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Abstract Tumor immune escape variants can be identi-
fied in human and experimental tumors. A variety of
different strategies are used by tumor cells to avoid
recognition by different immune effector mechanisms.
Among these escape routes, alteration of MHC class I
cell surface expression is one of the mechanisms most
widely used by tumor cells. In this review we focus our
attention on the T-cell immune selection of MHC class
I-deficient tumor variants. Different altered MHC class
I phenotypes that originate from multiple molecular
mechanisms can be identified in human tumors. MHC-
deficient tumor clones can escape T-cell immune
responses, but are in theory more susceptible to NK-
cell-mediated lysis. In this context, we also review the
controversial issue of the aberrant expression of non-
classical HLA class I molecules, particularly HLA-G, in
tumors. This expression may be relevant in tumor cells
that have lost the capacity to interact with NK inhibi-
tory receptors—namely, those tumor cells with no HLA-
B or HLA-C expression. Most published studies have
not analyzed these possibilities and do not provide
information about the complete HLA-A, HLA-B, or
HLA-C molecule profiles of the tumors studied. In
contrast, HLA-E has been reported to be expressed in
some tumor cell lines with very low HLA-A, HLA-B,
and HLA-C expression, suggesting that HLA-E may
indeed, in some cases, play a role by inhibiting NK lysis
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of cells that otherwise would be destroyed by NK cells.
Finally, we provide evidence that the status of the
immune system in the tumor-bearing animal is capable of
defining the MHC profile of the tumor cells. In other
words, MHC class I-negative metastatic colonies are
produced in immunocompetent animals, and MHC class
I-positive colonies in T-cell immunodeficient individuals.

Keywords Immune escape - MHC class I molecules -
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Introduction

Tumor-associated transplantation antigens (TATAs)
were defined many years ago in mice on the basis of the
capacity of a particular immunocompetent host to reject
a tumor transplant [47]. The assays clearly demonstrated
that the immune system is capable of rejecting and
destroying a tumor mass composed sometimes of many
millions of tumor cells. Later, the discovery of the
antigen-processing machinery (APM) used by normal
and tumor cells to present peptides to T cells [61], and
the identification of a variety of antigens recognized by
T lymphocytes, revived interest in the role of the im-
mune system in controlling the growth of a tumor in a
particular host [5]. Tumor cells display antigen-derived
peptides which, when conjugated with MHC class 1
molecules, are specifically recognized by the effector cells
of the host immune system. Cytotoxic T lymphocytes
(CTLs) and natural killer (NK) cells are important ele-
ments in this process, and the molecular mechanisms
involved in the recognition of tumor cells by cytotoxic T
lymphocytes and NK cells have been partially elucidated
in recent years [40].

At the beginning of primary tumor expansion, the
cells are noninvasive and nonmetastatic. However,
during tumor progression, mutations can lead to chan-
ges in or loss of different genes. At this point, new
tumor clones appear with the capacity to invade and



metastasize to distant sites. Only a small cell population
in the primary tumor is now considered highly meta-
static, due to genetic alterations present in each cancer
cell. Metastatic cells thus acquire particular genetic,
phenotypic, and biological characteristics that are not
present in the primary tumor [16]. The presence of
multiple genetic alterations in cancer cells indicates that
these alterations accumulate during tumor progression
and are responsible for differences between tumors in
their particular behavior [65].

There is clear evidence that tumors frequently express
antigens that are recognized by the host immune system
[63]. This has been shown in experimental murine tumor
models as well as in human tumors. In the latter, these
antigens have been defined on the molecular level by
techniques and methods for the analysis of humoral and
cellular immune reactions to autologous tumor cells. A
classification and listing of the tumor antigens recog-
nized by T cells is available in different reports [49, 63].

T-cell immunoselection and tumor escape: the generation
of MHC class |-deficient tumor variants

Despite an active and apparently normal immune re-
sponse by a healthy immune system, tumor cells can
grow, invade, and metastasize in the host [44]. Recent
progress in our understanding of the interactions of tu-
mor cells with the host immune system has led to the
conclusion that tumor cells develop multiple ways to
evade specific T-cell immune responses [50]. At least two
major pathways have been described by which tumor
cells directly escape T-cell recognition. Firstly, tumor
cells can use multiple mechanisms to partially or totally
down-regulate the expression of MHC class 1 antigens.
A variety of altered HLA phenotypes have been defined
in human tumors, including HLA total loss, HLA
haplotype loss, HLA-specific locus down-regulation,
HLA allelic losses, and a combination of these pheno-
types [20, 22]. The loss of MHC class I antigens is one of
the escape mechanisms found most frequently in
experimental and spontaneous tumors (Fig. 1). This is
not surprising, since MHC genes control the synthesis of
molecules that are in many ways the center of the im-
mune function mediated by T lymphocytes and NK
cells. An increasing proportion of tumors have been
found to show such alterations [21]. Total or selective
losses of HLA class I antigens have been reported in
different human tumor samples [20, 22].

The concept that MHC class I-negative tumors are
immunoselected in a host with a normal immune system,
and that this selection leads to the elimination of highly
immunogenic MHC class [-positive tumor cell variants
by CTLs, seems difficult to prove. In fact, there is no
direct evidence of the loss of HLA antigens in vivo as a
consequence of antitumor effector mechanisms. How-
ever, findings in many experimental murine tumors ap-
pear to indicate that the immune system may modulate
the phenotype of tumor cells (see below). In humans, the
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Fig. 1a The primary tumor is composed originally of HLA-
positive cells. During tumor development HLA-negative cells
appear and are immunoselected by T-lymphocyte antitumor
immune responses. b The metastatic nodes are composed of highly
selected tumor clones with identical or sometimes different HLA
class I deficiencies

molecular mechanisms reportedly involved in loss of
HLA antigens do not appear to be circumstantial find-
ings, but may act in coordination with oncogenic fac-
tors. The total loss of HLA class I expression frequently
involves two different mutations that affect both copies
of the fom gene. It is reasonable to think that the same
mechanism that inactives tumor suppressor genes may
also affect genes involved in the immune response to
inhibit specific immune recognition. In fact, tumors with
the MM phenotype select specific mutations related with
cell-cycle regulations; however, at the same time these
tumors are frequently highly immunogenic and show
prominent lymphoid infiltration. For this reason, inac-
tivation by mutation of the /,m gene, which is necessary
for HLA class 1 expression, has profound effects on
peptide presentation, the immediate consequence being
an advantage for tumor progression in an immuno-
competent host. In some cases, individual HLA class 1
alleles are lost, and this alteration is represented in the
whole population of tumor cells. It is probable that this
specific alteration leads to the inefficient presentation of
immunodominant antigens.

Differential HLA class I antigen expression has been
observed in successive metastases from patients. In these
patients the loss of expression was due to down-regula-
tion of the expression of the relevant HLA class I genes
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[34]. In other cases, tumor cells can also be immunos-
elected by generating tumor-specific antigen loss vari-
ants that are not presented to CD8 " cytotoxic T cells
[29]. This has been shown in two metastatic cell lines
from a patient with melanoma, in whom a significant
difference in Melan-A/MART-1 expression was ob-
served after immunotherapy [38]. These alterations may
lead to the preferential immunoselection of melanoma
antigen-negative variants during disease progression,
providing a mechanism of escape from immune inter-
vention [34].

The most frequent HLA class I alteration involves the
loss of an HLA haplotype and at the same time the loss
of the activatory NK receptor MICA and MICB alleles.
These alterations may also favor the growth of tumor
cells by simultaneous escape from T- and NK-cell rec-
ognition. Finally, down-regulation of HLA class 1
antigens may also be the result of a defect in the APM
(TAP and LMP), which is frequently reversible by IFN-y
treatment. These APM genes are regulated by this
cytokine, and the alterations may thus be the conse-
quence of inhibition of proinflammatory cytokines that
are mediated by oncogenic factors [44].

The role of nonclassical HLA class | molecules HLA-G
and HLA-E in tumor escape

There are reports from different laboratories that HLA-
G is expressed aberrantly in some human tumors tissue
and cell lines [8, 45]. These findings may indicate that
HLA-G expression is another mechanism of tumor es-
cape from NK-cell attack. Such a mechanism may par-
allel the manner in which HLA-G protects against NK
rejection of fetal tissues in the placenta [33]. However,
this is still a controversial issue, since other laboratories
(including ours) have not found HLA-G expression at
the tumor cell surface with flow cytometry techniques
[48]. However, we have found in many normal and tu-
moral tissues that HLA-G transcription was not fol-
lowed by cell surface expression. These findings indicate
strong posttranscriptional control of the expression of
this gene in its different isoforms (from HLA-GI1 to
HLA-GS). It is also important to take into account that
if a tumor cell is already expressing classical HLA-B or
HLA-C molecules, NK cells are already effectively
inhibited because of the strong inhibitory capacity of
these two HLA locus products through their interaction
with NK inhibitory receptors [40]. In these tumors,
aberrant HLA-G expression is not required for tumor
escape. Aberrant expression may play a role in tumor
escape in some tumors, as reported in renal cell carci-
nomas [8], but it is far from clear whether this is so in
many other tumor types such as melanomas, where
HLA-G is not expressed at the cell surface [14, 43, 48].

Similarly, other nonclassical HLA class I molecules
such as HLA-E might also contribute to NK tumor cell
escape. It is well documented that HLA-E is widely
transcribed in most tissues, and that this molecule is

expressed when it combines with the leader peptides of
other HLA class I molecules including HLA-G [7].
HLA-E may be used by NK cells to sense the level of
expression of HLA-A, HLA-B, and HLA-C in the
course of interaction with the CD94/NKG?2A inhibitory
receptor. This property can also be used to inhibit
NK-cell-mediated tumor lysis [35]. We have found that
HLA-E is expressed in some tumor cell lines with a
peculiar HLA class I phenotype, e.g., in the absence of
HLA-B and HLA-C expression [36] (Table 1). Selective
down-regulation of HLA class I heavy chain and
simultaneous HLA-E up-regulation is also seen after
human cytomegalovirus (HCMYV) infection, resulting in
protection of target cells from NK-cell lysis [60].

Experimental evidence for T-cell immune selection
in murine tumor models

The concept of immune surveillance [9, 12, 59] against
cancer has been revisited in recent years. Experimental
evidence in mice suggested that congenital or acquired
immunosuppression was frequently associated with
malignancy [37]. A good example is the spontaneous
disseminated lymphoma in beige mice (the homolog of
the human disorder Chediak-Higashi syndrome), in
which a defect in granule formation affects multiple cell
lineages (myeloid cells, cytotoxic T cells, and NK cells)
[27]. Tt was proposed that any of these alterations might
contribute to the increased incidence of tumor develop-
ment. In addition, malignancy following immune sup-
pression was often associated with Epstein-Barr virus
(EBV), hepatitis B virus (HBV), human papillomavirus
(HPV), or other viral infections [55, 39]. Immunosup-
pressed transplant patients also develop tumors of dif-
ferent origin, such as carcinomas and sarcomas, which
can be detected by careful examination of the clinical
history ([1, 6, 10, 41, 42, 64], and Gerhard Opelzt, per-
sonal communication).

Although early observations in immunodeficient mice
compromised the validity of the immunosurveillance
hypothesis [57], subsequent studies using better-charac-
terized immunocompromised animals have demon-
strated that the immune system may play a role in
detecting the appearance of transformed cells (Table 2).
Indeed, the genetic background of mice has been shown

Table 1 Increase HLA-E expression after HLA-A, HLA-B, HLA-
C down-regulation. FM55M1/R22.2 and NW145E8/C5 are clones
derived from the same tumor (for details, see [36, 38])

Cell line Expression Expression
of HLA-A, HLA-B, HLA-C* of HLA-E®
FMS55M1 ++ + +
FM55-R22.2 ++ +
NWI145E8 ++ -
NW145C5 + +

4w6/32 Reactivity
5ID12 Reactivity
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Table 2 Evidence indicating
cancer immune surveillance in

murine models

Model Mechanism References
Fibrosarcoma model in Immune selection or H-2 class I-negative [16, 17]
immunocompetent variant in immunocompetent mice
and nude mice versus nude mice
RAG?2-deficient mice; RAG2 x High incidence of MCA-induced sarcomas [52]
STAT1-deficient mice and spontaneous intestinal and
mammary neoplasia
Nude and SCID mice More immunogenicity of MCA-induced [13, 58]
sarcomas derived from nude and SCID mice
RAG]-deficient mice SCID mice High incidence of MCA-induced sarcomas [54]
Immunocompetent mice Immune selection of TAP1-negative tumor cells [30]
Perforin-deficient mice High incidence of MCA-induced sarcomas [53, 62]
and spontaneous disseminated lymphomas
IFN-y—deficient mice High incidence of MCA-induced sarcomas, [32, 52, 56]
spontaneous disseminated lymphomas,
nd spontaneous lung adenocarcinomas
LMP2-deficient mice High incidence of spontaneous uterine [28]
neoplasia
TCRo-deficient mice High incidence of MCA-induced [15, 23, 24]

sarcomas; DMBA/TPA-induced skin tumors

in many cases to be an important factor that determines
tumor type and incidence [31]. Our laboratory recently
obtained direct evidence that a particular tumor can
produce MHC class I-negative or MHC class I-positive
metastatic colonies depending on the immune status of
the host. These findings indicate that a T-cell immune
mechanism is responsible for the selection of tumor cells
with a specific MHC class I phenotype [17]. Thus, the
findings described below are the first indication that
changes in MHC class I profile during metastatic colo-
nization are not random, but can be reproduced in dif-
ferent syngenic animals (Fig. 2). These studies were
performed with an H-2 class I-negative fibrosarcoma
tumor clone [2, 19, 46] that generated H-2 class I-neg-
ative spontaneous lung metastases in immunocompetent
BALB/c mice. In contrast, the same tumor clone pro-
duced MHC class [-positive metastatic nodes in athymic
nu/nu mice [16]. This phenomenon was observed in
metastatic nodules generated after a period of in vivo
growth, but not in the primary tumors growing locally in
the footpad. An analysis of the molecular mechanisms
implicated in the origin of these MHC class I deficient
metastatic nodes in immunocompetent mice suggested
the coordinated suppression of multiple components of
the MHC class I APM [17]. Such deficiencies are not
present in metastases from immunodeficient nu/nu
BALB/c mice. It has also been also reported that
chemically induced sarcomas produced in nude and
SCID mice were more immunogenic than similar sar-
coma cells induced in congenic immunocompetent mice
[13, 54, 58]. Tumors derived from nude mice were
transplanted and rejected at a significantly frequent rate
in normal mice [17], indicating that interaction of tumor
cells with an intact immune system leads to a progressive
decrease in the immunogenicity of tumor cells. CD8" T
cells were found to be necessary for this rejection,
leading to the conclusion that cytotoxic T cells perform
immune selection in normal mice, eliminating immuno-
genic tumor cell variants in the incipient tumor. Boesen

et al. [4] showed that a methylcholanthrene (MCA)-in-
duced sarcoma growing in a T-cell-immunocompetent
host will eliminate highly immunogenic tumor cells that
are susceptible to CD8 " T-cell-mediated lysis. In this
context, it has been shown that the inoculation of
immunocompetent C57BL/6 mice with mixtures
of TAPIl-positive and TAPI1-negative cells produced

H-2 negative
Tumor clone
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Fig. 2 The MHC class I phenotype of a metastatic tumor clone is
dependent on the immune status of the host: metastatic nodes are
MHC class I-negative in immunocompetent mice, and MHC class
I-positive in T-cell-immunodeficient animals
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tumors composed exclusively of TAPIl-negative cells,
indicating selection and evasion of immune surveillance
by cells with the TAP deficiency [30]. These findings
support the hypothesis that the MHC phenotype of tu-
mors is influenced by the T-cell repertoire of the host,
since in the absence of this T-cell pressure, the tumors
“recovered” not only H-2 class I expression but also the
APM functioning necessary to produce stable MHC
class I molecules on the cell surface [17].

The development of gene-targeting technology has
provided new evidence that lymphocytes, IFN-y, and
perforin (pfp) play a central role in providing an
immunocompetent host with a mechanism of tumor
surveillance against carcinogen-induced sarcomas and
spontaneous tumors, a finding that also supports a role
for the immune system in immunoediting tumors with
low immunogenicity (tumor escape variants) [11, 32, 52].
Increased cancer susceptibility has been observed in pfp-
deficient mice [53]. Perforin-deficient mice were shown to
be at least 1,000-fold more susceptible to lymphomas of
different lymphoid cell lineage compared with immu-
nocompetent mice in which tumor rejection was con-
trolled by CD8 © T lymphocytes. Approximately 50% of
the pfp-deficient mice succumbed to disseminated lym-
phomas. In addition, an increased rate of rejection was
observed in MCA-induced sarcomas produced in mice
specifically deficient in Va4 NKT cells when these tu-
mors were transplanted into wild-type mice [53].

It was also recently shown that lymphocytes and
IFN-y play a central role in providing an immunocom-
petent host with a mechanism of tumor surveillance
against carcinogen-induced sarcomas and spontaneous
tumors [52]. For these studies, a strain of mice that
completely lacked functional lymphocytes was used.
Lymphocyte depletion was accomplished by inactivating
a lymphocyte-specific gene called RAG2. When the mice
were injected with the chemical carcinogen MCA, more
than 50% developed tumors, compared with only 19%
of the wild-type animals. Similar results were obtained in
mice that lacked either the receptor for IFN-y or one of
the proteins required for IFN-receptor function (Statl)
[32].

The studies reviewed above provide new evidence
that supports the original concept of cancer immuno-
surveillance. Evidence to date also supports the notion
that immunoselection can confer predominance of a
particular tumor escape mechanism over others. The
clinically relevant mechanism in a particular patient
needs to be carefully analyzed in order to develop an
appropriate immunotherapeutic vaccination protocol.

Conclusions

The somatic evolution of cancer cells probably takes
advantage of the generation of multiple clones that
provides diversity and heterogeneity in the primary tu-
mor lesion. The result is survival and proliferation of
variants that exhibit genetic and epigenetic characteris-

tics advantageous for growth and immune evasion. This
variability sets the stage for the possible selection of
immune escape variants resistant to T lymphocytes and
NK-cell cytotoxicity, a process especially evident after
treatment of cancer patients with increasingly effective
immunotherapies. The strength and quality of the im-
mune response determines the escape phenotype. There
are clear indications that these resistant tumor variants
are associated in many patients, with structural and
functional alterations of human leukocyte antigen
(HLA) class I molecules involved in antigen processing
and presentation. These alterations can result in evasion
of cytotoxic T lymphocyte (CTL) killing. In addition to
down-regulation of HLA class Ia expression, the up-
regulation of nonclassical HLA class Ib molecules such
as HLA-E in some T-cell-resistant tumors may also
favor NK immune escape.

MHC class I alterations can be defined in a wide
variety of human solid tumors and cell lines. There is also
recent evidence in mouse tumor models that tumor im-
mune surveillance is not just a theory, but that immu-
nosuppressed individuals are more susceptible to tumors.
In these mice the tumor profiles, including MHC, are
modulated according to the immune status of the host.
We are now learning how to define these tumor escape
phenotypes, including the very frequent HLA-altered
profiles, and how to obtain the information needed to
design tailor-made therapeutic strategies. Understanding
the mechanisms and behavior of ““a Darwinian natural
selection” occurring during tumor progression may
provide crucial information for the rational development
of more efficient T-cell-directed immunotherapy.
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