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The H-2 Antigens of the Major
Histocompatibility Complex

The major histocompatibility complex
(MHC) of the mouse consists of three
classes of genes that encode cell surface
and secreted products involved in im-
mune regulation and function (/). Within
the MHC, the class I genes represent a
large multigene family of distinct, but
related, sequences encoding several
types of products. These products in-
clude the transplantation antigens, which

(CTL’s) against virally infected or neo-
plastic cells (Fig. 1). Although the pre-
cise molecular basis of T-cell recognition
remains unknown, CTL function exhib-
its an absolute requirement for associat-
ed recognition between foreign antigens
and self MHC components (4-6). As the
products of specific class I genes are
required for the restricted recognition of
different viral antigens, the H-2 mole-
cules are often referred to as restriction
or control elements for CTL function. In
addition, some CTL’s can recognize

Summary. Recent advances in tumor immunology suggest that the expression of
the histocompatibility antigens, encoded by the major histocompatibility complex, is
important in controlling the metastatic growth of certain murine tumors. The anoma-
lous expression of histocompatibility antigens in many neoplasms appears to be
associated with the ability of these cells to evade the immune system and progress to
metastasis. This review examines some of the underlying molecular and immunobio-
logical interactions that might determine the metastatic outcome of cellular transfor-

mation.

were first identified on the basis of their
role as the targets of graft rejection. The
class II genes, encoding the immune
response—associated or Ia antigens, are
involved in the regulation of antibody
responses to certain foreign antigens.
The class III genes encode several com-
ponents of the complement cascade.

There are approximately 32 class I
genes in the mouse, which map either to
the H-2 or Tla regions of the MHC (/).
Each inbred mouse strain expresses a
distinct set of MHC antigens (the haplo-
type). The products of the H-2 loci in-
clude the highly polymorphic histocom-
patability antigens H-2K, D, and L. On
the other hand, the Qa and Tl genes
(which map to the Tla region) are much
less polymorphic among different strains
of mice. Although the products of some
of these genes appear to be expressed on
certain lymphoid subsets and in the liver,
their function has not been determined
@, 3.

The H-2 antigens are cell surface gly-
coproteins that function as targets direct-
ing the attack of cytolytic T lymphocytes
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non-self class I aritigens as distinct tar-
gets and this phenomenon—known as
allorecognition—is the cellular basis of
the transplant rejection that occurs be-
tween histoincompatible strains of mice
(7). The properties of CTL’s contrast
with those of natural killer (NK) cells.
NK cells comprise a distinct subset of
lymphoid cells able to kill certain tumors
without preimmunization or MHC re-
striction. NK cells are believed to be
important in the surveillance and elimi-
nation of cancer ( 4, 8).

Many tumors appear to express cell
surface molecules that can be recognized
in association with self H-2 as foreign
and become the object of an immune
response (4). Thus, it is possible that the
hdst immune response against a nascent
neoplasm has a significant effect on tu-
mor survival and metastasis. Although it
is difficult to estimate to what extent
such immune surveillance is responsible
for the elimination of incipient tumors in
healthy animals, recent evidence sug-
gests that the level of the immune re-
sponse against transplanted tumors is a

major - factor in determining tumor
growth and metastatic behavior (9-13).
Therefore, any process perturbing im-
mune recognition, for example modula-
tion of class I expression (/4), might
facilitate the escape of these target cells
from immune destruction in the host
(Fig. 2).

The class I alterations that have been
observed on tumors can be grouped into
the following three classes: (i) the loss or
quantitative attenuation of the expres-
sion of specific class I antigens; (ii) the
enhanced expression of H-2 or the acti-
vation of unexpressed class I loci map-
ping to the Qa/Tla region of the MHC;
and (iii) the generation of novel class I
antigens by mutation or recombination.
While these phenomena are not ob-
served in all tumor systems, tumor-asso-
ciated alterations of MHC components
may be one of several decisive factors
determining the course of certain neo-
plastic diseases. The immunobiology as-
sociated with these phenomena has been
recently reviewed (4). We will focus our
discussion on the insights afforded by the
recent application of molecular technolo-
gy to the analysis of class I expression on
certain metastatic tumors.

Attenuated Expression of Class I
Products on Metastatic Tumors

Tumors, especially those with virally
or chemically induced etiologies, fre-
quently exhibit an altered profile of class
I products on their surface (¢4, 15). For
example, the virally induced AKR T-cell
leukemia line K36.16 expresses normal
levels of H-2D antigen but negligible H-
2K, as compared to normal lymphocytes
(14). Unlike related AKR tumors that
express H-2K and are rejected in im-
munocompetent, histocompatible mice,
the K36.16 cell line is resistant to H-2K~
restricted killing by T cells and readily
progresses when transplanted into nor-
mal hosts (/4). Presumably, the H-2K
antigen, but not the H-2D antigen, is
capable of acting as a restriction element
for CTL recognition of the Gross/AKR
murine leukemia viral antigen expressed
on these cells, such that reduced H-2K
expression allows the cells to escape
immune destruction. To establish wheth-
er attenuation of the products of the H-
2K locus was responsible for the altered
growth behavior, Festenstein and co-
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workers (9) introduced the normal AKR
H-2K gene into K36.16 cells. Clones of
the transfected tumor cells expressing
the transferred H-2K sequences at high
levels were rejected when transplanted
into normal, histocompatible mice. The
same cells were able to progress to tu-
mors when the hosts had been immuno-
suppressed by moderate doses of radia-
tion. Thus, the attenuated H-2K expres-
sion on these cells correlates directly
with their ability to avoid immune rejec-
tion and grow in immunocompetent
hosts. »

In the case of K36.16, H-2-restricted
CTL killing may not be sufficient to
account for the immunologic behavior
and metastatic potential of the H-2K
transfectants. For example, mice preim-
munizéd with H-2K-positive K36.16
transfectants were later able to reject a
second challenge with the original H-
2K-negative K36.16 cells (9). Although
H-2K expression appears to be required
to initiate an adequate immune response
for the rejection of the tumor, mice
primed with tumor celis that express H-
2K are able to reject a subsequent chal-
lenge by H-2K-negative cells. Thus, this
response probably includes additional
humoral as well as nonspecific compo-
nents, such as NK cells, capable of elim-
inating the parental CTL-resistant tu-
mor. , ‘ ,

The relationship between class I
expression and the metastatic behavior
of tumors has also been examined by
Katzav, Segal, Feldman, and their col-
leagues in studies of variants of the
methylcholanthrene (MCA)-induced sar-
coma T10 (/2). Like many MCA- and
virally-induced sarcomas, T10 expresses
a tumor-associated antigen (TAA). The
TAA’s expressed on these timors are
antigenically diverse and have been
characterized on the basis of their ability
to immunize histocompatible mice
against the tumor of origin (16, 17).
These molecules appear to be unrelated
to the class I antigens but can be recog-
nized in the context of self-MHC as the
target of a CTL response against the
tumor (/8).

T10 is derived from an F1 hybrid of
two distinct inbred mouse strains and
should express the allelic products of
both parental H-2K and H-2D loci. The
genotype of this tumor thus facilitated
the analysis of the effects of the expres-
sion of the individual H-2 antigens.on the
metastatic progress of the tumor in hosts
of the same F1 origin. Although a highly
metastatic variant of this tumor, IE7,
and a moderately metastatic variant,
IC9, express H-2D-encoded class I
products, neither type of cell expresses
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either H-2K allele (/9). Hammerling and
his colleagues (20) introduced each pa-
rental H-2K allele separately into IE7
and IC9 and found that expression of
either of the parental H-2K antigens se-
verely reduced the metastatic phenotype
of the transplanted cells. The H-2K
products appeared to function as classi-
cal CTL restriction elements in this sys-
tem: CTL’s generated against T10 cells
that expressed onée of the parental alleles
could only recognize target cells ex-
pressing that same antigen. These stud-
ies suggest that a CTL response is re-
sponsible for the rejection of the H-2K~
expressing T10 transfectants, at least in
the context of the transplantation assay,
and that H-2K loss allows the tumor to
escape immune destruction. Such con-
clusions are only possible given the abili-
ty to specifically manipulate the profile
of class I expression of a tumor by
transfection with cloned class I genes
@1).

The role of class I expression in the
immunosurveillance of tumors has re-
cently been highlighted by the analysis of
several adenovirus-transformed cell
lines having different metastatic poten-
tials. Several strains of adenovirus (for
example, Ad2 and AdS5) can. transform
rodent cells in culture, but these cells are
unable to progress to tumors when trans-
planted into histocompatible hosts—pre-
sumably because of immune rejection.
However, cells transformed with the
highly oncogenic adenovirus strain Ad12
are able to grow and metastasize (22).
One difference between AdS- and Adi2-
transformed rat cells that could explair
the oncogenicity of Ad12 is the apparent
absence of class I antigens on the Ad12
transformarits (23). Low levels of cldss I
transcripts were detected in these cells.
These results have been confirmed with
adenovirus-transformed mouse cells
(24). H-2 expression was low or absent
on the surface of the Adl12 transfor-
mants, as determined by means of mono-
clonal antibodies to H-2. However, re-
sidual levels of class I transcripts are
present.

Although .it is possible that such a
reduction in class I expression could
have a significant impact on the efficien-
cy of CTL recognition, it is not clear that
evasion of T-cell recognition is an ade-
quate explanation for thé oncogenic
character of the Ad12 transformants.
The oncogenic potential of hamster and
rat cells transformed with the different
adenovirus strains appears to correlate
more meaningfully with their resistance
to killing by macrophages and NK cells
than with their resistance to CTL lysis
(25, 26). In fact, the various sets of

adenovirus transformants do not appear
to differ significantly in their sensitivity
to killing by éither alloreactive CTL’s
or, more relevantly, CTL’s generated
against adenovirus-transformed tumors
(25, 27). 1t is not clear, however, wheth-
er NK function alone is sufficient for the
rejection of an incipient tumor, since
nude mice (which are CTL deficient but
which express high levéls of NK activi-
ty) are highly susceptible to tumorigene-
sis by cells transformed with all strains
of adenovirus (28).

Whatever the immune component(s)
responsible for the rejection of adenovi-
rus-induced tumors, recent transfection
experiments suggest that the level of
class I expression o these tumors deter-
mines, in part, whether they will be
oncogenic (29). In these experiments, an
H-2L gene from the BALB/c mouse
strain was transfected into Ad12-trans-
formed cells of the C57BL/6 strain. The
transfectants were much less oncogenic
when transpldnted into BALB/c mice
than was the parental Ad12 tumor. Thor-
ough biochemical and immunological
characterizatibn of these transfectants is
necessary, however, before it will be
possible to conclude that these cells are
rejected by the same immune compo-
nents that are responsible for the rejec-
tion of the nononcogenic Ad2-trans-
formed cells in histocompatible mice. It
is possible that turior rejection in this
case might be the résiilt of phenomena
more directly comparable to graft rejec-
tion and unrelated to the differences be-
tween Ad2- and Ad12-transformed cells.
The C57BL/6 cells from which the tumor
was derived undoubtedly express sever-
al polymorphic surface proteins that may
be sufficiént to elicit graft rejection even
between H-2-compatible mice.

Molecular Mechanisms Invbived in

Attenuation of Class I Expression

Since alteritions in class I expression
appear to be ihvdlved in the escape from
immune survéillance and th& growth of
some tumors, it is of intereSt to. deter-
mine whether theé_e tumor-associated al-
terations are the direct result of some
mechanism related to cellular transfor-
mation. Given the variety of altered class
1 profiles that have been obsérved in
tumors of diverse etiologie$, a, dingle
unifying mechahism would be difficult to
discern. Furthermore, only a fraction of
all tumors exhibit dny obvious changes
in class I expression. Although it is likely
that specific molecular mechdnisms will
be implicated in the class I alterations
observed on certain classes of tumors—
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particularly those of lymphoid origin or
viral etiology—we believe that most
class I alterations arise from random
events and are immortalized and ampli-
fied in the course of neoplastic progres-
sion. Just as the genotype of neoplastic
cells in culture is extremely unstable,
tumor cells in vivo probably progress via
the sequential activation, mutation, and
inactivation of a variety of gene products
(30-32). Therefore, any molecular event
in a tumor variant that results in the loss
of the class I restriction element required
for CTL recognition of the tumor cell
could provide a selective advantage,
leading to clonal expansion of this vari-
ant and fixation in the terminal pheno-
type of the metastasis.

Obviously, a number of molecular
mechanisms might be responsible for the
attenuation of class I expression seen on
tumors of certain etiologies. These could
include deletion, mutation, or recombi-

Virus infection

l Cytolytic T-cell response

Different N1

nation of class I sequences; transcrip-
tional inactivation; defects in posttrans-
lational processing; or even loss of B,-
microglobulin, a small protein associated
with class I products on the cell surface
(10, 33-36).

Activation or loss of specific transcrip-
tional regulators might also be relevant,
although there is, as yet, no molecular
description of the factors that might be
involved. One clue to the identity of
these factors might be derived from the
studies of the adenovirus system. Ad12-
transformed cells express low levels of
class I transcripts. However, expression
can be restored by treatment with -
interferon, an intercellular messenger
that acts as a potent activator of class I
expression (24, 37). Furthermore, re-
pression qof class I transcription in Ad12-
transformed cells does not affect the
expression of transfected class I genes
(29). Surprisingly, Ad12 infection, in

Normal H-2

Expanded T cells
in cultyre

T-cell
clones

CTL response
Tumor cells killed

Infected
target

cells

contrast to cellular transformation, re-
sults in a transient 10- to 15-fold increase
in the expression of class I messenger
RNA (38).

Tanaka et al. have shown that changes
in the levels of DNA methylation sur-
rounding class I genes might also be
relevant (39). The activation of H-2K
expression that occurs in differentiating
F9 embryonal carcinoma cells was asso-
ciated with an increase in the methyl-
ation state of the H-2K gene, as detected
by a specific 3' H-2K probe. These find-
ings contrast with most other systems in
which gene activation is correlated with
a decrease in the state of DNA methyl-
ation (40). However, as the authors note,
the behavior of the H-2K gene appears
unique even among the class I genes of
the F9 cells, most of which appear to
become relatively hypomethylated dur-
ing differentiation. The developmental
changes in the methylation patterns of

H-2 loss

Transplant

No CTL response
Tumor cells grow

Identical NN
& &) b
‘/u.% /\\y
Tumor rejection Tumor progression
Lysis No lysis No lysis ' and metastasis

Fig. 1 (left). H-2-restricted T-cell recognition. Some of the major features characteristic of H-2-dependent CTL recognition of virally infected
cells are shown. (Far left) CTL’s generated during viral infection (shown expanded in culture) are able to lyse cells that express the viral antigen
in association with the appropriate H-2 antigen. In the absence of H-2 (far right) or viral antigen, CTL recognition is blocked. This demonstrates
the dual recognition of self plus nonself by cytolytic T cells. In the presence of an inappropriate H-2 molecule (for example on target cells derived
from a mouse strain different from that in which the CTL’s are generated) the same cytolytic T cells are unable to recognize or lyse the target cell
even in the presence of the viral antigen (center). Thus, the H-2 requirement is both absolute and specific. The T-cell receptor is represented as a
single unit to depict the general features of H- 2—restr1cted T-cell killing. Recent evidence suggests that the receptor may possess recognition sites
for both self and foreign target antigens (6). Fig. 2 (right). Rejection of transplanted tumors based on class I-dependent T-cell responses.
Transformed cells expressing a tumor-spec1ﬁc target antigen in association with the appropriate H-2 molecule on the cell surface can elicit a

- specific CTL-mediated immune response in transplanted rec1plents In certain cases, the CTL’s recognize the transplanted tumor cells as foreign,
leading to the destruction of the transplanted tumor by the recipient mice (left). Such a CTL response, however, would not be generated when re-
cipient mice are 1mmumzed with tumor cells that have lost the expression of the appropriate H-2 product (right). Although the tumor-specific
target antlgen is expressed, it would not be sufficient for CTL recognition. The transplanted tumor cells, left unchecked by the immune system of
the recipient mouse, would be able to grow and progress to metastasis.
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these genes are probably complex. Such
changes in methylation patterns are gen-
erally believed to represent a response to
changes in gene expression mediated by
specific factors (for example, steroid
hormone receptors) (41, 42). Since meth-
ylation patterns tend to be clonally main-
tained (40, 43) and DNA hypermethyla-
tion is capable of inactivating the expres-
sion of specific genes in other systems
(44), it is possible that changes in the
methylation pattern of specific class I
genes might be responsible for the ob-
served differences in class I expression
on some tumors and their derivatives.

Methylation has been directly impli-
cated in the regulation of class I expres-
sion in at least one tumor. Olsson and
Forchhammer (45) have shown that both
metastatic and nonmetastatic pheno-
types could be imparted to subclones of
the Lewis lung carcinoma by tréatment
with 5-azacytidine, a drug believed to
specifically inhibit the enzymes respon-
sible for the maintenance of DNA meth-
ylation patterns. The change in metastat-
ic potential of the cells was associated
with a change in expression of a particu-
lar class I molecule (46).

Enhancement alid Activation of Class I

Sequences in Tumors

While various studies point to a clear
relationship between loss of class I prod-
ucts and tumor growth and progression,
in other tumor systems just the opposite
relationship has been observed. The
metastatic potential of certain variants of
the H-2K-negative T10 sarcoma, for ex-
ample, appears to be directly related to
the expression of a particular H-2D gene
product (37). Although transfectants ex-
pressing H-2K were nononcogenic (20),
analysis of the H-2 expression of meta-
static and nonmetastatic derivatives of
the H-2K-negativé parental tumor re-
vealed that, in each cdse, metastatic po-
tential in histocompatible hosts was cor-
related with the expression of the H-2D
antigen from one of the parental strains
(47). The expression of this antigen was
enhanced several fold with respect to
normal spleen cells (47). Expression of
this antigen appeared to be causally re-
lated to the invasiveness of these cells
since the metastatic potential could be
reversed by selection of variants that had
lost only one of the parental H-2D prod-
ucts (47). Moreover, H-2D—positive T10
subclones were more metastatic than
variants that were completely H-2-nega-
tive (47). However, expression of the
other H-2D parental allele tended to
make the T10 variants less metastatic.
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Similar observations have been reported
for other systems (48).

The expression of the H-2D antigen
does not enhance the metastatic poten-
tial of all tumors. Generally, H-2D ap-
pears to be important in the resistance to
the tumorigenic effects of murine retro-
viral infection. The H-2D molecule is the
restriction element for CTL-mediated
killing of BALB/c cells that have been
transformed by certain retroviruses, ih-
cluding radiation leukemia virus arid
Friend murine leukemia virus (4). There-
fore, it is surprising that H-2D can medi-
ate such distinct immunological effects
on derivatives of the T10 sarcoma. The
H-2D expressed on T10 might function,
not as a conventional CTL restriction
element, but in yet another capacity. For
example, the expression of H-2D, in
association with tumor-associated target
antigens, might exert a regulatory effect
on the specific immune response against
the tumor. This might occur through
interactions with suppressive immune
components such as suppressor T cells
(49) or by induction of CTL’s capable of
recognizing T-cell receptor structures on
CTL’s specific for the tumor (50). Such
specific inmune suppression could ex-
plain the lack of immunogenicity associ-
ated with these subclones (51). Alterna-
tively, the apparent H-2D enhancement
might actually represent the activation of
another class I molecule, antigenically
related to but distinct from H-2D, since
the recognition of Qa-Tla class I gene
products by monoclonal antibodies spe-
cific for H-2 antigens has been reported
(52). This is particuiai‘rly important since
class I activation has been observed on a
large number of thymic leukemias (2), on
rat cells transformed with polyoma virus
(53), on somé retrovirally transformed
mouse cells (54), and on mouse fibro-
blasts transformed in vitro with simian
virus 40 (55). (

The de novo activation of a normally
silent, presumably intact class I locus
has been implicated in the enchanced
invasiveness of several tumors, includ-
ing the 5-azacytidine-induced metastatic
variant of the Lewis lung carcinoma (45,
56). A monoclonal antibody generated
against this variant may recognize a nov-
el class I antigen, perhaps encoded with-
in the Qa/Tla region of the MHC, which
is specifically activated in this metastatic
subclone (45). This product might exert
an effect on the immune response to the
tumor similar to that postulated for the
H-2D antigen on T10. In addition, this
category of altered H-2 expression may
also affect the invasiveness of these cells
through a nonimmunological mecha-
nism. The H-2D products might be re-

quired for the functional assembly of
membrane protein complexes essential
for tumor localization and implantation

(57).

Molecular Mechanisms Responsible for
Class I Activation

In each of the systems described
above, the tumors exhibiting altered
class I expression were derived from
rare variant§ and selected by passage in
vivo. To gain insight into the molecular
mechanisms ynderlying enhanced or ac-
tivated class I expression it might be
necessary to study systems that operate
independently of immune selection.
BALB/c 3T3 cells, which normally ex-
press reduced H-2, have enhanced levels
of class I transcripts after transformation
in vitro with SV40 (55). Although Rigby
and co-workers originally identified a
complementary (CDNA) clone derived
from SV40-transformed 3T3 cells as the
product of an activated Tla gene (55),
further analysis revealed that this clone
was, in fact, derived from H-2D (58).
However, SV40-transformed 3T3 cells
do express de novo-activated class I
transcripts in addition to enhanced H-
2D. Robinson, Hunt, and Hood have
isolated a ¢cDNA clone from the meta-
static SVT2 tumor and have shown by
DNA sequence analysis that this cDNA
is derived from the Tla class I gene,
TL10 (56). .

Analysis of SV40-transformed 3T3
cells reveals that a variety of class I
genes, as identified by specific oligonu-
cleotide probes, can be activated in these
cells (59). However, no consistent pat-
tern of activation has been reported.
Expression® of these antigens is depen-
dent upon the function of SV40 large T
antigen (60), a viral regulatory protein
required for maintenance of cellular
transformation. Many of the class I
genes activated by SV40 appear to con-
tain repetitive elements known as B2
repeats. Since transcription of these se-
quences is. enhanced in SV40-trans-
formed cells (61) it is possible that B2
repeats are involved in the regulation of
class I transcrlptlon by SV40.

Although DNA sequence analysis of
one of the Tla genes activated in SV40-
transformed 3T3 cells indicates that the
transcripts could encode functional mol-
ecules (45), it is necessary to demon-
strate that the transcripts give rise to
¢lass I molecules before their function
can be discerned. The genération of spe-
cific serolbgical probes to peptides pre-
dicted from these gene sequences should
aid in the identification and characteriza-
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tion of such products and of their role in
tumorigenesis. Since enhanced or acti-
vated class I expression in transformed
cells might affect the immune response
to such cells, it is also vital to identify the
immunological factors underlying the
phenomena. This includes not only bio-
chemical characterization of the prod-
ucts of the activated class I genes but
also the dissection of those immunologi-
cal components (such as suppressor T
cells) interacting with the tumor cells.

Expression of Unique Class I Products

on Tumors

There have been many reports in the
literature of tumor-specific expression of
histocompatibility antigens alien to the
strain from which the neoplasm was de-
rived (¢, 15). Such reports generally
stemmed from investigations of the
anomalous growth of tumors in trans-
planted recipients, either in their rejec-

tion in syngeneic hosts or progression in

histoincompatible strains of mice. At is-
sue was whether expression of these
novel antigens involved alteration of
classical H-2 structures, perhaps through
mutational or recombinational events, or
the activation of normally silent and in-
tact class I loci. Early attempts to identi-
fy these tumor-specific antigens were
often complicated by a number of prob-
lems including the use of complex (and
occasionally contaminated) antisera to
characterize the unique antigens, the
lack of biochemical characterization of
the products involved, and the use of
tumors of uncertain origin. For these
reasons, many of the early reports de-
scribing the identification of novel class I
antigens on tumors actually concerned

the identification of antigens that were

not class I, or that were the normal H-2
antigens of the strain from which the
tumor was derived. Nonetheless, the

concept of tumor-specific class I anti--

gens remains intriguing, particularly in
view of the possible functions of the
MHC in tumorigenesis.

Structural alteration of a CTL restric-
tion element might allow a tumor variant
expressing only a fraction of its H-2
genes to evade the immune response
against the parental tumor (4). Novel
class I products might also act to sup-
press the immune response against the
tumor, perhaps by mechanisms compa-
rable to those discussed above for the
effect of elevated levels of H-2D on the
" T10 sarcoma. Cell-surface expression of
novel class I products might be a by-prod-
uct of the expression of a secreted form
of class I antigen that had been generated
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by alternative RNA splicing events, such
as that reported in liver (3, 62). Secreted
class I antigens have been proposed to
function in the regulation of CTL activity
(63). It could conceivably be advanta-
geous in evolutionary terms for normal
tissue to express novel class I antigens
when transformed, given the efficiency
with which CTL’s identify and eliminate
cells expressing foreign MHC.
Schreiber and his colleagues have ex-
tensively analyzed an ultraviolet (UV)-
induced fibrosarcoma (designated 1591)
to determine the basis of its extreme
immunogenicity after transplantation
into immunocompetent, histocompatible
mice (64). Specific monoclonal antibod-
ies generated against this C3H tumor
identified some of the immunogenic mol-
ecules on 1591 as class I antigens (65).
The novel antigens are similar to, but
distinct from, the class I products nor-
mally expressed by C3H and other
strains of mice on the basis of serological
studies, tryptic peptide analysis, and
two-dimensional gel analysis (66). Goo-
denow and co-workers have cloned the
genes encoding these novel antigens and

demonstrated that 1591 -expresses, in ad-

dition to the normal complement of H-
2K and H-2D, at least three novel class I
antigens not normally expressed on C3H
tissue (67), one of which appears to be
derived from the H-2K gene (68). Analy-
sis of mouse fibroblast lines transfected
with the novel genes indicates that these
unique class I antigens function as the
targets of many of the CTL’s generated
against the tumor in normal mice (69).
Furthermore, loss of the novel class I
molecules from variants of 1591 corre-
lates with their immunogenicity (65).
Thus, these molecules appear to limit
tumor progression in a transplant situa-
tion.

Southern blot and sequence analysis
of the class I genes of 1591 and C3H
tissue suggests that these novel antigens
are generated by multiple recombination
events among the endogenous class I
genes of C3H (for example, H-2K) that
might have occurred during the course of
tumorigenesis (67). Recombination of
class I sequences, as distinct from gene
activation, might therefore be responsi-
ble for some of the tumor-specific trans-
plantation antigens reported. Since re-
combination rather than simple mutation
is believed to be the primary mechanism
responsible for generating the enormous
polymorphism seen among the H-2 anti-
gens of different strains of mice (1), it is
reasonable to implicate recombination in
the generation of novel class I antigens.
Events that could best be explained by
recombination have also been observed

by Martin et al. in their studies of the
structural alterations of a variant class I
antigen expressed on a C3Hf adenocarci-
noma (70). C3Hf is a strain of mouse
derived from C3H by mutational alter-
ation of the H-2K gene. The alterations
detected on the tumor antigen appear to
represent a partial reversion of these
original meiotic mutational events (71).
Thus, somatic recombination of class I
genes in tumors may be mechanistically
comparable to events that occur normal-
ly in the germline (72-74).

Ordinarily, the expression of such
strongly immunogenic molecules would
be expected to cause rejection of a na-
scent tumor and prevent progression to
metastasis. However, since up to 70 per-
cent of all (UV-induced fibrosarcomas
that progress in their original hosts are as
immunogenic as 1591 as transplants, this
is clearly not the case (75). The immuno-
biological basis for tumor susceptibility
may involve both immunogenic and sup-
pressive elements. This stems from the
following observations: (i) UV-irradiated
mice cannot reject UV-induced tumors,
but continue to have the ability to limit
the growth of other non-UV-induced tu-
mors. (ii) Normal mice surgically linked
to UV-irradiated mice lose the capacity
to resist UV-induced tumors. This sug-
gests that the UV treatment may elicit
the production of suppressive immune
components capable of specifically elim-
inating the T-cell response against UV-

" induced tumors. Moreover, this suppres-

sor population is specific, distinguishing
between transplants derived from UV-
induced and, for example, MCA-induced
tumors. In fact, these cells even appear
to be able to distinguish between tumors
induced by specific wavelengths of UV-
irradiation (75). One possible explana-
tion is that UV light induces a common,
stably inherited antigenic change in all
exposed cells that mediates suppression.
Tumors arising from irradiated cells
would then express this common antigen
and be protected from immune rejection
(75). Although it is unclear what relation-
ship, if any, exists between the novel
class I antigens of 1591 and UV-specific
suppression, it is possible that these mol-
ecules were important to the progression
of this tumor in the original irradiated
host.

Discussion

Neoplastic progression can be thought
of as the evolution of the tumor through
stages of sequential selection and adap-
tation, stages which can now be defined
by means of molecular probes (30, 31).
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Neoplastic development must be influ-
enced by the selection of tumor variants
best suited to growth, expansion, and
metastasis. As a result, the interactions
between the host and the tumor undoubt-
edly play a dynamic role in the pathology
of the disease. Evidence for these inter-
actions can be inferred from the pheno-
type of the tumor. Just as the elevated
levels of plasminogen activator detected
within metastatic clones of some tumors
(76) might reflect the need for proteolytic
activity at some time during the meta-
static process, the altered class I expres-
sion frequently observed on metastatic
tumors might imply that evasion of a
CTL response is a common event during
neoplastic progression.

Immune recognition could obviously
have a dramatic effect on the evolution
of many tumors through selection of
tumor subsets capable of avoiding rejec-
tion. Careful analysis of the immunologi-
cal behavior of the terminal metastatic
cells should provide some insight into
the nature of the selective pressures that
had acted upon the parental tumor popu-
lation. Unfortunately, most studies rely
upon transplantation as the primary mea-

N
_ﬁresponse to
new H-2

Expansion and
variation in H-2

Cellular
transformation

sure or indication of the immunogenicity
and metastatic potential of a variant tu-
mor, and the transplantation assay might
not accurately reflect the unique immu-
nological environment facing a variant
cell in a nascent tumor. However, within
the context of the transplantation assay,
it is clear that modulation of class I
expression can be considered a major
factor in the ability of some tumors to
evade immune destruction. It will be
necessary to confirm that the phenome-
na defined by transplantation are rele-
vant to the process of tumorigenesis.
The results discussed in this review
have been derived from studies in rodent
systems. It will be essential to determine
whether any of the phenomena which we
have described also apply to human tu-
mors. However, the results obtained for
the murine neoplasms are relatively un-
ambiguous, since these studies take ad-
vantage of inbred mouse strains express-
ing well-characterized complements of
MHC genes and products. In contrast,
comparable human studies may be ob-
scured by the complexities inherent in
the human equivalent of the MHC, the
HLA system. Furthermore, it may be

No CTL | > —*> —*Metastasis
recognition

Attenuated | | , —>Metastasis
immune
response

CcTL Regression

H-2
restricted
CTL
response

Regression

Neoplastic
development

Immune
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Fig. 3. Class I-mediated immune surveillance during tumorigenesis. The immunological fate of
transformed cells displaying various H-2 expression profiles is depicted. Within the mouse, a
cell may become transformed, allowing it to grow and expand beyond the limit permitted by the
normal cellular regulatory processes. During expansion, the transformed cell can undergo
changes in the expression of a number of genes, including those encoding class I antigens. The
animal’s immune system may or may not produce a CTL response to the altered class I
phenotype of the tumor cell. Loss of expression of the appropriate H-2 antigen would allow the
tumor cell to evade CTL recognition. Enhanced or activated class I expression may result in a
reduced ability for the immune system to respond to the target antigens on the transformed cell.
In both cases, such cells may undergo additional stages of selection, perhaps mediated by
humoral or other cellular (for example, natural killer) responses, before reaching the final stage
of metastasis. Novel class I antigens expressed on tumor cells may elicit a CTL response, in
which case these transformed cells would be lysed and the tumor would regress. Similarly, a
class I-restricted CTL response to a tumor cell expressing an unaltered H-2 profile would block

neoplastic progression.
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impossible to make any meaningful judg-
ments about the immunogenicity of hu-
man tumors without the aid of appropri-
ate genetically characterized transplant
hosts. The example of the highly immu-
nogenic UV-induced murine tumors has
shown that ‘‘if the only measure of anti-
genicity available were the immune re-
sponse induced by the tumor in its pri-
mary host, we would conclude, incor-
rectly, that the tumors were not antigen-
ic. This is, of course, precisely the
situation with human cancers’’ (75). De-
spite the difficulties of studying human
cancer, epidemiological evidence with
respect to immunosuppressed patients
indicates that the immune system plays
an essential role, at least in the preven-
tion of those human tumors with a viral
etiology, such as Burkitt’s lymphoma
(31) and papilloma (77).

A number of issues remain unresolved
concerning the extent to which alter-
ations in class I antigen expression are
responsible for the progression of neo-
plastic cells in the murine system. Fore-
most among these is a meaningful esti-
mation of the generality of these phe-
nomena in diverse tumor systems. Many
metastatic tumors show no apparent al-
terations in the level or nature of the
class I products expressed (4). However,
without the appropriate antibody probes
to rule out the possibility of expression
of class I antigens with subtle structural
alterations, anomalous expression may
remain undetected. The discovery of se-
rologically undefined class I products on
some metastatic tumor variants empha-
sizes this possibility (45). However,
class I anomalies might not be expected
to be associated with tumors of all etiolo-
gies, since immune selection is probably
only one of many factors involved in
neoplastic development.

It is equally important to identify the
molecular mechanisms responsible for
the alterations in class I expression that
occur during tumor progression. Since
the events that modify class I expression
in tumor variants probably occur only
rarely in the tumor populations, their
characterization may be extremely diffi-
cult.

The number of different relationships
described between H-2 and the growth
behavior of certain tumors points to the
potential complexity of the interactions
between a disseminating tumor and the
immune system (Fig. 3). A tumor ex-
pressing a foreign antigen in association
with an appropriate class I restriction
element could be eliminated by the im-
mune system of a healthy animal. Al-
though any alteration in the class I
expression of the tumor could profound-
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ly affect the efficacy with which the
immune system recognizes a malignant
cell, the oncogenic outcome of any spe-
cific alteration will depend upon the
complex interactions of immune regula-
tion. Additional studies may elucidate
the multiplicity and generality of class I-
dependent immunoselection during tu-
morigenesis. This will require the use of
cloned genes, defined populations of
lymphoid effector cells, and specific anti-
bodies capable of identifying target mol-
ecules or distinguishing discrete differ-
ences in the expression of class I anti-
gens. Future experiments, including tu-
mor induction in transgenic mice that
express class I mutations, are needed to
describe some of the relevant molecular
interactions between the T-cell network
and the H-2 molecules and should facili-
tate the careful dissection of the molecu-
lar bases for MHC-dependent immune-
responsiveness in tumorigenesis.
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