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Abstract

Itis increasingly clear that immunity to “self”-antigens may result in tumor destruction in mouse and
man. But which antigens should be targeted with therapeutic cancer vaccines? In the case of
melanoma, recognition of melanocyte differentiation antigens (MDA) can be associated with
autoimmune depigmentation (vitiligo). We propose that intersection of protein transport to
melanosomes and endosomes allows for the loading of MDA-derived peptides on MHC class 11
molecules, resulting in the activation of MDA-specific CD4* “helper” T cells that aid the induction
of melanoma-specific CD8* T cells. Thus, the immunogenicity of MDA may be a consequence of
their unique cell biology. Studies of MDA-based vaccines can provide new insight into the
development of more effective cancer vaccines.
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l. INTRODUCTION

For decades, the occasional presence of immune-mediated skin depigmentation, or vitiligo, in
melanoma patients has been linked with a favorable prognosis,l’2 It was speculated that a
limited immune reactivity against a growing melanoma resulted in some destruction of tumor
cells as well as normal cutaneous melanocytes. With the advent of immunotherapy, in which
a substantial portion of melanoma patients experienced tumor regression after their immune
systems had been stimulated to attack their tumor, it became possible to look at this association
more carefully. The results of this analysis revealed that upon treatment with the T-lymphocyte
growth factor interleukin-2 (IL-2), apgroximately 20% of responding melanoma patients
developed vitiligo (Figure 1a, 1b, 1c).° The relation between vitiligo and melanoma regression
was highly significant (p = 0.0002); although tumor regression could be observed without
vitiligo, virtually every patient that developed vitiligo experienced at least a partial tumor
regression (defined as greater than 50% reduction of all lesions) (Table 1).3 Importantly, none
of 104 renal cell cancer patients treated with 1L-2 developed vitiligo, suggesting that tumor-
derived “self”-antigens were required for the induction of vitiligo. Together, these results
suggested that normal proteins, expressed on both normal and malignant melanocytes, could
act as targets for the immune system.
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In the last decade, improved techniques to expand T cells in vitro has enabled the identification
of human melanoma-specmc T lymphocytes that also recognized antigens expressed by normal
melanocytes Identification of these antigens was made possible by the application of
techniques developed in the fields of biochemistry and molecular biology (Figure 2). Tumor-
specific T lymphocytes can g used to screen tumor cDNA libraries transfected into cells that
are themselves not recognized by the T lymphocytes. Transfected cDNAS that confer
recognition are isolated and sequenced to identify the gene encoding the antlgen
Alternatively, peptides can be eluted from MHC molecules on the surface of tumor cells, and
after fractionation by high-performance liquid chromatography, small peptide pools can be
tested for recognition by tumor-reactive T cells. Further fractionation of recognized pools can
lead to the isolation and sequencing of a single recognized peptide. 9,10 Finally, peptides from
candidate antigens can be selected based on predicted affinity for MHC molecules, synthesized,
and used to induce T cells that are then tested for recognition of tumor cells. 11-1 Each of
these methods has led to identification of tumor-associated antigens.

One large class of anti ens stands out in their potential for cancer treatment, and these are the
shared tumor antigens.>: 7 Unlike mutated proteins, these molecules are present in unaltered
form in cancer cells from many patients, pointing the way to the development of “off-the-shelf”
reagents for cancer therapy. One large group of antigens consists of the cancer testis antigens,
which are exclusively expressed in tumors of many different histologies as well as normal
testis. The main members of this group belong to the MAGE family, cloned in large part by
Boon and coworkers.” A second family of shared antigens intensively studied by many
laboratories, including our own, contains the melanocyte dlfferentlatlon antigens (MDA),
mostly enzymes responsible for the production of melanin plgment (Figures 3a and 3b).

The vast majority of melanoma-reactive T lymphocytes grown from fresh tumor explants
recognize MDA. These antigens are expressed by normal melanocytes as well as by malignant
melanoma cells and include gp100, MART-1, tyrosinase, tyrosinase related protein (TRP)-1,
and TRP-2.6,7,14-18 Interestingly, tyrosinase and TRP-1 had been identified earlier, by
serological studies, as targets for antibodies in autoimmune V|t|I|go 19-21 Many melanoma
patients possess elevated levels of antibodies and/or T lymphocytes that are specific for one
or more of these five antigens, and preliminary results |nd|cate that two additional melanocyte-
specific proteins, ocular albinism (OA-1) and P. polypeptlde 2,23 can likewise be recognized
by CD8" T cells (C.E, Touloukian, Surgery Branch, NCI, unpublished results). However, until
recently it was unclear whether it was possible to actively immunize patients to mount
therapeutic immune responses against MDA.. In such attempts to target MDA with cancer
vaccines, one of the pitfalls may be the different immunologic nature of self-antigens when
compared with “foreign” antigens, such as viral proteins.

T lymphocytes with strong “self”-reactivity are often physically deleted because of negative
selection during maturation in the thymus, a process termed “central” tolerance.2425
However, a low level of autoreactivity is required for positive selection in the thymus, and T
lymphocytes with low reactivity to autoantigens thus persist.26’27 Mature self-reactive T
lymphocytes that encounter antigen on normal tissues in the absence of an activating
costimulatory microenvironment can be functionally eliminated bﬁl anerglzation or physically
by deletion, thus effecting extrathymic or “peripheral” tolerance, Alternatively,
mature T lymphocytes with reactivity to self-antigens may remain in a functionally tolerant
state, termed “ignorant,” if they do not encounter antigen bearing cells or if the target antigen
IS not grocessed and presented to a level that can trigger the specific T-cell receptor (TCR).

Litisthe challenge of the immunotherapist to identify those antigens for which specific
T cells are present in patients and to then activate these T cells and expand their numbers to
the point where they can effect tumor regression.

Crit Rev Immunol. Author manuscript; available in PMC 2008 September 19.
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Il. PICKING THE “RIGHT” ANTIGEN: “SELF” VERSUS NON-“SELF”

Until recently, most experimental data suggested that tumor antigens leading to tumor
regression in animals were “unique” neoantigens, such as mutations or viral antigens. Classic
experiments with chemically induced sarcomas had demonstrated that vaccination with
irradiated tumor cells typicallzy induced immunity that was uniquely specific for the tumor that
had been used to vaccinate.32:33 From a theoretical viewpoint, it seemed likely that tolerance
to neoantigens would not exist, making them better targets for immunotherapy than
constitutively expressed self-antigens. Yet recent data from animal models and clinical trials
have begun to present a more complicated picture.

Most animal studies on unique antigens, such as the viral or mutated neoantigens expressed
by tumors, suffer from a problem inherent to animal tumor models, which is the use of rapidly
growing tumors that kill untreated animals within weeks. In contrast, human tumors typically
grow slowly for years before clinical detection. The patient’s immune system has therefore
been exposed to the tumor-derived neoantigens for years. Since tumor cells lack costimulatory
molecules, typically do not express MHC Class |1 to induce T-lymphocyte help, and are
generally not inflamed or grossly necrotic in their preclinical stages, neoantigen-specific T
lymphocytes have likely been thoroughly deleted or anergized by the time the tumor becomes
clinically manifest. Even then, the large amount of “normal” tumor cells presenting the antigen
in a noninflammatory fashion may well overcome and tolerize those lymphocytes that have
been primed by the few poorly activated antigen-preventing cells (APC) picking up shed
neoantigens.3 Several reports have now convincingly demonstrated the ability of tumors to
passively or even actively prevent or terminate immune responses to powerful foreign antigens,
such as viral proteins.35-38 This quality of tumor cells may thus decrease the immunogenicity
of foreign antigens, such as mutations or viral proteins to a level similar to that of true self-
antigens, such as MDA.

As for the perceived lack of immunogenicity of self tumor antigens, such as MDA, lymphocytes
isolated from melanoma specimens and grown in vitro with no other stimulation than
autologous whole melanoma cells and IL-2, consistently recognize MDA in a great majority
of cases, to the extent that it can become difficult to isolate lymphocytes with any other
reactivities from such cultures.3 The observation that a sizeable fraction of melanoma patients
that respond to IL-2 therapy develop vitili3go also points to the ability of tumor-derived self-
antigens to stimulate the immune system.® To explore the immunogenicity of self-antigens
further and explore the therapeutic benefit of autoimmune responses to these proteins, we have
attempted to deliberately induce immune responses to MDA.

Using the mouse homologues of the human genes for gp100, MART-1, tyrosinase, TRP-1, and
TRP-2, we constructed recombinant vaccinia viruses (rVV) that encoded each of these mouse
(m) MDA. Intravenous immunization of mice with rVVYmTRP-1, but not with rVV encoding
any of the other four MDA, led to a dramatic, vitiligo-like depigmentation within weeks, which
in some cases spread progressively over the entire body (Figure 4). Histology revealed that no
melanocytes remained in affected skin.40 Interestingly, melanocytes in the eye and inner ear
were not destroyed, suggesting that there may be some selectivity to subclasses of melanocytes
or anatomic site, though the basis for this selectivity is presently unknown.41

It was possible to induce immune reactivity to mTRP-1, but the most important question was
whether mice capable of destroying their normal melanocytes were also able to recognize and
eliminate tumor cells expressing mTRP-1. When mice with vitiligo-like depigmentation were
challenged with the spontaneous murine melanoma B16, they reliably rejected the tumor cells
that grew uninhibited in mice vaccinated with control rVV. Thus the deliberate induction of
autoimmunity to mTRP-1 resulted in destruction of tumor cells.40

Crit Rev Immunol. Author manuscript; available in PMC 2008 September 19.
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Itis interesting that of the five MDA tested under identical circumstances, TRP-1 was uniquely
capable of inducing vitiligo. It is possible that this reflects a dlfferentlal level of tolerance to
the MDA, with the least stringent tolerance existing to TRP- 1.4 Alternatlvely the cell blology
of TRP-1 synthesis and trafficking might make it a unique target for immune responses.

44 TRP-1 is produced in high levels in melanoma cells and melanocytes and secreted as WeII
as expressed on the cell surface, 4344 where it could become a target for class-switched 1gG
antibodies that were present in high liters in mice with V|t|I|go,40 In addition, different
combinations of MDA, vaccine vehicles, and animal strains or species appear to render MDA
capable of inducing tumor protection and sometimes vitiligo. For example, we and others have
recently induced protection against B16 melanoma challenge and localized vitiligo by
vaccinating with plasmid DNA encoding MTRP-2.49 It is remarkable that DNA immunization
appears to elicit stronger autoimmunity when using mTRP-2, while r\VVV is superior when
mTRP-1 is the antigen. One possibility is the difference in mouse strains used in both studies,
pointing to a possible impact of non-MHC genes on the induction of autoimmunity to MDA.
Another study examined the use of murine DC pulsed with mgp100 peptides in combination
with anti-CTLAA4 antibody treatment. CTLA4 is a receptor for B7-1 and B7-2 and is thought
to inhibit T-cell activation. Preliminary results show that presentation of gp100 peptides on
dendric cells (DC) in combination with CTLA4 blockade induces vitiligo and shrinkage of
established B16 melanoma (J. P. Allison, personal communication). Yet another approach to
induce autoimmunity and anti-tumor immunity is to use altered forms of self-proteins, such as
self-proteins that have undergone alternative post-translational modifications during
expression in xenogeneic host cells or even by immunizing with genes encoding xenogeneic
protein homologues.46‘50

The importance of antigen choice is further highlighted by the results of immunization with
rvVV encoding the MDA mgp100. In repeated experiments we never found any evidence of
induction of cytotoxic T cells, autoimmunity, or protection from B16 challenge, even though
the virus was constructed identically to the one encoding mTRP-1. Guided by reports on the
induction of autoimmunity by xenoimmunization,®1:92 we immunized mice with rvv
encoding hgp100. Human gp100 and mgp100 share 76% homology at the amino acid level,
allowing potential xeno (human)-reactive T cells to be crossreactive with the mouse sequence.
Indeed, using human gp100 it was possible to induce CD8* T cells that recognized both hgp100
and mgp100, as well as B16 melanoma.49 Detailed studies of the minimal epitope recognized
demonstrated that a peptide from hgp100, KVPRNQDWL, displayed dramatically enhanced
binding to H-2DP, the restricting MHC Class | molecule. The mouse peptide, EGSRNQDWL,
bound less well, although sufficiently to be recognized by crossreactive T cells. These T cells
were therapeutic in vivo in a 3-day B16 lung metastases model, showing that they could
effectively recognize tumor cells expressing endogenous mgp100 in established tumor. 49

It is thus difficult but not impossible to induce powerful de novo immune responses to enume
self-antigens that can specifically destroy normal tissues as well as tumors. 0,46,49,31,

34 Human trials are beginning to demonstrate the ability to vaccinate against self—antlgens
with the induction of strong T-lymphocyte responses and even some tumor regression.

In addition, the recent identification of MDA-specific T lymphocytes in vitiligo lesions
suggests that an active MDA-specific immune response is also induced in patients with
“spontaneous” vitiligo.58 Using tetramers of HLA-A201, complexed with the
immunodominant MART-1 peptide, cytotoxic CD8* T lymphocytes that were specific for
MART-1and could lyse melanomas in vitro were found to be highly elevated in vitiligo patients
compared with controls.>8 Although there likely is immunological tolerance to MDA, this
tolerance is not absolute and can be broken.

Taken together, these observations suggest that there may not be a big difference in the
immunogenicity between unique and self-antigens when they are expressed by tumors. The

Crit Rev Immunol. Author manuscript; available in PMC 2008 September 19.
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experimental evidence suggests that it is difficult but possible to induce powerful, therapeutic
immune responses to tumor-associated antigens. An obvious advantage of the use of self-
antigens is that they are shared among patients, precluding the need to identify each patients’
individual tumor-associated (neo)antigen. Therefore, the application of self-antigens can be
tailored to groups of patients based on their HLA, allowing development of off-the-shelf cancer
vaccines. In addition, melanomas typically express multiple MDA, allowing for the
development of combination vaccines to counter possible immune escape by heterogeneous
antigen expression or antigen loss by tumor cells. We are currently preparing to test the activity
of full-length human TRP-1 encoded by recombinant fowlpox virus in melanoma patients. In
addition, new vectors are being developed.59v60 If self-antigens indeed prove to be useful
targets for cancer immunotherapy, it may be possible to apply principles that are currently
being learned from melanoma vaccines to cancers of other nonvital organs, such as the prostate,
breast, ovary, and thyroid gland.

CELLS IN THE IMMUNE RESPONSE TO SELF-ANTIGENS

Since mouse models revealed a clear antitumor effect of autoimmunity against mTRP-1, it
became important to understand which immune compartments were responsible for both
phenomena. We studied the contribution of MHC Class | and I1, using knockout mice as well
as in vivo depletion of CD8* and CD4* T lymphocytes. The results indicated that both
rVVmTRP-1 -induced vitiligo and tumor destruction relied critically on CD4* T lymphocytes
butnoton CD8* T Iymphocytes.40 This was somewhat surprising since, in recent years, most
efforts (including our own) have focused primarily on the development of cancer vaccines
stimulating CD8* T Iymphocytes.42 One reason for this skewed interest may be the relative
ease with which MHC Class I-restricted antigens can be cloned, compared with the much more
laborious and technically challenging biochemical approaches needed to isolate the MHC Class
I1-restricted antigens recognized by CD4* T lymphocytes. 16,61,62 The recent development
of a cDNA library-based method for cloning MHC Class Il-restricted antigens may expedite
the identification of these antigens.62’63 Alternatively, transgenic mice expressing human
MHC Class Il molecules can be immunized with candidate antigens to induce antigen-specific
CD4™* T cells that can then be used to identify the exact peptides that are recognized.1 Many
classic animal studies had already demonstrated crucial roles for CD4* T lymphocytes in tumor
iGar%%nity and treatment, and more recent, refined studies have confirmed those observations.

The recent revival of appreciation for the role of CD4* T lymphocytes in antitumor immunity
has coincided with the identification of new molecular mechanisms through which CD4* T
Ig/m;)hocytes aid the initiation and maintenance of the antitumor immune response.40'64’65’

970 cpar T lymphocytes can activate APC through engagement of CD40, secrete
proinflammatory cytokines such as TNF-a, interferon-y, and I1L-2, and induce the production
of chemokines to attract a host of other cells to the site of immune reactivity.71‘7 Some
groups have looked in more detail at the specific role of CD4* T lymphocytes in tumor
immunity and found that CD4* T lymphocytes can attract, activate, and differentiate CD4*
and CD8" T cells as well as nonspecific leukocytes, such as eosinophils, macrophages, and B
cells. 46,7475 More recent studies show that CD4* T cells can activate endogenous, tumor-
specific CD8" T cells that subsequently induce tumor regression.67 In addition, some
melanoma patients have significant levels of class-switched, IgG-type antibodies against
melanosomal proteins in their serum, su7%gesting activation of melanocyte-specific CD4* T
lymphocytes in human cancers as well. 7

The most dramatic examples of the powerful steering function of CD4* T lymphocytes in the
immune response to self-proteins are found in models of autoimmune diseases, such as
experimental allergic encephalomyelitis, systemic lupus erythematosus, and diabetes. In both
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mouse and man, these diseases are associated with particular MHC Class Il haplotypes, and
disease can often be transferred to healthy animals with gurified, self-reactive CD4*
splenocytes or specific CD4* T lymphocyte clones.42,78-80 Conversely, active disease can
sometimes be suppressed with regulatory CD4* T-lymphocyte populations, demonstrating the
pivotal role of CD4* T lymphocytes in the induction and progression of immune responses to
self-antigens.81_

Together with the evidence for the existence and involvement of functional, melanoma-specific
CD4* T lymphocytes in melanoma patients,l?"16 these observations point to CD4* T-cell
“help” as a component that may have been underemphasized in many of the current clinical
vaccine approaches. Though some have experienced an encouraging degree of success, results
from many cancer vaccines currently in clinical trials are demonstrating varying degrees of
vaccine-induced tumor-specific CD8* T lymphocytes but only occasional objective tumor
regressions.56'84 Clearly inducing self-reactive, tumor-specific T cells alone is no guarantee
for tumor control. Indeed, mice vaccinated with rVVVhgp100 develop clearly elevated levels
of mgp100-specific T-cell precursors; yet this treatment does not treat even tiny, 3-day B16
pulmonary nodules (Overwijk et al., unpublished results). In addition, despite the clear self-
reactivity of mgp100-reactive CD8* T cells, we have never observed vitiligo in mice
immunized with rVVhgp100 or adoptively transferred with therapeutic, cultured CD8* T-cell
clones with or without IL-2. Only transfer of in vitro activated mgp100-specific T cells could
destroy established pulmonary micrometastases. It is possible that a lack of mgp100-specific
CD4* T cells is limiting for in vivo activation of mgp100-specific CD8* T cells, especially
since CD4* T cells were critical for induction of vitiligo and tumor protection in mice
vaccinated with r'VVmTRP-1. It is possible that concurrent induction of CD4* and CD8*
tumor-specific T cells will enhance the therapeutic activity of anticancer vaccines. The
availability of model systems that allow targeting of the murine homologues of truly
endogenously expressed self-antigens in human tumors will be of great value in addressing
this important question.

IV. THE MELANOCYTE AND ITS ANTIGENS: DOES UNIQUE BIOLOGY
CONFER UNIQUE IMMUNOGENICITY?

A question that remains is why melanomas are so exquisitely immunogenic among human
tumors, and, more specifically, why MDA are identified so frequently as the principal targets
of T lymphocytes grown from melanoma lesions. One reason for this enigmatic quality of
MDA may reside in their unique cellular biology.

It has been noted that all MDA frequently recognized by T cells reside in the melanosome.
This organelle where pigment biosynthesis occurs has long been hypothesized to be
biochemically and developmentally related to organelles in the endosome and lysosome
lineages. In fact, much of the work leading to a deeper understanding of MHC Class |1 peptide
loading has been centered around melanosome vesicle fractions isolated from the melanoma
cell line Mel JuSo, which constitutively expresses MHC Class 11 and is highly efficient in
presenting antigens on MHC Class I1. 5-86 These vesicles bear remarkable similarity to the
MIIC compartment for peptide loading originally isolated from professional APC, such as
activated B-lymphoblastoid cells and DC. 6-88 The vesicles are prominently present in Mel
JuSo and contain invariant chain, HLA-DM, and the endosomal proteases cathepsin-L and -S
— all molecules critically involved in MHC Class Il-restricted antigen presentation.89
Additional evidence that suggests a close relationship between melanosomes and endosomes/
lysosomes includes the following (Table 2):

Crit Rev Immunol. Author manuscript; available in PMC 2008 September 19.
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1. Both melanosomes and endosomes/lysosomes have an acidic content characterized
by the presence of acid hydrolases and “lysosome-specific” proteins such as lysosome
associated membrane protein-1 (LAMP-l).90‘92

2. Several mutations in genes that regulate formation of endosomes and/or lysosomes
also affect melanosome formation. Examples include mice with the mocha mutation,
which lack a functional adaptor protein complex AP-3 associated with coated vesicles
budding from the trans-Golgi network. Mice carrying the mocha mutation display,
among other defects, coat and eye color dilution as well as lysosomal abnormalities,
suggesting a joint pathway of cargo transport to melanosomes and Iysosomes.9
Another mouse pigmentation-associated mutation, light ear, likewise is characterized
by concurrent lysosomal dysfunction.94 Humans homozygous for the recessive
autosomal mutation that causes the Chediak-Higashi syndrome are hypopigmented
and display giant, fused melanosomes as well as giant lysosomes in nonpigmented
cells, including the resident Langerhans cells of the skin, which are normally
responsible for antigen presentation.95 Perhaps as a result of this melanosomal/
lysosomal dysfunction, peptide Ioadingq onto MHC Class Il and antigen presentation
are strongly delayed in these patients. 6

3. Electron microscopic studies indicate that cultured choroidal melanocytes from cattle
can phagocytose gold-labeled albumin, which then appears in melanin granules.
Melanin granules associated with gold particles are subsequently extruded into the
culture medium, confirming physical mixing of phagocytosed material and
melanocyte contents. 7 A similar study indicates that latex beads phagocytosed by
melanocytes appear in phagosomes that subsequently fuse with melanosomes,
suggesting that the melanosome intersects with a degradative pathway for
phagocytosed materials.98

4. With specific regard to MDA, which are typically found within the melanosome, a
sizeable portion of TRP-1 in melanocytes is transported from the terminal trans-Golgi
apparatus to an acidic, nonmelanosomal, endosome-like compartment.44 Fibroblasts,
which lack melanosomes that are transfected with TRP-1 cDNA, show accumulation
of TRP-1 protein in endosomes, suggesting that the targeting signal in the TRP-1
amino acid sequence discriminates little, if at all, among the two organelles.glv99

5. Vaccination with a DNA construct encoding the model tumor antigen ovalbumin
fused to the melanosomal transport signal (MTS) of TRP-1 resulted in greatly
enhanced tumor-specific immune responses when compared with vaccination with
DNA encoding the antigen fused to a nonfunctional MTS. The antitumor response
was dependent on the MTS as well as on CD4* T cells, suggesting that the MTS
targetggl the antigen into the MHC Class Il processing pathway of DNA-transfected
APC

Together, these observations strongly suggest that the endocytic compartment may well
intersect with the transport routes of proteins targeted to the melanosome. We speculate that a
fraction of translated MDA constitutively localizes to the endocytic Compartment,100 to be
transported along with proteins destined for the dense endocytic compartment for peptide
loading (MIIC), the site in professional APC and also melanoma cells where MHC Class 1l
molecules associate with peptides.87'101v102

The result of such a targeting may be direct availability of high levels of melanosomal proteins
for processing and loading on MHC Class Il molecules at any time that MHC Class 1l
expression would be induced on melanocytes or melanoma cells. Some human melanomas
express MHC Class Il constitutively, and a large fraction of melanomas as well as normal
melanocytes can be readily induced with IFN-y to express substantial levels of MHC Class Il.

Crit Rev Immunol. Author manuscript; available in PMC 2008 September 19.
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16,103,104 | jkewise, stimulation of the spontaneous murine B16 melanoma, but not several
other histologies, with IFN-y rapidly induces expression of MHC Class Il on the surfacel05
(D. Surman, unpublished results). Melanocytes in active human vitiligo lesions, but not in
inflammatory skin lesions from patients with psoriasis, also display a marked upregulation of
MHC Class Il and ICAM-I, suggesting that melanocytes are active contributors to the
inflammation rather than mere bystanders or target cells.106 Vitiligo lesions are also typically
infiltrated by IL-2-producing cells — likely MHC Class ll-restricted CD4* T lymphocytes.

07-109 Together this suggests that MDA are immunologically unique in that they are
expressed exclusively in a relatively small-cell population, resulting in low levels of antigen
during central and peripheral T-cell selection and thus effecting relatively mild tolerization.
34,110 vt high amounts of MDA can be presented on MHC Class | and MHC Class Il upon
triggering of melanocytes or melanoma cells by inflammatory stimuli such as IFN-y, allowing
for recognition by those T cells that escaped tolerance.

Melanocytes and melanoma cells may not be equal to professional APC, such as DC, in their
ability to provide costimulation through molecules such as B7-1/CD80, B7-2/CD86, and
CDA40, though a fraction of melanomas reportedly express these costimulatory molecules.

11-114 geveral studies indicate an important role for ICAM-1/CD54 in MHC Class Il-
restricted antigen presentation by melanocytes and melanoma cells. 103,115 ¢ js possible that
alack of expression of certain costimulatory molecules, such as B7-1 and B7-2, on melanocytes
and melanoma cells can be partially compensated for by other costimulatory and adhesion
molecules.

In addition to the direct presentation of MDA by melanocytes, the cellular biology of these
proteins may make them uniquely available to presentation by more professional APC, such
as DC. Normal pigmentation occurs through the uptake by keratinocytes of intact melanosomes
that are secreted by melanocytes.116 Besides the melanin that confers the pigmentation, these
melanosomes also contain high quantities of MDA 99,117,118 1t 5 conceivable that a fraction
of extruded melanosomes are available for uptake by APC, such as DC-like Langerhans cells
of the skin, which can then process and present MDA-derived peptides on MHC Class | and
MHC Class Il. Since both melanocytes and Langerhans cells, as well as MDA-specific T cells
are relatively rare, a productive interaction between the three cell types may occur so
infrequently that autoimmune disease does not ensue, especially if antigen presentation takes
place in a noninflammatory, tolerizing environment in a healthy individual. However, within
a growing melanoma, large numbers of tumor cells present MDA on MHC Class | and often
MHC Class |1, whereas high levels of MDA are simultaneously released in an environment
with local tissue damage. Indeed, tumor infiltration by APC and T cells is routinely observed
upon melanoma biopsy. This may allow the interaction between MDA-specific T cells and
(partially)-activated APC that present MDA to such a degree that mild, localized T-cell
activation and proliferation can occur. These low but significant numbers of MDA-specific T
cells can proliferate when melanoma biopsies are cultured in IL-2. In vivo, they may mediate
the spontaneous regression of tumor in a very small but significant fraction of patients, a
fraction increased to 17% upon the administration of high-dose 1L-2.119,120 coadministration
of IL-2 with specific T cells in the form of ex vivo-expanded tumor-infiltrating lymphocytes
doubles this response rate to 34%.121 Even stronger T-cell stimulation with both interleukin-2
and specific antigen through gp100 peptide vaccination increases the fraction of patients that
responds to 429%.97

Thus, although far from therapeutic in itself, the weak endogenous immune response triggered
by MDA may provide a substrate for therapeutic intervention and augmentation that can lead
to complete regression of the tumor. Interestingly, some patients treated with MHC Class |-
restricted gp100 peptide and IL-2 experience a very localized autoimmune destruction of
normal melanocytes around regressing melanoma lesions (Figure 5b). This may suggest that
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proinflammatory “danger” signals in the tumor microenvironment sustain the immune
responses to self-antigens. It is also possible that it is mainly the high concentration of gp100
antigen in the tumor that provides the trigger for immune destruction, especially since
inflammation and depigmentation upon treatment can also occur in distant normal nevi (Figure
5a).

V. CONCLUSION

The development of new mouse models for the treatment of cancer and the study of basic
aspects of vaccine development using self-antigens are opening new avenues toward the
rational design of more effective cancer vaccines. In addition, the first results from clinical
vaccine trials are providing the necessary “reality check” in the application of strategies gleaned
from animal studies. It is becoming apparent that self-antigens can be effective in anticancer
vaccines, providing opportunities for the development of standardized therapies for melanoma
patients.

The unique cellular biology of MDA provides a clue to the riddle of the unusual
immunogenicity of melanoma among human cancers. Human and animal studies of MDA-
based cancer vaccines may help shed more light on important aspects of cancer-vaccine design,
such as choosing the “correct” antigen, vaccine vehicle, and adjuvant, and ensure the induction
of both CD4* and CD8* T-lymphocyte responses. Lessons learned during the development of
vaccines for melanoma may ultimately aid in the design and clinical application of vaccines
for other malignancies.
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FIGURE 1.

Vitiligo in melanoma patients treated with high-dose interleukin-2. Patients were treated with
infusions of recombinant human interleukin-2 and experienced tumor regression, together with
profound depigmentation of hair (a) and skin (a,b,c).3
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Cloning Melanoma Antigens Recognized by T Lymphocytes
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FIGURE 2.

Strategies for cloning tumor-associated antigens, (a) Genetic approach: mRNA extracted from
tumor cells that are recognized by T cells is reverse transcribed into cDNA and cloned into an
expression library. Pools of 10 to 50 cDNAs are transfected into antigen-negative cells
expressing the correct restriction element. cDNAs conferring recognition by tumor-reactive T
cells (as measured by %ytoklne secretion) are retested individually and sequenced to identify
the protein recognized. (b) Biochemical approach: peptides bound to MHC I or Il molecules
on the surface of tumor cells that are recognized by T cells are isolated, fractionated using
mlcrocaplllari/ high-performance liquid chromatography-electrospray ionization-tandem mass
spectrometry 0 and tested for recognltlon by tumor-specific T cells by pulsing onto antigen-
negative cells such as T2 cells.9 (c) Synthetic approach: candidate antigen-derived peptides
that are predicted to bind to MHC molecules are synthesized and used to induce de novo T-
cell reactivity in vitro. The resultln% T cells are tested for specific recognition of tumor cells
expressing the candidate antigen.
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Melanin Synthesis
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FIGURE 3.
(a) Function of melanocyte differentiation antigens in the synthesis of melanin pigment. With
the possible exception of MART-1. for which a clear role has yet to be identified, all MDA
that are recognlzed bg melanoma-specific T cells fulfill an enzymatic function in
melanogene5|5 3 The putative melanoma antigen OA-1 is an exclusively intracellular,
G-protein linked receptor that is integral to the melanosomal membrane; 23,124 3 second
putative melanoma antigen. P. polypeptide, is implicated in melanosome biogenesis and
Bossmly in melanosomal tyrosine transport, although the latter function remains controversial.
2,125,120 (b) Implication of human and mouse MDA in phenotypical appearance and disease
states.
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FIGURE 4.

Vaccine-induced vitiligo in mice. C57BU6 mice, which were vaccinated with recombinant
vaccinia virus encoding normal mouse TRP-1 (rVVmTRP-1), developed striking vitiligo. Mice
developing vitilifo were fully protected from a challenge with the spontaneous murine
melanoma B16.40
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FIGURE 5.

Vaccine-induced vitiligo and antitumor effects in melanoma patients, (a) Patients receiving a
HLA-A2-restricted, modified gp100 peptide spanning amino acids 209 through 217 in
conjunction with interleukin-2 occasionally developed a striking, halo-like inflammation
around normal nevi, suggesting that the vaccine induced a localized immune aggression against
normal melanocytes expressing gplOO.57 (b) A fraction of patients who responded to gp100
peptide vaccination and underwent tumor regression experienced autoimmune destruction of
normal cutaneous melanocytes in the direct vicinity of regressing tumor lesions. The dark color
that remains reflects the presence of macrophages laden with degradation-resistant melanin
pigment; upon biopsy the lesions contained no live tumor cells.
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TABLE 1A. Vitiligo in Cancer Patients Treated with Interleukin-2 .
Number of patients

Total With vitiligo (%0)
Metastatic renal cancer 104 0 (0%)
Metastatic melanoma 73 12 (16%) (p,< 0.0001)

TABLE 1B. Vitiligo in Patients with Metastatic Melanoma Treated with Interleukin-2 .
Number of patients

Total With vitiligo (%)
Non-responder 27 0 (0%)
Responder 42 12 (29%) (p,< 0.002)

*
All patients assessed for vitiligo at least 1 year after receiving interleukin-2.
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TABLE 2
Close Relationship Between Melanosomes and Endosomes/Lysosomes

1 Both melanosomes and endosomes/lysosomes are acidic and contain “lysosome-specific” proteins, such as acid hydrolases and LAMP-1.

2 Mutations in genes that regulate formation of endosomes and/or lysosomes also affect melanosome formation and pigmentation: mocha
mutation, light ear mutation, ChediakHigashi syndrome.

3 Extracellular material phagocytosed by melanocytes is transported to both lysosomes and melanosomes.

4 In melanocytes, a fraction of translated TRP-1 is routed to an acidic, non-melanosomal, endosome-like compartment. TRP-1 produced in
melanosome-deficient fibroblasts accumulates in the endosome.

5 MHC Class l1-dependent, antigen-specific T-cell responses to DNA vaccination can be greatly enhanced by fusing the antigen to the
melanosomal transport signal of TRP-1.
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