 mice
per group unless stated otherwise in the figure legends. Mice were maintained in facilities
approved by institutional IACUC regulations.

Gene gun vaccination
Vaccinations for all experiments were prepared as described previously (Denman et al,
2008) unless stated otherwise. Briefly, bullets were prepared by precipitating endotoxin-free
plasmid DNA onto spermidine-coated gold beads (Fluka Biochemika and Sigma-Aldrich,
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St. Louis, MO, USA), and used to coat silicone tubing (Bio-Rad, Hercules, CA, USA). All
bullets were used within 14 days of preparation and maintained under vacuum before use.
Mice were prepared for vaccination by biweekly abdominal hair removal with Nair (Church
and Dwight Co., Princeton, NJ, USA) and vaccinated using a Helios Gene Gun (Bio-Rad)
under isofluorane (E-Z Euthanex gas chamber, E-Z Systems Corp, Palmer, PA, USA).
Unless otherwise stated, mice were ventrally vaccinated weekly for 4 consecutive weeks
with a 4.8 μg dose of total DNA. Where combinations of plasmids were used, such DNA
was mixed 1:1 to the same total dose of DNA and combined to prepare bullets.

Evaluating depigmentation
Depigmentation was quantified by flatbed scanning of the ventral and dorsal sides of the
mice under anesthesia, immediately prior to the initial vaccination, and 4 weeks after final
vaccination (6 months after the final vaccination in Pmel-1 mice) and subsequent image
analysis using Adobe Photoshop software (Adobe Systems, Inc, San Jose, CA, USA). The
percent depigmentation was calculated from the largest evaluable area as the percentage of
pixels among >150,000 evaluated with a luminosity above the cutoff level set to include
95% of pixels for untreated mice (Denman et al, 2008). Mice were also photographed using
a DSC-S950 SteadyShot digital camera (Sony, Tokyo, Japan) as indicated.

Assessment of CTL activation
In vivo cytotoxicity assays were performed as described (Denman et al, 2008). Briefly, 4
weeks after evaluating depigmentation, mice received 2 booster gene gun vaccinations 3
days apart. Separate batches of splenocytes were pulsed from the respective knockout mice
with TRP-1-derived, K(b)-restricted peptide 455-463 TAPDNLGYM, TRP-2-derived, K(b)-
restricted peptide 180-188 SVYDFFVWL, or control HPV16E7-derived, D(b)-restricted
peptide 49-57 RAHYNIVTF (Pi Proteomics, Huntsville, AL, USA). Then cells were loaded
with 1, 3, and 9 μM carboxyfluorescein succimidyl ester (CFSE) (Invitrogen, Carlsbad, CA,
USA), respectively. 1 and 9 μm concentrations were used where only two peptides were
analyzed in the assay. Labeled cells were periorbitally injected 4 days after the final booster
gene gun vaccination, and splenocytes were harvested after 18 hours. Samples representing
1,000 irrelevantly pulsed splenocytes were acquired using FACS Canto equipment (BD
Biosciences, Sparks, MD, USA) comparing the ratio of TRP-1 or TRP-2 peptide-pulsed
splenocytes between vaccinated and naïve mice from shifts in the area under the curves.

Immunohistology
At euthanasia, mouse skin biopsies from the vaccinated site were snap-frozen in OCT
compound (Sakura Finetek, Torrance, CA, USA). Eight-μm cryostat sections were fixed in
cold acetone and indirect immunoperoxidase staining procedures were performed as
described previously (Le Poole et al, 1993). The tissue sections were treated with Super
Block (ScyTek, Logan, UT, USA) to prevent non-specific antibody binding. Primary
antibodies Ta99 to mouse monoclonal TRP-1 (mouse monoclonal; COVANCE, Princeton,
NJ, USA), biotinylated 145-2C11 to CD3ε (Armenian Hamster monoclonal; BD Pharmigen,
Sparks, MD, USA), or biotinylated 53-6.7 to CD8α (mouse monoclonal; Biolegend, San
Diego, CA, USA), followed by horseradish peroxidase conjugated secondary antibodies
(Streptavidin, goat anti-mouse IGg2a, or goat anti-rat; Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA) were utilized. Enzymatic detection was finalized using amino ethyl
carbazole as a substrate (Sigma). For CD4 detection, primary antibody RM4-5 to CD4 (BD
Pharmigen) was followed by an alkaline phosphatase anti-rat secondary antibody (Santa
Cruz Biotechnology). Staining was quantified as the number of cells per mm2 of skin
observed by light microscopy (Nikon, Melville, NY, USA) and Adobe Photoshop software
(Adobe Systems Inc.). Fluorescent staining was performed with APC/Cy7 conjugated
145-2C11 to mouse CD3ε (Biolegend), FITC conjugated 53-6.7 to mouse CD8α (BD
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Pharmigen), and V450 conjugated RM4-5 to mouse CD4 (BD Pharmigen). Confocal images
were captured with a Zeiss LSM 510 scanning electron microscope (Zeiss, Maple Grove,
MN, USA). Image analysis was performed using Adobe Photoshop (Adobe Systems Inc.)
and ImageJ (U.S. National Institutes of Health, Bethesda, Maryland, USA) software. For
visualizing colocalization, the following channels were used: APC/Cy7 visualized as red,
FITC as green, and V450 as blue.

Activating immature dendritic cells
Bone marrow-derived monocytes were prepared by culturing murine bone marrow cells
using a modified protocol (Boudreau et al, 2008). Briefly, bone marrow cells were flushed
aseptically from the femurs and the tibia of mice. Monocytes were enriched using the
EasySep Mouse Monocyte Enrichment Kit (Vancouver, British Columbia, Canada)
according to the manufacturer’s instructions. To generate dendritic cells, non-adherent cells
were maintained in Teflon containers (Savillex, Minnetonka, Minnesota, USA), in Roswell
Park Memorial Institute medium (RPMI) (Mediatech) supplemented with 10% fetal bovine
serum, 100U/ml penicillin, 100 mg/ml streptomycin, 50 ng/ml murine granulocyte
macrophage colony stimulating factor (GM-CSF) (Peprotech, Rocky Hill, New Jersey,
USA), and 12.5 ng/ml murine interleukin-4 (IL-4) (Peprotech). On day 7, 1 μg/ml of either
lipopolysaccharide (Sigma), or HSP70i (Catalogue number 4859-25, Biovision, San
Francisco, CA, USA) was added. To block HSP70i, the cells were first incubated with 2μl/
ml of Fc receptor block (rat anti-mouse CD16/CD32, BD Pharmigen) followed by addition
of HSP70i (Biovision) and SPA-810 to HSP70i (mouse monoclonal, Enzo Life Sciences
Inc., Farmingdale, NY, USA). After 24 h, expression of activation markers was assessed as
described under flow cytometry.

Flow Cytometry
For experiments including the Pmel-1 mice, splenocytes were recovered twenty-five weeks
after the final vaccination, and stained for the following surface markers CD3, CD8, CD11b,
CD11c, F4/80, and IgM-Thy1.2 (BD Biosciences). Initial gating was performed on live non-
debris singlets, with subsequent gating towards CD11c versus CD11b cells using FACS
LSR-II equipment (BD Biosciences). IgM-Thy1.2, and CD3-positive cells were excluded
from the final gating. For experiments using in vitro generated immature dendritic cells from
C57BL/6 mice, the cells were gently spun and stained with Hamster antimouse CD11c,
CD80, CD83, CD86, and MHCII labeled with V450, allophycocyanin, phycoerythrin,
phycoerythrin-cyan and fluorescein isothiocyanate fluorochromes, respectively (BD
Biosciences, Sparks, Maryland, USA). Initial gating was performed on live non-debris
singlets, with subsequent gating toward CD11c+ cells using FACS LSR-II equipment (BD
Biosciences).

Statistical analyses
All data were presented as the means ± SEM unless otherwise indicated. Numeric data were
analyzed for statistical significance using Student’s unpaired 1-tailed t-test with Prism
software (Graphpad, La Jolla, CA, USA). P values of less than 0.05 were considered
statistically significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Significance

We have demonstrated that HSP70i plays a unique and indispensable role in progressive
autoimmune depigmentation. Since overexpression of HSP70i funnels the stress response
that ultimately leads to vitiligo development, this work identifies HSP70i as a targetable
treatment entity in the disease.
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Figure 1.
Inducible Hsp70 knockout mice are resistant to depigmentation after TRP-1 vaccination. (A)
Wild-type (WT) and Hsp70-1 knockout (Hsp70-1 KO) mice were gene gun vaccinated five
times every six days with DNA encoding either 6 μg of optimized TRP-1 or 3 μg each of
optimized TRP-1 and HSP70i and imaged 4 weeks after the final vaccination. (B) Image
analysis indicates that wild-type mice depigment significantly more compared to the
Hsp70-1 KO mice after either vaccination (vacc), indicating that expression of HSP70i is
required for efficient induction of autoimmunity. Data are presented as means ± SEM. (*P <
0.05; ***P < 0.001; n = 10 per group.)
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Figure 2.
CTL killing towards melanoctye antigens is reduced in Hsp70-1 knockout mice. (A) For in
vivo cytotoxicity assays, mice from Figure 1 were challenged with splenocytes pulsed with
immunodominant peptides from TRP-1 or TRP-2, or irrelevant control peptides plus
differing concentrations of CFSE. Spleens were harvested 18 hours after for analysis of CTL
activity by FACS. Data from individual wild-type (WT) and Hsp70-1 KO mice are shown.
(B) 20.6% more cytotoxicity was observed in wild-type mice (55.4%) towards TRP-1 pulsed
splenocytes than in Hsp70-1 KO mice (34.8%). Approximately 25% cytotoxicity towards
TRP-2-pulsed splenocytes is indicative of epitope spreading. Peptide pulsed splenocytes
from control naïve mice are depicted as (C). Data are presented as means ± SEM. (*P <
0.05; n = 10 per group.)
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Figure 3.
Immunohistology indicates inducible HSP70 is necessary for T cell-mediated loss of
melanocytes. Treatment of mice engaged in this experiment is described under Figure 1. (A)
Image of skin near the dermo-epidermal junction from mice one week after the final booster
gene gun vaccination. CD3+ T cells (arrows) are more abundant near hair follicles (*) of
wild-type (WT) than of Hsp70-1 KO mice. Gold particles can also be observed (open
arrow). (B) Quantification of T cell infiltration. (C) Image of skin showing more
melanocyte-containing hair follicles in vaccinated Hsp70-1 knockout mice compared to
wild-type mice. TRP-1 expressing melanocytes (arrows) are shown within hair follicles (*)
in an Hsp70-1 KO mouse. (D) Quantification of melanocyte-containing follicles.
Depigmentation coincides with loss of melanocytes and T cell infiltration only in wild-type
mice. Scale equals 50 μm. Data are presented as means ± SEM. (*P < 0.05; n = 10 per
group.)
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Figure 4.
HSP70i accelerates depigmentation in vitiligo-prone mice. (A) Wild-type (WT) and Pmel-1
mice were vaccinated three times every 7 days with 4 μg of either HSP70i encoding or
empty vector (EV) control DNA. Depicted are ventral and dorsal images of representative
vaccinated animals six months after the final gene gun vaccination. Depigmentation in wild-
type mice occurred within and distal to the site of the gene gun vaccination (B) Upon
quantification, Pmel-1 mice receiving HSP70i-encoding DNA displayed significantly more
depigmentation compared to control vaccinations and vaccinations in wild-type mice,
confirming that focal overexpression of HSP70i is sufficient to induce vitiligo in disease-
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prone animals. Data are presented as means ± SEM. (**P < 0.01; ***P < 0.001; n = 3 per
group.)
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Figure 5.
HSP70i has prolonged effects on peripheral leukocyte composition. Splenocytes obtained
from Pmel-1 mice nine months after gene gun vaccination with HSP70i or empty vector
DNA were stained to discriminate leukocyte subpopulations, and staining was quantified by
flow cytometry. (A) Three distinct populations of cells were observed after gating for
CD11b and CD11c cells in the non-lymphocyte population, with high (hi), low (lo) or
intermediate (int) levels of expression. Macrophages are observed in the R1 population as
CD11bint/hiCD11clo cells, while dendritic cells are amongst the R2 and R3 populations as
CD11bintCD11cint and CD11bloCD11chi cells, respectively. (B) Quantification of CD11b
and CD11c-expressing cells determined differential expression of these markers among
leukocytes after vaccination with HSP70i encoding or empty vector plasmids. The
macrophage population (CD11bint/hiCD11clo) shown in R1 displays decreased quantitative
differences in response to HSP70i. By contrast, the inflammatory dendritic cell population
shown in R2 (CD11bintCD11cint) shows an opposite trend. These results demonstrate the
differential effects HSP70i on monocyte derivative leukocyte populations. Student’s t-test
*P < 0.05, n=3.
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Figure 6.
Antibodies to HSP70i interfere with dendritic cell activation in vitro. Dendritic cells derived
from mouse bone marrow monocytes were grown in culture for 7 days followed by the
addition of either 1 μg/ml of HSP70i, or a combination of HSP70i and Fc receptor blocking
antibodies. LPS and control media were used as controls. Twenty-four hours later the cells
were stained for the dendritic cell maturation markers CD11c, CD80, CD83, CD86, or
MHCII and analyzed by FACS. Subsequent gating was performed on the CD11c+ cells. (A)
Mean fluorescent intensity (MFI) indicates higher expression levels of CD80, CD86, and
MHCII after addition of HSP70i as compared to control media, whereas addition of
blocking antibodies was able to reduce expression levels close to baseline. (B) A higher
percentage of dendritic cells expressing CD83+ were detected after addition of HSP70i as
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compared to control media, whereas blocking HSP70i reduced the cell number close to
baseline. All data is represented as % stimulation compared to LPS. These results
demonstrate the stimulatory effects of HSP70i on dendritic cells which can be augmented by
blocking antibodies.
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