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Abstract The discovery of tumor antigens recognized by
T lymphocytes has stimulated the development of a variety
of cancer treatment protocols aimed at enhancing antitu-
mor-specific T cell responses and tumor rejection. How-
ever, immunotherapy-mediated regression of established
tumors and clearly positive clinical response to such treat-
ment has not been achieved yet despite the induction of
T cells directed against tumor antigens. The failure of the
modern immunotherapy protocols can be explained by
different tumor escape mechanisms that have been defined
in various types of malignancy. The loss or downregulation
of MHC class I antigens in tumor cells is one of the best
analyzed mechanisms. In this review, we show experimen-
tal evidence obtained in our laboratory on human tumors
and in a mouse cancer model suggesting that the molecular
mechanism responsible for the MHC class I alteration in
tumor cells might have a crucial impact on tumor recovery
of normal H-2/HLA expression during the natural history
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of tumor development or after immunotherapy. When the
preexisting molecular lesion underlying tumor MHC class I
alteration is reversible (regulatory or soft), class I expres-
sion can be recovered leading to regression of tumor lesion.
In contrast, if the HLA class I alteration is irreversible in
nature (structural or hard), the lesion will progress killing
the host. This is a new vision of the role of MHC class I
alteration in tumors that can explain the failure of immuno-
therapy in a variety of different clinical protocols.
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Introduction

Growth of tumor cells and cancer progression is associated
with the tumor escape from the immune system or its sup-
pression by different mechanisms, including anergy, toler-
ance and regulatory T cells [1, 2]. Tumor cells produce
immunosuppressive factors, such as TGF-f, IL-10, VEGF,
gangliosides, 2, 3-indoleamone dioxygenase (IDO) or they
also express molecules, such as Fas ligand that inhibit the
immune system [3—6]. Deficiency in the dendritic cell func-
tion and defects in the signal transduction pathway of
CD8+ cytotoxic T cells (CTL) greatly decrease the ability
of the immune system to reject tumors [7]. In addition, reg-
ulatory T cells play an important role in the suppression of
antitumor immunity [8, 9]. Furthermore, various tumor
escape mechanisms have been defined over the past years,
including loss of tumor-specific antigens, lack of costimula-
tory signals and/or adhesion molecules, etc. [10]. One of
the best documented mechanisms of cancer escape from the
immune recognition is total or partial loss of MHC class I
molecules in tumor cells [11-13]. Antitumor-specific
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T lymphocytes are usually found in tumor-bearing host, but
they lack the ability to recognize and destroy tumor target
cells due to the absence of the restriction element required
for efficient T cell cytotoxicity [14]. These findings have
been reported both during the natural history of tumor
development as well as after different protocols of immuno-
therapy aimed to boost T cell responses [15].

Among different molecular mechanisms that lead to
altered MHC class I expression are (1) loss of heterozygos-
ity (LOH) in human chromosomes 6 or/and 15 in which
class I heavy chain or f5,-microglobulin genes are located
[16, 17]; (2) mutations affecting these genes [18]; (3) coor-
dinated downregulation of HLA A, B or C loci [19]; and (4)
downregulation of the antigen processing machinery,
including TAP and LMP genes [20]. For further details, see
the review by Garrido and Algarra [15].

Frequently normal MHC class I expression on tumor
cells can be recovered after treatment with various immu-
nomodulators (i.e. interferons) or pharmacological agents
indicating that tumor cells have reversible (soft) defects
underlying MHC alterations. However, lack of cytokine-
induced restoration of normal MHC expression suggests
that a structural-irreversible (hard) defect is responsible
for the loss of class I antigens on tumor cell surface. Thus,
from the functional point of view MHC alterations can be
classified into two main groups: (1) reversible-regulatory
or “soft” defects, with a possibility of HLA class I upreg-
ulation by IFN-y; and (2) irreversible-structural or “hard”,
when normal HLA I expression cannot be recovered by
cytokines. Even though these different molecular mecha-
nisms underlying altered MHC class I expression have
been described years ago; only recently, important clinical
implications of such findings have been proposed
[21, 22].

In this focussed research review, we present the results
obtained in our laboratory in a mouse experimental tumor
model (the GRY fibrosarcoma) together with the recent data
on HLA expression in metastatic lesion of melanoma
patients receiving immunotherapy. We describe that in our
experimental model, the primary mouse tumor consists of
tumor cells clones with different MHC class I expression
patterns, and such heterogeneity has an impact on tumor
growth and metastasis capacity. Second, we describe the
emergence of additional MHC class I alterations with
reversible-soft and irreversible-hard lesions in metastatic
colonies generated from a single tumor clone. In other
experimental models appearance of antigen-loss tumor
variants with reversible or irreversible alterations have been
also reported. Finally, we show that cancer immunotherapy
led to regression of human metastatic lesions with soft
MHC class I alterations due to MHC class I upregulation
which can be observed in different clinical immunotherapy
protocols.

@ Springer

Tumor clones with different MHC class I expression
coexist in primary tumors: biological implications

We used the GRY fibrosarcoma tumor model in our labora-
tory to study the biological implications of MHC class I
alterations in cancer. The experimental tumor was estab-
lished using methylcholantrene in Balb/c mice (H-2%) and
was adapted to tissue culture without any in vivo passage to
avoid immunoselection [23]. The H-2 typing of the differ-
ent clones revealed the existence of tumor clones with
different H-2 class I expression patterns from highly posi-
tive tumor cells expressing H-2 K, D and L molecules to
completely negative cells (B9 clone). In all instances, the
tumor cells could upregulate H-2 class I antigens after IFN
treatment. Interestingly, this different MHC class I cell sur-
face expression had an impact on local tumor growth and
metastatic capacity. Clones with high class I expression
were very immunogenic in local growth but highly meta-
static [24]. In contrast, clones with decreased MHC class I
expression were growing easily when injected subcutane-
ously, but showed low metastatic activity (Table 1). Similar
heterogeneity in HLA class I expression was observed in a
variety of human tumors immunostained with anti-HLA
class I antibodies [25]. We favor the idea that the primary
tumor is composed of tumor cells with enormous diversity
in expression of MHC class I molecules and, therefore, pre-
senting tumor antigens with different intensity. We have
gathered experimental evidence strongly supporting this
idea, i.e. in GR9 fibrosarcoma tumor the amount of class I
antigens directly affect T and NK cell cytotoxicity [26].
Tumor cells with high amount of class I molecules are
destroyed more easily and quickly, while the remaining
cells with low MHC class I become better targets for NK
cells.

Immunoselection leads to emergence of new tumor
escape variants with soft and hard lesions

Tumor cell clones with MHC class I soft lesions re-express
MHC class I in metastatic colonies produced
in T cell-deficient syngeneic athymic mice

We observed in our mouse fibrosarcoma tumor model that
the H-2 negative clone B9 produced H-2 negative meta-
static lung colonies when grown in immunocompetent syn-
geneic Balb/c mice, as described earlier [27]. Interestingly,
the same clone produced H-2 positive metastases under
basal condition when injected in nude/nude T cell-deficient
athymic Balb/c mice [28] (Fig. 1). These results indicate
that the immune status of the host is playing a critical role
in MHC profile of the tumor. We propose that MHC class
I-deficient tumor cells with soft alterations will re-express
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Table 1 MHC class I phenotype and biological behavior of mouse fibrosarcoma tumor clones

Tumor clone H-2 class 1 phenotype IFN response K¢ D4 L4 Local growth Metastatic capacity NK sensitivity
G2 +++ +++ — +++ —

A7 +++ +++ — +++ -

BIO + +++ ++ + ++

B9 — +++ +++ +/— ++

Clones G2, A7, B10 and B9 were obtained from the GR9 tumor, a chemically induced fibrosarcoma produced and characterized in our laboratory;

for details, see [23, 24, 26]
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Fig. 1 A metastatic tumor cell clone with a MHC class I negative phe-
notype harboring a reversible-soft lesion produce metastases in synge-
neic immunocompetent mice without changing the MHC negative
profile (MP2, MP5). In contrast, when the same clone is injected in T
cell-immunodeficient syngeneic mice, the metastases obtained recover
MHC class I expression (MN4.5, MN9.1)

MHC class when is growing in a T cell-deficient host since
there is no immunoselective pressure to escape T cell rec-
ognition. Similar findings have been reported in human
renal cell carcinomas with immune escape mechanisms
independent of T lymphocytes and high levels of HLA
expression observed in the majority of the RCC tissue sam-
ples [29].

Metastatic colonies develop new altered MHC class I
phenotypes when compared with the primary tumor clone:
generation of hard MHC class I lesions

MHC class I negative mouse fibrosarcoma tumor clone B9
was isolated from heterogeneous primary tumor and was
injected into syngeneic animals to produce metastases. We
observed that the obtained colonies where also H-2 class I
negative. However, some cells recovered H-2 expression
after IFN treatment and others did not (Table 2) [27], espe-
cially in cell resistant to cytokine treatment the H-2LY mol-
ecule was not induced. This new heterogenic pattern was
not present in the original B9 tumor clone since these cells

Table 2 Generation of “hard” structural alterations in mouse meta-
static colonies

Tumor Cell H-2 class 1 expression Type
of lesion
Basal IFN
k¢ p¢ ¢ k¢ p* ¢
Primary tumor B9 clone — - — + + Soft
BOMP2 - — — + 4+ Soft
BOMP3 - — — + + — Hard?®
BOMP5 - - — + + — Hard®
Metastases BOMP6 - - — + + — Hard®
BOMPIO - - — + + — Hard®
BOMPIl - - — + + — Hard®
BO9MPI12 - - — + + + Soft

A tumor clone H-2 class I negative (B9) with a soft lesion produced
different metastases also H-2 class I negative. Interestingly, now some
metastases can recover the LY gene expression after IEN treatment (soft
lesion) while others not (hard lesion); for details, see [27, 28]

# Hard lesions affecting the L* gene

did respond to IFN treatment and recovered H-2 expres-
sion, and was apparently originated in vivo during the met-
astatic progression. These results indicate that metastases
with hard MHC lesions were generated “de novo” during
the metastatic development.

Immunoselection of antigen-loss tumor variants with soft
and hard alterations

In other experimental cancer models, immunoselection of
antigen-loss tumor variants has been reported. In some
cases, the loss of tumor-specific antigen was due to
reversible epigenetic mechanisms. A potent selection of
antigen-loss variants of B16 melanoma occurred following
inflammatory killing of melanocytes in vivo [30]. The
resulting CD8+ T cell response selected B16 variants,
which grew aggressively and have lost expression of the
tyrosinase and tyrosinase-related protein 2 (TRP-2). In
other murine model with B16 melanoma cells [31], cell
transfers of activated tumor-associated antigen (TAA) spe-
cific T cells promoted the immune selection of the escape
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variants. Tumors expressing an immunodominant TAA
grew in immunocompetent hosts in which >90% of the
CD8 T cells were TAA specific. The emergent tumor vari-
ants could evade the immune system by a reversible alter-
ation, epigenetic silencing of the TAA gene.

In another studies, irreversible hard alterations are
responsible for antigen-loss tumor variants. Adoptively,
transferred transgenic T cells specific for P1A into the
mice with established P1A-expressing tumors of distinct
histological origin caused appearance of tumor escape
variants with antigenic drift or antigen loss according to
type of tumor [32]. In other study, the mutation of
residues within epitopes of HER-2/neu leads to the out-
growth of tumors after immunizing HER-2/neu transgenic
mice with therapeutic vaccines expressing fragments of
HER-2/neu [33]. Vaccines expressing the kinase domain
fragment of HER-2/neu protein were more effective against
different tumors than vaccines expressing the extracellular
or other intracellular domains indicating that selection
of the epitope for immunotherapeutic treatment is very
important.

Cancer immunotherapy in humans induces additional T
cell-mediated immunoselection rejecting tumor cells
with MHC class I soft lesions

All the experimental evidence obtained in our cancer model
during last several years indicates that cancer progression is
associated with emergence of additional MHC class I alter-
ations with reversible-soft and irreversible-hard lesions in
metastatic colonies generated from a single tumor clone.
We have recently reported that a patient with metastatic
melanoma treated with autologous tumor vaccine (M-VAX)
plus BCG developed several subcutaneous metastases
with distinct HLA class I expression and different ability to
grow in response to immunotherapy, i.e. three of the lesions
progressed and the three showed considerable regression.
All lesions presented a loss of HLA class I haplotype [34].
However, the progressing metastases showed low HLA
class I expression and newly additional alterations—LOH
in chromosome 15 and HLA B locus downregulation. In
contrast, the regressors showed high levels of HLA class I
expression with an HLA haplotype loss similar to the pro-
gressors. Comparable results indicating a strong association
between HLA class I expression and progression/regression
of the metastatic lesions were obtained in another mela-
noma patient treated with IFN-«-2b/autologous tumor vac-
cine plus BCG [35]. Five lesions were obtained after
interferon-o-2b treatment and five after autologous tumor
vaccination plus BCG. Eight metastases were regressing
after immunotherapy, while two were progressing. The
regressing metastases showed high level of HLA class I
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Fig. 2 Primary tumors are composed of heterogeneous population of
cells with different MHC class I altered phenotypes. These phenotypes
can be produced by a large variety of mechanisms. These defects
underlying altered MHC expression can be classified as reversible-reg-
ulatory or “soft” (gray) and irreversible-structural-hard (red). Immu-
notherapy induces the release of different cytokines in the tumor
microenvironment upregulating MHC class I expression in tumor cells
with soft lesions (green). Now these tumor cells can be recognized and
destroyed by antitumor-specific T lymphocytes. Tumor cells with hard
lesions (red) that cannot recover MHC expression are immunoselected
and kill the host

expression, whereas the two progressing lesions had low
HLA levels as measured by real-time PCR and immunohis-
tological techniques.

These data taken together with the results obtained in our
mouse experimental model suggest that activation of T
lymphocytes after immunotherapy might induce the release
of cytokines in the tumor microenvironment and upregulate
MHC class I antigen expression in tumor cells with soft
lesions (Fig. 2) leading to their rejection, while tumor cells
with hard irreversible lesions will progress. Our prediction
is that tumor lesions with “soft” and “hard” HLA class I
defects coexist during the natural history of tumor develop-
ment, and after immunotherapy tumor cells with “soft”
lesion will be rejected and cells with “hard” lesions will
prevail and metastasize.
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Concluding remarks

We have recently proposed that the molecular alterations
responsible for the altered MHC class I expression can be
classified into reversible/regulatory and irreversible/struc-
tural defects. These two types of alterations that we named
“soft” and “hard” might have profound implications in the
T cell-mediated rejection of tumor cells in primary or meta-
static lesions and in the outcome of cancer immunotherapy.
Here, we present evidence suggesting the existence of these
two types of MHC defects both in mouse tumors/metasta-
ses, as well as in human metastases. We believe that modi-
fication of microenvironment of metastatic lesions in
response to various types of immunotherapy might lead to
cytokine release and influence the MHC class I expression
depending on the nature (reversible or irreversible) of
underlying alterations. Cytokine-induced upregulation in
soft lesions will lead to regression of metastatic nodule,
while resistance to cytokines in tumor cells with hard
defects will stimulate progression of metastases. The
detailed analysis of the correlation of impaired HLA
expression with metastatic progression is important for the
improvement of the existing protocols of cancer immuno-
therapy. Immunoselection and progression of tumor cells
with MHC hard lesions requires search for new ways to
restore normal MHC expression including gene therapy.
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