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Cancer/testis (CT) antigens are protein antigens with normal
expression restricted to adult testicular germ cells, and yet are
aberrantly activated and expressed in a proportion of various
types of human cancer. At least a subset of this group of antigens
has been found to elicit spontaneous humoral and cell-mediated
immune responses in cancer patients, raising the possibility that
these antigens could be cancer vaccine targets. More than 100 CT
antigen genes have been reported in the literature, with approxi-
mately 30 being members of multigene families on the X chromo-
some, so-called CT-X genes. Most CT-X genes are expressed at the
spermatogonia stage of spermatogenesis, and their functions are
mostly unknown. In cancer, the frequency of CT antigen expres-
sion is highly variable among different tumor types, but is more
often expressed in high-grade late-stage cases in general. Cancer
vaccine trials based on CT antigens MAGE-A3 and NY-ESO-1 are
currently ongoing, and these antigens may also play a role in anti-
gen-specific adoptive T-cell transfer and in the immunomodulation
approach of cancer therapy. (Cancer Sci 2009; 100: 2014-2021)

T he search for human tumor antigens as potential immuno-
therapeutic targets, either for antibody-based therapy or for
cancer vaccines, has been a continuous task in the field of tumor
immunology for several decades. For tumor antigens to be
potential immunotherapeutic targets, the antigen must have no
or highly restricted expression in normal tissues so that auto-
immunity can be prevented. Over the decades, several categories
of antigens were found to fulfill this requirement, including
uniquely mutated antigens (e.g. p53), viral antigens (e.g. human
papillomavirus antigens in cervical cancer), and differentiation
antigens (e.g. CD20 in B-cell lymphoma). More recently, a new
category of antigen, namely the cancer/testis (CT) antigen, has
emerged to be a unique group of antigen that could potentially
be important antigen targets for antigen-specific cancer immuno-
therapy.

Identification of CT Antigens

A major breakthrough in identifying tumor antigens recognized
by host cytotoxic T-lymphocytes (CTL) was the molecular clon-
ing of MAGE-1 by van der Bruggen et al. in 1991." Using the
melanoma cell line MZ2-MEL and autologous CTL clones cyto-
Iytic to this line, MAGE-1 (subsequently re-named as MAGE-
Al, melanoma antigen A1) was identified as the target antigen
for one of the CTL clones, and this represented the first immu-
nogenic tumor antigen shown to have elicited autologous cyto-
toxic T-lymphocyte responses in a cancer patient. Pursuing the
same strategy, Boon et al. successfully identified MAGE-A3,
another member of the MAGE-A family, as well as two addi-
tional families of antigens, namely the BAGE and GAGE gene
families.* ™
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Analysis of the mRNA expression found the intriguing feature
that MAGE-A, BAGE, and GAGE genes are expressed in testis,
but not in any other normal somatic tissues or cells, including
melanocytes. In contrast, these genes are expressed in a propor-
tion of many different types of cancers, including breast cancer,
lung cancer, and ovarian cancer, etc. This expression pattern, in
conjunction with the lack of MHC class I antigen in testicular
germ cells, imply that these gene products are tumor-specific
antigens from the cancer vaccine perspective, and these antigens
were referred to as ‘shared tumor-specific antigens’ by Boon
et al.® Shortly after the discovery of tumor antigens by this
transfection-based assay, Pfreundschuh et al. developed a sero-
logical approach to molecularly clone immunogenic tumor anti-
gens that had elicited high-titer IgG immune responses in
autologous cancer patients. This methodology, termed SEREX
(serological analysis of recombinant cDNA expression
libraries), was based on the immunoscreening of tumor cDNA
expression libraries with sera from the autologous patients.®® In
their first experiments, Sahin er al. analyzed melanoma, renal
cell carcinoma, astrocytoma, and Hodgkin lymphoma, and a
large number of genes were isolated, including MAGE-A1 and
tyrosinase, two antigens previously shown to be targets for cyto-
toxic T-lymphocytes, indicating that protein antigens that elicit
antibody responses in cancer patients are likely to have elicited
simultaneous T-cell responses.””” This prompted a large-scale
SEREX screening of various cancer types, spearheaded by the
Ludwig Institute for Cancer Research, and the screening strategy
was broadened to include the screening of cDNA libraries
derived from allogeneic tumors, tumor cell lines, and testis. 819
This effort and similar efforts by other researchers led to the
identification of more than 1000 SEREX-defined antigens in
several years (http://ludwig-sun5.unil.ch/CancerImmunomeDB/;
http://www.cancerimmunity.org/SEREX/). Intriguing, several of
these newly defined tumor antigens, for example SSX2, NY-
ESO-1, SCP1, and CT7, similarly had normal mRNA expression
restricted to testis, with abnormal expression detected in various
cancers. Recognizing this characteristic expression pattern, the
term cancer/testis (CT) antigen was coined by Old and
Chen®' to encompass this expanding category of tumor anti-
gens, and CT antigens identified by SEREX to date include
MAGE-A," $sx2,'° $SX4, NY-ESO-1,”” scp1,"” cT7,'"
NY-SAR-35,"”  OY-TES-1,"® SLCO6AL"” PASD1,*”
CAGE-1,”" and KK-LC-1,%? etc.

Following the recognition of this restricted mRNA expression
pattern, multiple studies were launched to identify new CT
genes based on their preferential expression in testis and cancer.
By representational difference analysis and comparing mela-
noma versus normal skin, Gure et al. cloned a MAGE-A related
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CT gene, CTlO,(23) and anti-CT10 antibody was found in a mel-
anoma patient, establishing its immunogenicity. Using a similar
approach, Lucas e al.* independently isolated the same gene
and CT7, and these two genes were later named MAGE-CI1
(CT7) and MAGE-C2 (CT10). A second gene of the NY-ESO-1
family, LAGE1,® as well as other new CT genes, for example
SAGE1,?® were similarly identified. More recently, massively
parallel signature sequencing (MPSS) was utilized to compare
the mRNA expression profiles between testis, melanoma cell
lines, and other somatic tissues.?” This resulted in the identifi-
cation of >20 CT or CT-like genes, including CT45. In addition
to these experimental approaches, in silico analysis, for example
by analyzing the EST (expressed sequence tags) databases for
genes with cancer-testis restricted expression, also resulted in
the identification of CT anti éens, including BRDT,(28) CT46,(29)
XAGE1,®%?" and PLAC1.°?

To comprehensively analyze the mRNA expression data at
the genomic level and identify all potentially CT genes, Hof-
mann et al. recently analyzed all available data using a combina-
tion of four platforms: MPSS, ESTs, CAGE, and RT-PCR.®?
This thorough analysis resulted in the cataloguing of a total of
153 genes with mRNA expression in normal tissues restricted
to, or at least preferentially in, testis, with evidence of tumor
expression.

With this expansion of the CT genes, it became evident that a
CT database would be highly desirable, and such a database has
recently been established by the Ludwig Institute for Cancer
Research (http://www.cta.lncc.br/).(34) A total of 110 CT genes
or gene families have been entered, reflecting all antigens that
were published as CT antigens in the literature (Table S1). The
CT database also includes the results of standardized RT-PCR
analysis of each CT antigen in a panel of 22 normal tissues and
32 cancer cell lines.

Genomic organization of CT antigen genes. Among the first
several CT antigens identified, most were encoded by multigene
families on chromosome X, particularly on the telomeric end
between Xq24 to Xq28. These included MAGE-A, NY-ESO-1,
CT7/MAGE-C1, CT10, and SAGE. In addition, SSX and
GAGE were located at a more centromeric position of X chro-
mosome, Xpl1.2-11.4. This unusual clustering of CT genes on
the X chromosome was noticed repeatedly as additional CT
genes were identified, leading to the classification of CT genes
into CT-X and non-X CT genes by Simpson et al. in their
review.®> Of the 110 CT genes listed in the current CT data-
base, 30 were CT-X genes, with Xq24-q28 bearing the highest
density of these genes (Fig. 1). One characteristic of the CT-X
genes is that they are often multicopy genes that resulted from
recent gene duplications. These repeats can be inverted repeats,
for example CT45, or direct repeats, for example CT47. Com-
bining all multicopy CT-X genes, it has been estimated that CT'

genes comprise ~10% of DNA sequence on the X chromo-
some.®® Similar findings have been reported in mouse in which
36 multicopy genes were defined on chromosome X, with
between two to 28 gene copies.®” When tested for their expres-
sion by RT-PCR, 33 of the 36 genes were found to be exclu-
sively or preferentially expressed in testis, including the
homologs of human CT genes, for example MAGE, NXF2, and
SSX genes. Eight of the 28 genes analyzed were shown to be
expressed in the self-renewing spermatogonia. On the other
hand, the mRNA expression of the remaining 20 genes coin-
cided with the appearance of post-meiotic germ cells, that is sec-
ondary spermatocytes and spermatids, suggesting that they are
only expressed in the haploid germ cells.®”

In contrast to the CT-X genes, most of the non-X CTs genes
are single copy genes, and no additional chromosomal clustering
is found. This drastic difference indicates that C7-X and non-X
CT genes are evolutionarily distinctive. Such differences are
also reflected in their expression patterns and functional charac-
teristics (see below), and CT-X antigens are currently consid-
ered to be more promising cancer vaccine targets.

Expression of CT antigen mRNA in normal tissues. In addition
to testicular expression, a subset of CT antigens has been found
to be expressed in placenta, including MAGE-A3, MAGE-A10,
MAGE-AS8, XAGE2, and XAGES3. Conversely, placenta-specific
genes, for example PLACI, have been shown to be expressed in
testis, but at a low abundance level.*? Besides placental expres-
sion, it also became clear that many CT genes showed low-level
mRNA expression in a limited number of somatic tissues. How-
ever, based on quantitative RT-PCR data, the mRNA expression
levels of these genes in non-testicular tissues are usually at <1%
of their expression levels in testis. This low-level CT expression
has never been confirmed at the protein level by immunohisto-
chemical analysis with anti-CT antibodies, and whether such
‘leaky” RNA expression translates to a biologically significant
level of protein is debatable. On the other hand, some of the so-
called CT genes were subsequently shown to have broader
mRNA expression than was initially recognized. These genes
probably should not be considered CT genes, and examples
include JARID1B and SPA17. Recognizing this mRNA expres-
sion spectrum in normal tissues, Hofmann et al. classified the
153 CT genes that they analyzed into ‘testis-restricted’ and ‘tes-
tis-selective’ categories, with the latter being genes that are pre-
dominantly, but not exclusively expressed in testis. (A third
category, ‘testis/brain-selective’, was also described that
encompassed a small number of genes that showed expression
limited to the testis and brain.) Significantly, 35 of the 39 testis-
restricted genes were CT-X genes and only four were non-C7-X
genes. This disproportional enrichment of testis-restricted genes
on the X chromosome, in conjunction to the fact that most
immunogenic CT antigens, for example MAGE-A, NY-ESO-1,

xX X X xX X x xXx > xX X X
x ABIEFZE x x x &5 =% RRREEF FEEF LEFF 22 = F ¥ FEIFR® R ¥ RRR
2 NXNss5s R R B NN R ok owm o~ @p e 223 L5 L 2 = =2 2 E% 2R DL L
@ W N= W N = o » w w N - @ N -N = wWw = NN = -— N w w -~ -N W =N w N - N w
[ ' ! I N N
FATE1 / KGAGE
PAGE (16) DDX53
MAGEA CT47 (13) | CXORF61 NXF2 IL13RA2 ()  XAGE1 FTHL1
(12) MAGEC1 (2) (5) NXF2
CPXCR1
TAF7L MAGEB
CSAG (3) LUZP4 AKAP4 SSX (10) ®)  vENTXP1
NY-ESO-1
CXORF48
(3)
Fig. 1. Distribution of cancer/testis (CT) families on the X-chromosome. The number of CT genes in each family is indicated in parenthesis.
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and SSX, are all within this testis-restricted subgroup of CT-X
genes, strongly imply that the CT-X genes are likely also the
most interesting genes from the immunotherapeutic standpoint.

mRNA expression of CT antigens in cancer. Aberrant activa-
tion and expression of mRNA transcripts in various human can-
cers in a lineage-independent fashion is the defining criterion of
CT antigens. The following expression characteristics, pertinent
to the consideration of CT antigens as immunotherapeutic tar-
gets, have been observed: (a) different cancer types are signifi-
cantly different in their frequency of CT mRNA expression; (b)
for a given cancer type, tumors of higher histological grade and
later clinical stage often show higher frequency of CT expres-
sion; and (c) CT antigens tend to be coordinated expressed; that
is, tumors that are positive for CT antigens often show simulta-
neous expression of more than one CT antigen.

Of the different types of cancers, melanoma, ovarian cancer,
and lung cancer, particularly the squamous cell type, have been
found to have the highest frequency of CT expression, some-
times referred to as ‘CT-rich’ tumor types. In contrast, hemato-
poietic malignancies, including lymphomas and leukemia as
well as renal, colon, and pancreatic cancers, have notably low
frequency of CT-antigen expression. Other epithelial cancer
types, for example breast cancer, bladder cancer, and prostate
cancer, appear to be intermediate in their CT-expression fre-
quency. For instance, NY-ESO-1 mRNA expression has been
observed in 52% of melanoma,*® 27% of non-small-cell lung
carcinoma,®® and 35% of bladder cancer,*”’ but only in 10% of
the colon cancer,*" and none of the renal cell carcinoma and
lymphoma tested. Exceptions to this observation do occur,
most notably the hlgh frequency expression of NY-ESO- 1 1n
synovial sarcoma, "~ CT7/MAGE-C1 in multlple myeloma,
and CT45 in classical Hodgkin lymphoma. @9 Tt is p0531ble that
these CT antigens might have specific biological roles in these
specific tumor types, but such roles, if they do exist, remain to
be elucidated.

For a given cancer type, higher frequency of CT expression is
often correlated with worse outcome (Table 1). Higher grade
and metastatic tumors have also been found to have more fre-
quent CT expression than the primary tumors. For example,
NY-ESO-1 has been found to be expressed in 40% of grade 3
bladder tumors and 23% of grade 2 tumors, but none of the
grade 1 tumors.*” Similarly, MAGE-A1 expression has been
found in 48% of metastatic melanoma versus 16% of primary
melanoma.*®

Another expression characteristic that has been observed in
multiple tumor types is the tendency for CT antigens to be coor-
dinately expressed. In the analysis of expression of nine C7-X
genes in lung cancer, Gure et al. found that expression of one
CT antigen by a tumor greatly enhanced the likelihood that it

would also simultaneously express a second CT antigen.®” On
the other hand, a subset of tumors showed no expression of any
of the CT antigens tested. This phenomenon of coordinated
expression (or non-expression) has been observed in tumor sam-
ples as well as cell lines; SK-MEL-37, for example, expresses
almost all the CT antigens tested.'"

Protein expression of CT antigens in testis and in cancer. Using
polyclonal and monoclonal antibodies, the expression of CT
proteins in normal and tumor tissues have been analyzed using
immunohistochemical techniques, and at least three common
patterns of CT protein expression have been observed in testis
(Fig. 2): (a) predominant expression in spermatogonia — the self-
renewing stem cell population of germ cell in adult testis, mostly
as nuclear protein; (b) predominant expression in primary
and/or secondary spermatocytes, again as nuclear antigens; and
(c) restricted expression to the mature sperm cells, mostly as
cytoplasmic protein. Most of the CT-X antigens, including
NY-ESO-1, MAGE-A, CT7/MAGE-C1, CT10/MAGE-C2,
GAGE, CT47, SAGEI, and NXF2, etc., belong to the first
group, with strongest expression seen in the spermatogonia.
Most of these are mainly nuclear antigens, but not infrequently
also present in the cytoplasmic compartment. Predominant cyto-
plasmic expression is rare, with CT47 being an example. In
comparison to this group, some CT antigens are expressed
mainly or exclusively in the spermatocyte stage. This group is
comprised mostly of nuclear proteins and includes meiosis-
related proteins, for example SCP1 and CT46/HORMADI, as
well as rare CT antigens in the CT-X group, for example CT45.
The third group consists of genes that are only expressed in the
more mature, post-meiotic sperm cells. COX6B2, a testis-spe-
cific isoform of the cytochrome ¢ oxidase subunit VIb, is an
example of this group. The only CT-X antigen analyzed so far
that belongs to this group is the SPANX family, a family on
Xq27 with at least five members.

Expression of CT proteins in tumor has only been analyzed
for a few CT antigens, that is NY-ESO-1, MAGE-A, GAGE,
CT7/MAGE-C1, and CT10/MAGE-C2, and most recently
CT45,“" examples of which are depicted in Figure 3. From
these analyses, the following characteristics have been observed:
(a) most CT genes evaluated have demonstrable protein expres-
sion in cancer, but with important exceptions; (b) CT protein
expression correlates to the mRNA expression level, and tumors
with higher CT mRNA levels, in general >1-10% of testicular
mRNA expression level, usually have demonstrable protein
expression; and (c) CT protein expression in tumor is often het-
erogeneous, and strong expression in a very small subset of
tumor cells are not infrequently observed.

It has generally been assumed that CT mRNA expression cor-
relates to protein expression. Studies to correlate mRNA and

Table 1. Correlation of cancer/testis (CT) protein expression with clinicopathologic parameters and prognosis

Tumor type Antigen Association Reference

Melanoma MAGE-A1,MAGE-A2, Tumor thickness and metastasis (46)
MAGE-A3, MAGE-A4

Non-small-cell MAGE-A1,MAGE-A3, Advanced tumor type, nodal and (39)

lung cancer MAGE-A4,MAGE-A10, MAGE-C1 pathologic stages as well as pleural invasion

Pancreatic cancer MAGE-A3 Poor survival (88)

Hepatocellular MAGE-C1 Reduced overall survival (89)

carcinoma

Multiple myeloma MAGE-A1,MAGE-A3, Stage and risk status of disease (90-92)
MAGE-A4, MAGE-C1

Serous ovarian MAGE-A4 Inverse correlation between (93)

carcinomas expression and patient survival

Melanoma NY-ESO-1 Thicker primary lesions and a (94)

higher frequency of metastatic disease
2016 doi: 10.1111/j.1349-7006.2009.01303.x
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Fig. 2. Different patterns of cancer/testis (CT) antigen expression in adult testis. Many CT-X antigens are expressed as nuclear antigens in
spermatogonia, including NXF2 (A), SAGE, and most melanoma antigen (MAGE-A) antigens. An exception is CT47 (B), expressed as cytoplasmic
antigens in spermatogonia. The third pattern is represented by CT45 (C), which shows strongest expression in the pre-meiotic spermatocytes as
nuclear antigens. The fourth pattern is observed in meiosis-related CT antigens, which are expressed as nuclear antigens in cells undergoing
meiosis, an example being CT46/HORMAD1 (D). THEG is the only antigen that shows the fifth pattern, being expressed as a cytoplasmic antigen
in the post-meiotic spermatids as a cytoplasmic antigen (E). The last pattern, expression in the most mature sperm cells, is seen in SPANX (F),

COX6B2, etc.

protein levels of NY-ESO-1, CT45, and GAGE have supported
this concept of transcriptional regulation, and tumor samples
with CT mRNA level at >10% of the testicular expression
almost always have detectable CT protein expression. In com-
parison, tumors with <1% testicular expression have usually
shown no detectable protein expression. In contrast to this
mRNA-protein correlation, however, expression of some CT
antigens may also be regulated post-transcriptionally, and the
presence of CT mRNA may not guarantee protein expression.
For instance, despite the detection of substantial SCP1 and
HORMAD1/CT46 mRNA levels in some tumors and immuno-
histochemical detection of the protein expression in spermato-
cytes, we have not been able to detect expression of these
proteins in mRNA-positive tumors. It is possible that the expres-
sion of these genes, given their specific functions in meiosis, is
tightly regulated physiologically, probably at both the transcrip-
tional and translational levels.

Two different spatial distribution patterns of CT protein
expression have been observed in cancer. In some cases, CT
antigens are diffusely and homogenously expressed in almost all
tumor cells, suggesting that CT gene activation is a clonal event.

Fig. 3. Protein expression of cancer/testis (CT)
antigen in cancer. (A) Melanoma antigen
(MAGE-A) antigens are expressed as both
nuclear and cytoplasmic proteins, showing
diffuse expression in this lung cancer. (B) Similar
nuclear and cytoplasmic expression is also seen
in  NY-ESO-1, which shows heterogeneous
expression in this lung cancer. (C) Similar
nuclear and cytoplasmic staining is observed for
the GAGE gene family, as well as other CT
antigens, including CT7 (not shown). In
comparison, pure nuclear staining is seen for
CT10 (D) and CT45 (E). In Hodgkin lymphoma,
CT45 often showed diffuse expression in the
neoplastic Reed-Sternberg cells (F).

Caballero and Chen

On the other hand, CT protein expression is heterogeneous in
many tumor specimens, and sometimes a small cluster of tumor
cells with strong expression is seen amongst a background of
>99% of CT-negative tumor cells. This heterogeneous staining
pattern suggests that the activation might be epigenetic, for
example due to changes in DNA methylation. Alternatively, it
has also been proposed that the CT-positive cells might repre-
sent the cancer stem cells in these cases.”~’ From the immuno-
therapeutic standpoint, the heterogeneous staining pattern raises
the concern of immunoselection of CT-negative cells following
vaccination. However, the observation of ‘antigen-spreading’
following the killing of a subset of tumor cells would argue
against this concern.™?

Regulation of CT Antigen Expression

One common future of CT antigen gene expression, particularly
for the CT-X genes, is the induction by the DNA methyl-trans-
ferase 1 inhibitors, 5-aza-2-deoxycytidine (5DC), and/or by his-
tone deacetylase (HDAC) inhibitors.®” This has been shown
for MAGE-A, NY-ESO-1, and SSX, etc.®? This finding,
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together with the inclination of global hypomethylation in can-
cer, suggests CpG island hypomethylation at the promoter
regions as the likely mechanism for transcriptional activation of
CT genes in cancer. However, it has been observed that 5SDC
cannot induce CT expression in Erimary fibroblasts as it readily
does in most tumor cell lines,®® and addition of HDAC also
does not lead to significant expression of the CT genes.
Although it is possible that CpG islands in the promoter regions
of these genes are so densely methylated in normal cells that
5DC and HDAC were ineffective, the possibility that other
mechanisms of transcriptional, and even post-transcriptional,
control of gene expression might in effect exist is highly likely.
An interesting theory that has been proposed to explain the
activation of CT antigens in cancer is that the activation may be
the consequence of induction of a gametogenic program in can-
er.®3% According to this hypothesis, the different CT expres-
sion profiles seen in cancer may correspond to the profiles of CT
antigens normally expressed at various stages of gametogenesis
or trophoblastic development, and the triggering event for this
activation could be the switch-on of a master gene in germ cell
development, for example by a mutational event. This hypothe-
sis, although interesting, remains to be proven.

Functions of CT Antigens

The biological role of CT-X in both germ line tissues and
tumors remains poorly understood. Recent studies have pro-
vided some evidence that CT antigens may play a role in
human tumorigenesis. Yeast two-hybrid studies using cancer-
related genes as bait have twice pulled out MAGE proteins:
MAGE-A11l and MAGE-A4.>° MAGE-All was found to
have a role in the regulation of androgen-receptor func-
tion,®> and MAGE-A4 was identified in a search for binding
partners of the oncoprotein gankyrin.®® Overexpression of
MAGE-A4 in human embryonic kidney cells (293 cells) was
found to increase apoptosis while MAGE-A4 mRNA silenc-
ing decreased caspase-3 activity in_a squamous cell lung
cancer and in 293/MAGE-A4 cells.®” Mage-A2 protein was
shown to strongly down-regulate p53 transactivation function,
and association between MAGE-A expression levels and
resistance to etoposide (ET) treatment was shown in short-
term cell lines obtained from melanoma biopsies harboring
wild-type-p53.°® Multiple MAGE proteins including human
MAGE-A3, MAGE-C2, and murine mage-bl (mMage-b) pro-
teins were shown to form complexes with Kap-1, a known
co-repressor of p53, and siRNA suppression of these MAGE
genes induces apoptosis and causes increased p53 expression
in vitro. Thus, MAGE gene expression may protect cells from
programmed cell death and contribute to the development of
malignancies by promoting survival.®® In pituitary tumors, a
reciprocal profile of FGFR2-IIIb and MAGE-A3 expression
was identified.®® While FGFR2-IIIb plays a growth-inhibi-
tory tumor-suppressive role, down-regulation of MAGE-A3
resulted in p53 transcriptional induction and p2l1 accumula-
tion, suggesting that MAGE-A3 might be oncogenic.”

Similar to MAGE, antiapoptotic properties of GAGE-7 have
also been reported, as GAGE-7C was shown to render cells
resistant to apoptosis mediated by IFN-y or by Fas.®®" Signifi-
cantly higher expression of MAGE and GAGE were observed in
paclitaxel- and doxorubicin-resistant cells lines than in the
parental cell lines,®® and GAGE appeared to render cells resis-
tant to Taxol and y-irradiation. This anti-apoptotic activity and
the resistance to the clinically relevant agents may explain
the reported correlation between GAGE expression and poor
prognosis in some cancers.

We used the yeast two-hybrid system to identify putative
novel MAGE-homology domain (MHD)-interacting proteins.(63)
The MHD of MAGE-C1/CT7 was used as a bait to screen a

2018

human testis cDNA library, and NY-ESO-1 was found to be a
MAGE-C1/CT7 binding partner. This was the first report of a
direct interaction between two CT antigens and may be pertinent
to the frequently coordinated expression of these proteins.

While few clues have emerged so far in relation to the func-
tion of the CT-X, most of the non-X CTs are conserved during
evolution and have known roles in spermatogenesis and fertil-
ization. OY-TES-1 (ACRBP) is similar to the proacrosin bind-
ing protein sp32 precursor found in mice, guinea pigs, and pigs.
Located in the sperm acrosome, this protein is thought to func-
tion as a binding protein to proacrosin for packaging and con-
densation of the acrosin zymogen in the acrosomal matrix."®
Three proteins involved in germ cell meiosis were identified as
CT antigens: SCP1, SYCE, and HORMAD1/CT46. SCP1 and
SYCE are part of the s(ynagtonemal complex lateral and central
elements, respectively. 6463 ADAM2 (fertilin beta) and PRM2
were found to contribute to successful fertilization and also may
have an important impact in development of preimplantation
embryos.®® Protamines are small sperm nuclear-specific pro-
teins_that replace somatic histones during early spermiogene-
sis.“” SEMG1 is the predominant protein in semen and it is
involved in the formation of a gel matrix that encases ejaculated
spermatozoa.® SEMGI and/or its proteolytic fragments were
also found be involved in regulating spermatozoon motilitg\{ and
capacitation, and also in presenting antibacterial activity.

Immunogenicity of CT Antigens

As potential cancer vaccine targets, the demonstration of immu-
nogenicity in the human host is considered crucial for CT anti-
gens. To date, however, only several CT antigens have been
shown to elicit coordinated humoral and cell mediated
responses, including MAGE-A1 and MAGE-A3, initially identi-
fied by cytotoxic T-cell cloning, and NY-ESO-1 and SSX,
initially identified by SEREX.

The T-cell responses to CT antigens are typically investigated
by the screening of overlapping peptide panels with CD8+ or
CD4+ T-cells from peripheral blood. Many HLA-restricted T-
cell epitopes have been identified this way, particularly for the
MAGE-A, NY-ESO-1, and SSX genes, forming the basis for pep-
tide-based CT cancer vaccine trials and for the monitoring of
post-vaccination T-cell responses (see below). These data on
T-cell epitopes have been compiled into the peptide database of
T-cell-defined tumor antigens (http://www.cancerimmunity.org/
peptidedatabase/Tcellepitopes.htm). In contrast to this abun-
dance of data on MAGE-A, NY-ESO-1, and SSX, studies to
investigate T-cell recognition of other CT antigens have been
very limited to date.?*"*"?

In comparison, humoral immune responses have been investi-
gated more broadly, usually by ELISA testing against recombi-
nant CT proteins. NY-ESO-1 is the prototype example, and
anti-NY-ESO-1 antibody has been detected in many cancer types,
including lung cancer, ovarian cancer, breast cancer, bladder can-
cer, and melanoma, etc. The frequency of anti-NY-ESO-1 anti-
body response in patients with advanced NY-ESO-1 positive
tumors has been estimated to be at the range of 25-50%, and the
titer of the antibody appears to increase with progressive disease
and decrease upon removal of the tumor or upon tumor regres-
sion.”® Investigation of anti-NY-ESO-1 T-cell responses has
demonstrated NY-ESO-1-specific CD8+ T-cells in the majority
of patients with positive anti-NY-ESO-1 antibodies, whereas
T-cell response in the absence of a concurrent NY-ESO-1 anti-
body response is very rare. This high frequency of coordinated
humoral and cell-mediated responses indicates that NY-ESO-1 is
among the most immunogenic of CT antigens known to date,
making it one of the most attractive targets for cancer vaccines.

In addition to NY-ESO-1, coordinated antibody and T-cell
responses have also been observed for MAGE-A and SSX anti-
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gens, but at a much lower frequency. For instance, MAGE-A
genes are highly expressed in melanoma, and yet spontaneous
MAGE-A1 and MAGE-A3 antibodies have only been found in
<3% of these patients in our hands. After immunization with
MAGE-A3 recombinant protein, many patients do develop
MAGE-A3-specific antibodies, but not accompanied by detect-
able CD8+ T-cell responses in most cases.

Antibody responses to other CT antigens have been reported,
some of them at very hig)h frequencies, including SCP1 in 50%
breast cancer patients,(7 cTAGE in 33% of cutaneous T-cell
lymphoma patients,”® and SSX2 in 18% of melanoma
patients,"” etc. However, it would be prudent to interpret these
reports of exceptional high antibody frequency with caution, as
much lower frequency of antibody response has also been
reported.

Cancer Vaccine Trials Targeting CT Antigens

To evaluate CT antigens as therapeutic cancer vaccine targets,
multiple clinical trials have been carried out, targeting MAGE-
A3 or NY-ESO-1. For both antigens, the trials have tested
peptide-based vaccines and recombinant protein vaccines. In
melanoma patients, both peptide vaccines have led to regression
of individual tumor nodules, including occasional complete
regression. Immunological responses have also been docu-
mented, significantly more freguent in NY-ESO-1 than in
MAGE-A3-vaccinated patients.””’®

Unlike peptide vaccines, recombinant protein vaccines are
expected to induce a broader spectrum of CD8+ and CD4+
immune responses, with the additional advantage of being unre-
stricted by the HLA types of the patients, thus suitable for a
larger patient population. For the first MAGE-A3 recombinant
protein trial, a His-tag MAGE-A3 protein with protein D at
N-terminus, produced by GlaxoSmithKline (gsk; Brentford,
UK), was administered to stage III/IV melanoma patients, and
clinical responses were seen in five of 26 patients, including
one partial response and four mixed responses. This was fol-
lowed by a phase II trial in 182 non-small-cell lung cancer
patients, for which an improvement of disease-free survival
(hazard ratio = 0.666, P = 0.12) was observed at the interim
analysis. Based on this promising result, a phase III trial that
involves 2270 lung cancer patients has been launched and is
ongoing. Additional phase II melanoma trials on MAGE-A3
proteins have also been conducted to evaluate different immu-
nological adjjuvants (AS15 vs AS02B), and the results are being
analyzed.””

For NY-ESO-1, the first recombinant protein trial was in
melanoma patients after complete tumor resection, using a
His-tagged recombinant protein either with or without ISCOM-
ATRIX adjuvant.®” The results showed anti-NY-ESO-1 anti-
body responses in almost all patients receiving NY-ESO-1 with
ISCOMATRIX, and integrated CD4+ and CD8+ T-cell
responses were also induced in a subset of patients, reacting to
a broad range of NY-ESO-1 epitopes, most of them previously
undefined. Clinically, it was found that NY-ESO-1 vaccination
might reduce the risk of melanoma recurrence, as only two of
19 patients in the group of NY-ESO-1 with ISCOMATRIX
showed tumor recurrence, in comparison to 14 of 23 in other
groups (placebo or NY-ESO-1 alone). However, a more recent
study using the same vaccine on stage III/IV melanoma
patients showed objective response in only one of 27 patients
(in the form of stable disease), and T-cell responses in these
patients appeared to be inferior to those seen in the prior
group of patients with minimal residual disease.®" The reason
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for this inferior T-cell response was attributed to immuno-
suppression by regulatory T-cells, and the authors proposed
that vaccine-based treatment might be more beneficial at the
setting of early or minimal residual disease, when the
tumor load and the extent of immunosuppression are both
minimized.

In addition to the ISCOMATRIX adjuvants, other forms of
NY-ESO-1 protein vaccine constructs are also being evaluated,
including the fusion of NY-ESO-1 with cholesterol-bearing
hydrophobized pullulan (CHP-NY-ESO-1),®® or the use of
other adjuvants, for example CpG, Montanide ISA-51, imiqui-
mod, etc.®*# The possibility of producing NY-ESO-1 protein
in vivo using DNA vaccine constructs has also been examined,
either using naked plasmid DNA,®> vaccinia/fowlpox viral
constructs,””” or bacterial vectors such as Salmonella typhimu-
rium.®® Most of these phase I/II trials showed safety of the
vaccine preparations, with variable capability of inducing NY-
ESO-1-specific immune responses. Whether the observed
immune responses will correlate to beneficial clinical outcomes
remains to be proven.

Aside from its potential as an antigen-specific cancer vaccine,
NY-ESO-1 has been found to be useful in adoptive immunother-
apy. In the study of Hunder ez al.,“*” a CD4+ T-cell clone specifi-
cally targeting a HLA-APB1#0401-restricted NY-ESO-1 epitope
was isolated from a melanoma patient, expanded in vitro, and
infused back to the patient. Complete resolution of pulmonary
and nodal disease was observed in this patient, who remains dis-
ease-free 2 years after treatment. In vitro testing showed that this
patient has also generated previously undetected anti-MAGE-A3
and anti-Melan A T-cell responses following the adoptive trans-
fer, supporting the notion of ‘antigen spreading’.

Most recently, NY-ESO-1 has also been found to be poten-
tially useful if combined with non-specific immunotherapeutic
approaches such as CTLA-4 blockade.®” In this study, 15 mela-
noma patients were treated with anti-CTLA4 monoclonal anti-
body (ipilimumab), and five of eight patients with evidence of
clinical benefit were found to be NY-ESO-1 antibody positive,
whereas none of seven clinical non-responders had NY-ESO-1
antibody in serum. This finding suggests that anti-CTLA-4 ther-
apy following induction of anti-NY-ESO-1 immune responses
by vaccination could have a synergistic effect and this possibil-
ity should be explored.

Concluding Remarks

Identification of appropriate target antigens is the first and most
crucial step in the successful development of antigen-specific
immunotherapy, and the discovery and characterization of CT
antigens has provided the first group of target antigens that can
be used in various common epithelial cancers. As none of the
CT antigens appear to be cell surface antigens, they are currently
considered cancer vaccine targets rather than targets for anti-
body-based therapy. However, recent studies have also shown
them to be potentially useful in adoptive T-cell transfer
approaches and in a non-specific immunotherapeutic approach
that aims at CTLA-4 checkpoint blockade. This broadened role
of CT antigens is exciting and will likely be further explored in
the coming years.
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