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ARTICLE INFO ABSTRACT

Keywords: Targeted anti-cancer therapies aim at reducing side effects while retaining their anti-cancer efficacy.
Cancer testis antigens Immunotherapies e.g. monoclonal antibodies, adoptive T cell therapy and cancer vaccines are used to combat
MAGE

cancer, but the number of available cancer specific targets is limited and new approaches are needed to generate
more effective and patient tailored treatments. Unique cancer intracellular epitopes can be presented on the cell
surface by MHC class I molecules, which can function as epitopes for targeted therapies. The intracellular MAGE
proteins belong to a sub-class of Cancer Testis (CT) antigens which are expressed in germline cells and a wide
variety of tumors of different histological origin. Evidence has emerged that their expression is linked to pro-
tumorigenic activities like increased cell motility, resisting cell death, and tumor promoting inflammation.
Intracellular MAGE proteins are processed by the proteasome and their peptides are presented by MHC class I
molecules on the cell surface of cancer cells thereby making them ideal cancer specific antigens. Here we review
the previous and ongoing (pre-) clinical studies on the use of surface expressed MAGE antigens for their em-
ployment in targeted anti-cancer therapies. We present and analyze study outcomes and discuss possible future
directions and improvements for MAGE directed anti-cancer immunotherapies.

Cancer immunotherapy
Adoptive T cell therapy

Introduction

Currently, most cancer patients receive a combination of surgical-,
chemical- and radiation based therapies. The choice of the applied
treatment depends on the type of tumor and progression state. Most of
the available anticancer drugs do not have a highly tumor specific mode
of action, which limits their therapeutic potential and may result in
severe side effects [1]. The introduction of monoclonal antibodies
(mAb), adoptive T cell therapy and therapeutic vaccines for cancer
treatment has been a great step in bringing us closer towards perso-
nalized and more tumor specific medicine. However, one of the major
challenges, being the design of a therapy that is at the same time effi-
cacious and trully cancer-specific, still remains unresolved. Tumor-as-
sociated biomarkers can be divided into two classes: tumor-associated
antigens (when the antigen is present on both healthy and cancer cells)
and tumor specific antigens (when the antigen is restricted exclusively
to cancer cells e.g. mutated p53) [2]. The majority of mAbs currently
approved by the US Food and Drug Administration (FDA) and under-
going evaluation in clinical trials target extracellular antigens, more
rarely to soluble proteins, that belong to the tumor-associated antigens
class [3,4]. These antigens represent haematopoietic differentiation
antigens (e.g. CD20), glycoproteins expressed by solid tumors (e.g.
EpCAM, CEA or CAIX), glycolipids (i.e. gangliosides), carbohydrates
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(i.e. Lewis Y antigen), stromal and extracellular matrix antigens (e.g.
FAP), proteins involved in angiogenesis (e.g. VEGFR or integrins), re-
ceptors involved in growth and differentiation signalling (e.g. EGFR,
HER2 or IGF1R) and recently immune checkpoint proteins expressed on
T cells (e.g. PD-1 or CTLA-4) [5]. A full list of currently clinically ap-
proved antibodies and their targets is presented in Table 1.

In order to ensure safety and efficacy of the therapy the ideal im-
munotherapeutic target should posses several characteristics: it should
be stably expressed by cancer cells and exclusively accessible on cancer
cells. Its possible shedding to the circulation should be minimal in order
to avoid binding of targeting molecules that could result in decreased
efficacy of the treatment. Depending on the therapeutic format, the
target should either internalize slowly — desirable when for instance a
certain antibody dependent effector function is needed, or on the con-
trary rapidly internalize, which is desirable when aiming at receptor
downregulation or delivering toxic agents. Due to the fact that in cancer
every single treatment becomes less effective as over time the cancer
builds up an evasive response, the ideal target should be essential for
cancer cell survival. Choice of target that would prevent tumor escape
completely and thereby allow continuation of the treatment for a pro-
longed period of time is important.

Almost 30years ago van der Bruggen et al. discovered the first
member of a unique class of antigens by employing autologous typing


http://www.sciencedirect.com/science/journal/03057372
https://www.elsevier.com/locate/ctrv
https://doi.org/10.1016/j.ctrv.2018.04.009
https://doi.org/10.1016/j.ctrv.2018.04.009
mailto:marta.kijanka@apo-t.com
https://doi.org/10.1016/j.ctrv.2018.04.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ctrv.2018.04.009&domain=pdf

Cancer Treatment Reviews 67 (2018) 54-62

‘GT0Z YIIBAl Ul S1ONPOId [eUDIPSy UeydiQ paleulisop Jo 191s189y ANUNWWOY) 3} WO UMBIPYIM SBM
‘Teaoxdde v 212221 0) Aderayounwruriorper 1SId ¢

TV @Aantsod

-££aD A1010e101 10 pasde[al YIIM I9P[O pue sIeaK g USIP[IYD pue sinpe pue ‘(TATY) eIueyna] propAur aynoe aanisod-ggqD pasouserp Aimau yim synpe 1oy pasoxdde £10gZ Ul ‘0T0Z—-000C JO porad oy} ul S[qe[reay .

D3] pazrueumy (TTV) eruayna| snsejqoydwA] ande Josmdaid [[93-g A1010e1J21 10 pasdefoy 4102 12102 zean uprue3ozo qewmnznjouy esuodsag 1§
19531 uewny A[ng BUIOUIDIED [RI[DYI0IN JIIBISEIDUI IO padueApe A[[d0T - £L102 11-ad qeumpeang zugwy Qg
19531 uewny A[ng BUIOUDIED [[30 [IDA d1IBISEIDIN 4102 L102 11-ad qeunRAY opuaAeg 67
1981 uewny AmA BUIODIES NSST 3OS JO sadA) urelrd 9102 910C 09-19dd qeumiere[Q oannre] 8
1981 ueumy A[ng BUIOUDIED [RI[PYIOIN £10T 9102 1T-ad qewnzioza)y  bruadsl  4g

193] paziuewny ewopAw a[dnnny 9102 S102 10)doda1 LANVIS qewnznjofg noindwyg 9z
193] uewny A[mng (DTDSN) 199uEd 3uny [[9D [[EWS-UOU Snourenbs SNeISeId N 910T S10C ¥a0d qeunuwmIPaN  BzZenIod ST
1981 ueumy A[ng ewoppAw a[dnmny 910T S10T 8€D qewmumiere( xo[ezie@ 4T

193] dLewIyd
asnour — uewny BUIOISE[(OINAN S102 S102 Zao pidijod4[n qewIxnNuUIq ulxmiun  €g
)[J9U pue peaY Y] JO BUWIOUIDIED [[30 snourenbs drjelselaur
JO JUALINDYY pue ewoydwA] unSpoH [ed1sse[) ‘Iedued Junj [[99 [[ews-uou snourenbs
D8] uewny AN dNBISLIDIA ‘BWOUIDIED [[90 [BUI PIDUBAPY ‘BRUIOUBR[IUI D1JBISBIDUW IO S[qeIISAIUN S102 102 10)dodar 1-ad qeun[oAIN oarpdo 22
(TTV 1122-9)
9Ild  erwaynol dnsejqoydwA] a1nde [[23-g Josindaid aanedau-swosoworyd erydperyd GI0T 10T €dD B 61AD qewowmnjeurg oifound  1g
I90URD [[90 snowrenbs yoau pue
D8] poziuewmy ~ pedy ‘I9dued Junjy [[99 [[EWS-UOU JNEISLIIA ‘BUIOUR[IUW S[(LIIISIIUN IO PIDUBAPY S102 $102 103)dodar 1-ad qewnzIjoiquiad epnnia)  0g
193] duLWIYd

asnowr — URWINH (QDIN) SESSIP S, UBWIA[ISED ILIUDDMN ¥102 ¥10¢ 91 qRWIXNIIS JueAlAS 61
1981 ueumy Aqmng euwourdIedOUSIpE Uondun( [eageydosaonses 10 I9dUED YIRWIOIS PIDUBAPY $102 $102 TIIDIA qeumnIpnuey ezweif) 8T
2931 uewmy A[ng duoq jo Iowmj [[3 JuerH 1102 €10T DINVY qeuwmsous( eAd8X LI

198 paziuewny (T1D) eruynaf dnkdoydwik] dSruoryd ¥10T €10T 0zad qewnzmnuiqo eadzen 91

DAV ‘1931 paziuewny I90URD IsBaIq (dn3elselawr) afels-ale] ‘@Anisod-zydH yIm syuaned 1o €102 €102 TYdH  QUISUBJWS EWNZNISes}-opy elopeyy ST
158] paziuewny Jo0ueD Isea1q (dnelselaur) adels-ae[ aAnisod-gydH €102 2102 bt izt qeumznyiag eRlRd  +I
$ uadnue pajerosse
19531 uewny A[ng eUOUR[IW (d1jEISEIoW) 93e)S-91e] 1102 1102 -91£00ydwA] [, 91X01014D qeumurdy Aoadx €1
193] dLPWIYd
snow — uewny ewoyduwA] 1790 28re[ onsejdeue d1wa)sAs) DTV pue ewoydwA| uny3poy 2102 1102 0Edd UNOpPaA qeuIXnjuaig SIadpy Tl
19531 uewny A[ng eruwNa| dnkdoydwA] sruoryn 0102 6002 0zan qewnumniejQ eIRZIY T
qgo31 er
pue egH3[ asnowr ‘dL1Ig sa)ose Jueudifew M syuaned Jo Jusunear fesuojLradenuy 6002 - €ad B IWvOda qeuoxewnie) qesourdy QT
2931 uewny A[ng I9DURD [€39910[0D £00T 900T ¥A0H qewmwmnyIUeq XIqUdA 6
193] dLPWIyd
asnour — uewny I9dURD) [€19910[0D) 002 $002 9iod qeUWIXNd) xmiqry 8
193] paziuewny BUIOUIDIED [0 [EUY “IOdURD [BIII0[0D) 5002 002 ADAA qewnzoeadg unseAy A
(8nip qewown)Iso],
epqure] egH3[ SULMA ewoydwAT s,un{8poH-uoN ueydio se) €002 €002 0zan 11l PUB ‘qewiownisog, _Texxag 9
1981 2sno ewoydwA] s,up8poH-uoN 00T 2002 0zad UeOXN[ qewountqy Juieadz S
193] paziuewny eruanay dnkdoyduwA] druoIyd [[o3-g 1002 1002 2Sad qewnznjuRy yredure) ¥
oav
‘eddey 98] paziuewny (TINY) BTWRYNI] PIO[oAW NIy - 0002 €ead upIe30z0 qewnNZNIuR9 3181014 [
193] paziuewny J9DURD JLIISED ‘IODURD ISBRI] dNIBISEIDN 0002 8661 29dH qeumzmse1],  undeddy 4
193] dLewIyd
asnour — uewny ewoydwA] sun3poH-uoN 8661 L661 0zad qewxMIRy wexmry I
VINA Aq [eaoxdde vaid £q reaoxdde
Jeuriog uonedIpug 181 JO Ied g 151 JO Ied) 1981e], JuaIpaidul 9ATIDY  Qweu 3niq  ON

55

E. Schooten et al.

‘8102 Arenuer 1T [DUn YN pue yvad £q pasoidde sarpoqnue snnadelay) jo IsT]
1 9IqelL



E. Schooten et al.

with T-cell clones derived from a melanoma patient [6]. Shortly after
this discovery more proteins sharing the same characteristics were
identified [7-9]. Due to their expression pattern being restricted to
germ cells of immuno-privileged testis and placenta, as well as a wide
range of malignant cells, they were named cancer testis antigens (CT
antigens). At first, members of CT family were identified based on
serological analysis of recombinant tumor cDNA expression libraries
(SEREX). However, recently their identification has been exclusively
based on mRNA expression profiling in cancer and healthy cells [10].
Many similarities between germ and cancer cells led to the hypothesis
that activation of normally silenced genes encoding the gametogenic
programme in somatic cells is a driving force of tumorigenesis [11,12].
Expression of CT antigens in cancer cells was shown to result in their
uncontrolled growth, resistance to cell death, potential to migrate,
growth at distant sites (invasion and metastasis) and the ability to in-
duce growth of new blood vessels (angiogenesis) [10,13]. Common
characteristics shared by CT antigens include highly tissue-restricted
expression profile, frequent mapping to chromosome X, existence as
multigene families, induction of expression by hypomethylation and/or
histone acetylation, and immunogenicity in cancer patients [13].

Proteins of the Melanoma Antigen Gene family (MAGE) were the
first identified members of CT antigens. Over 60 proteins that belong to
this family are further classified into two main categories based on the
location of their genes [14]. Type I, which expression is limited to the
X-chromosome, includes MAGE-A, -B and -C subfamilies, whereas type
II, which is not restricted to the X-chromosome, includes MAGE-D, -E,
-F, -G, -H, -L and Necdin [15]. All MAGE proteins are highly homo-
logous and share a conservative MAGE Homology Domain (MHD). This
approximately 200 amino acid long, helical region is suspected to be
involved in protein-protein interactions [15,16]. MAGEs have been
found to be broadly expressed in male germ line and placental cells, as
well as in many tumor types, including melanoma, brain, lung, prostate,
and breast, among others [17,18]. While clinical data points to a cor-
relation between MAGE expression and poor prognosis, it has been
lately suggested that expression of MAGE proteins is also associated
with resistance to chemotherapy [10,16,19]. There is growing evidence
supporting MAGE protein involvement in regulation of processes un-
derlying cancer cell survival. MAGE proteins were shown to increase
survival of cancer cells by direct interaction with p53 tumor supressor
or indirectly by regulating activity of E3 RING ubiquitin ligases [10,20].
MAGE proteins were also shown to increase the metastatic potential of
the cancer cells by enhancing cell motility and thereby their invasive
potential [10].

Due to their intracellular expression MAGE proteins remain in-
accessible targets until they undergo proteasomal degradation into
short peptides in the cytoplasm. These peptides generated by the pro-
teasome are then transported into endoplasmic reticulum where they
are loaded onto the MHC class I molecules. Intracellularly processed
MAGE-A derived peptides can be used as an immunotherapy target
once present on the cell membrane in complex with MHC class I mo-
lecules. The high homology between MAGE-A proteins allows for
identification of peptides that are shared by multiple members of the
MAGE-A family. These multi-MAGE-A peptides presented by MHC
molecules enable targeted therapy of tumors from different histological
origin with highly heterogeneous expression of individual MAGE-A
proteins in individual cells. Sequential targeting of different MAGE-A
derived peptides in context of different MHC molecules creates the
unique opportunity of efficacious treatment for a prolonged period of
time.

In this review we will present results of completed studies which
employed MAGE-A proteins as antigens in different immunotherapeutic
approaches and discuss future directions in MAGE antigen-based im-
munotherapy.
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Cancer immunotherapy directed against MAGE antigens

Already for some time it is clear that cancer cells can be im-
munogenic [21]. However, spontaneous immune responses against tu-
mors are usually not sufficient to control or even reduce tumor growth
[22]. Recent developments within the field of tumor immunology have
boosted the rational design of cancer immunotherapeutic strategies. For
instance, a better understanding of the phenomenon of immune eva-
sion, which is seen as one of the hallmarks of cancer [23], has led to the
development of a series of immunotherapeutic interventions (e.g. im-
mune checkpoint inhibitors). One of the mechanisms of immune eva-
sion is down-regulation of tumor antigens. Therefore, it would be
beneficial to target tumor antigens that play a role in oncogenicity, such
as MAGE antigens. In a study conducted by the National Cancer In-
stitute in which 75 tumor antigens were prioritized according to several
antigen characteristics (such as e.g. immunogenicity and oncogenicity),
two CT antigens were listed in the top ten, namely MAGE-A3 (position
8) and NY-ESO-1 (position 10) [24]. While conventional therapies such
as chemotherapy and radiation are effective for the majority of patients,
the use of these modalities alone may be insufficient for patients with
relapsed cancer [18]. Targeted immunotherapeutic cancer therapies
like the use of monoclonal antibodies, re-directed T cells/NK cells or
cancer vaccines show efficacy against tumor cells, while preserving
healthy tissue. The restricted expression of CT antigens, together with
their oncogenic potential, have directed research towards
munotherapeutic approaches in which CT antigens like MAGE have
been used as a targets.

im-

Targeting MAGE-A/MHC class I complexes using monoclonal antibodies or
antibody fragments

Specific antigen recognition by the immune system is governed by
T- and B cells. Through positive and negative selection processes in the
thymus, T cells are trained to recognize antigens in form of linear
peptides presented on the cell surface in complex with MHC molecules.
Three dimentional antigen recognition by B cells is independent of
MHC restriction. The development of phage display technology and
advances in production of recombinant peptide HLA complexes folded
in the native conformation enabled the development of antibodies re-
cognizing antigens in a comparable manner as T cell receptors (TCR)
present on the surface of T cells. Antibodies having these TCR-like
specificities combine two main advantages of the immune system: the
fine specificity of T cells and the biological and pharmacological
properties of an antibody. Several antibodies or antibody fragments
(Fabs) have been developed which are directed against human CD8* T-
cell epitopes. Many groups have focused on raising mAbs recognizing
tumor associated antigens like gp100, tyrosinase, or WT-1 [25-27].
Only three preclinical studies describe mAbs targeting peptides derived
from MAGE-A proteins in context of HLA-A1 or HLA-A2.

In 2000 Chames et al. reported the discovery of a Fab fragment,
further referred to as G8, binding exclusively to peptide derived from
MAGE-A1 (amino acid 160-168; EADPTGHSY) in context of HLA-A1
[28]. The specificity of the G8 Fab was confirmed in multiple cellular
assays, but it was considered a moderate affinity binder (250 nM).
Therefore G8 was subjected to an affinity maturation process resulting
in a high affinity clone, named Hyb3. The affinity of Hyb3 was 18-fold
higher than that of parental G8, while specificity was retained [29].

In a recent study, Saeed and colleagues used G8 and Hyb3 re-
formatted into scFv for liposome targetting to MAGE-A1/HLA-A1 po-
sitive cells [30]. They have shown that both scFv Hyb3 and scFv G8
coupled to immunoliposomes remained functional in terms of binding
to target cells, but they were also internalized. Importantly, scFv Hyb3,
but not scFv G8 immunoliposomes demonstrated off-target binding to
antigen-negative cells, both when tested using antigen-high B-cells, but
also when using antigen-low melanoma cells. This undesired off-target
binding was explained by the high affinity binding properties of scFv
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Hyb3.

Another example of a MAGE-A/HLA specific antibody is 7D4, which
was developed by Bernardeau et al. [31]. This mouse antibody was
raised not for a therapeutic application, but to facilitate understanding
the relationship between density of MAGE/HLA molecules present on
the cell surface and efficiency of T cell response.

MAGE directed adoptive T cell therapy

Adoptive T cell therapy (ATC) involves the isolation of peripheral
tumor-specific T cells from a cancer patient, their ex vivo expansion and
re-infusion into the patient with the aim to directly kill cancer cells.
Adoptive immunotherapy in which non-gene-modified T cells are being
used for cancer treatment has been shown to induce complete and
durable responses in patients with metastatic melanoma [32]. The
treatment usually involves therapeutic infusion of ex vivo expanded
tumor-infiltrating lymphocytes (TILs) with high IL-2 regimen after non-
myeloablative lymphodepletion. The downside of this approach is that
generation of TILs is not always possible, because either they are not
present in sufficient quantities, or the ex vivo expansion is hampered.
Furthermore, there has been limited success in generating TILs from
other cancer types than melanoma. The TIL therapy, similarly to the
donor lymphocyte infusion therapy for treatment of relapsed leu-
kaemia, represents a more general immune stimulatory type of treat-
ment and does not direct the immune response towards pre-defined
tumor antigens [33]. T cells can, however, be re-directed towards
tumor antigens when genetically modified to express a T Cell Receptor
(TCR) or a Chimeric Antigen Receptor (CAR) of desired specificity. In
the following sections we will discuss (pre-) clinical study outcomes of
these two types of MAGE-directed adoptive immunotherapies.

MAGE-A directed adoptive T cell therapy using TCR engineered T cells

Already more than two decades ago it has been shown that T cells
can be genetically re-directed to recognize and lyse cancer cells [34].
These findings have led to development of more efficient transduction
systems generating genetically modified T cells with more stable and
durable transgene expression levels [35,36]. Retroviral or lentiviral
vectors encoding tumor antigen specific TCRs are now being used to
genetically modify T cells with high specificity for many different tumor
targets [37]. Despite the fact that adoptive T cell therapy using TCR
engineered T cells against tumor-associated antigens has been shown to
give successful and durable clinical responses, T-cell-mediated toxicities
have occurred because of (low) target expression on healthy tissue
[38,39]. This is referred to as ‘on-target, off-tumor toxicity’. This type of
toxicity could be prevented by choosing a target antigen of which the
expression is restricted to tumor tissue [40]. It was postulated that to
prevent these side effects, MAGE antigens which are not expressed in
normal tissue, except for testis and placental cells, may be the target of
choice for this type of therapy [41].

A clinical trial in which nine cancer patients (seven diagnosed with
melanoma, one with synovial sarcoma and one with oesophageal car-
cinoma) were treated with autologous TCR engineered T cells targeting
the HLA-A2 restricted CT antigen MAGE-A3 (amino acid 112-120;
KVAELVHFL) showed encouraging results. A measurable clinical re-
sponse was observed in five patients. Two of which were ongoing after
more than 12 months. However, three patients developed severe neu-
rological toxicity and two of these patients eventually died because of
the treatment. Authors explain this toxicity by possible TCR cross-re-
activity with a highly homologous MAGE-A12 derived epitope (KMA-
ELVHFL), which was found to be unexpectedly expressed in a subset of
cells in the human brain (NCT01273181) [42].

In another trial in which patients were treated with T cells expres-
sing an affinity enhanced HLA-A1 restricted MAGE-A3 specific TCR an
unforeseen severe cardiac toxicity was observed. This toxicity was due
to recognition of an epitope (ESDPIVAQY) derived from an unrelated
striated muscle-specific protein called titin, which is expressed in the
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myocardium (NCT01352286) [43,44].

In a phase I dose-escalating study, T cells expressing a MAGE-
A4143_151 (NYKRCFPVI) specific TCR have been safely applied to pa-
tients with recurrent oesophageal cancer. In 5 of the 10 patients the T
cells persisted for more than 5months and retained ex vivo antigen
specific tumor reactivity. No tumor regression was observed, but three
patients exhibited stable disease for more than 20 months. Patients
enrolled in this study did not receive lymphodepletion prior to the
treatment. In adoptive T cell therapy, lymphodepletion is applied in
order to reduce the number of immunosuppressive cells and to reduce
competition for activating cytokines (UMIN000002395) [45].

Multiple clinical trials using TCR engineered T cells targeting
MAGE-A3, -A4, or -Al0, are currently ongoing (Table 2). Altogether,
MAGE-directed T cell trials have shown clinical efficacy in a subset of
patients and provided more insight with respect to study design, choice
of target and safety. Together with the outcome of ongoing trials, this
will undoubtedly further increase clinical efficacy and safety for MAGE
directed adoptive T cell therapy in the near future.

Several preclinical studies involving MAGE derived epitopes have
been published. One study reported the identification of two MAGE
specific TCRs from melanoma patients who responded to MAGE vac-
cination. One TCR is HLA-A2 restricted and recognizes the MAGE-
C2336_344 peptide (ALKVDVEERV), the other TCR is HLA-DP4 restricted
and recognizes the MAGE-A3,,43 555 peptide (KKLLTQHFVQENYLEY).
The authors intend to start testing these TCRs in a phase I clinical trial
[46]. More recently, another group reported the isolation of a DP4 re-
stricted TCR recognizing the same MAGE-A3,43 555 peptide [47]. This
TCR was tested in a phase I dose escalation study in patients with dif-
ferent metastatic cancers. Among seventeen patients who were treated,
one complete response was observed in a patient with cervical cancer
(ongoing = 29 months) and three patients receiving the highest dose
level showed partial response (ongoing = 19 months). This study shows
clinical efficacy and safety of genetically engineered MHC class II re-
stricted MAGE-A3 specific T cells (NCT02111850) [48].

Another preclinical study demonstrated that TCR gene therapy with
an HLA-A24 restricced TCR against previously described MAGE-
A4145_151 peptide (NYKRCFPVI) is a promising strategy to treat patients
with MAGE-A4-expressing tumors. They showed in this study that ge-
netically engineered T cells expressing this MAGE-A4 specific TCR
could inhibit the growth of MAGE-A4-expressing oesophageal tumors in
immunodeficient NOG mice [49].

MAGE directed adoptive T cell therapy using CAR engineered T-cells

Isolation of tumor antigen specific TCRs for adoptive T cell therapy
is laborious and may not always be possible. To circumvent the need of
tumor specific TCRs, T cells can be genetically engineered to express a
chimeric antigen receptor (CAR). CARs are antibody-based recombinant
receptors which are anchored in the T cell membrane by fusion to a
transmembrane domain and a cytoplasmic signalling domain which
allows T cell activation [50,51]. The CAR concept was first described by
the group of Zelig Eshhar already in 1989 [52]. Normally, T cells re-
cognize a peptide presented via an MHC molecule through their TCR.
CAR expressing T cells are able to recognize and kill tumor cells in-
dependently of MHC. This can be an advantage in disease situations in
which MHC is down-regulated, or in case of defective proteasomal
antigen processing [53]. The principle of CAR gene therapy follows the
same steps as TCR gene therapy, which include patient T-cell isolation,
retroviral or lentiviral CAR transduction, T-cell expansion, and con-
ditioning chemotherapy prior to T-cell infusion.

The scFv antigen-targeting motif from a CAR is usually derived from
a mouse mAb. The scFv is most often anchored to the membrane via an
IgG1 derived hinge region, which is fused to a transmembrane domain,
derived from either CD3{, CD4, CD8, or CD28. CARs have been de-
veloped in three generations, and differ mainly in the composition of
the intracellular signalling domain. The first generation CARs are
characterized by only one CD3( signalling domain, but these molecules
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showed transient expression and limited clinical activity [38,54-56]. In
order to improve the signalling, an additional costimulatory signalling
domain derived from either CD28, inducible costimulator (ICOS), OX-
40 (CD134), or 4-1BB (CD137) was incorporated [57]. These second
generation CARs provided prolonged in vivo T cell persistence and im-
proved anti-tumor activity [58-60]. The third generation CARs include
two costimulatory domains (e.g. CD28, OX-40 or 4-1BB) in addition to
CD3(. Preclinical studies with third generation CAR T cells show in-
creased antitumor efficacy over second generation CAR T cells [61,62].
However, this third generation CARs has an increased risk of “on-target,
off-tumor” toxicity by providing for more potent activation signals to
the T cell thereby reducing the activation threshold. Several strategies
are currently investigated to overcome these toxicities including tran-
sient CAR expression [63], inclusion of a suicide gene [64,65] or ad-
dition of a targeting molecule designed to remove CAR T cells from the
system [66]. So far, most of the clinical trials involving CAR T cells have
been performed in patients with CD19 positive haematological diseases.
These studies showed promising results, including complete remissions
in a majority of treated patients [67-69].

Generation of antibodies with an MHC-restricted specificity paved
the way for development of CAR T cells recognizing tumor associated
peptides presented by MHC. A preclinical study conducted by
Willemsen et al. showed that T cells could be generated, expressing a
CAR which specifically recognizes a MAGE-Al14p_169 derived peptide
(EADPTGHSY) in the context of HLA-A1. These CAR T cells were able to
specifically respond to and kill MAGE-A1 positive, HLA-A1 positive
melanoma cells [70]. In a later study from the same group an affinity
matured Hyb3 CAR, showed improved tumor cell killing [71].

Cancer therapeutic vaccines

Another way to employ the patient’s immune system to battle
cancer is to make use of cancer therapeutic vaccines. Cancer ther-
apeutic vaccines are a type of active immunotherapy designed to delay
or reduce tumor growth. Many types of cancer therapeutic vaccines
have been employed over the years, including protein or peptide vac-
cines [72], cell based vaccines, DNA or RNA vaccines [73,74], and
vector based vaccines. Cell based vaccines can be autologous tumor
cells, but also ex vivo generated dendritic cells (DCs), which are exposed
to tumor antigen. These cells are used to generate a tumor specific
immune response once re-injected into the patient. Vector-based vac-
cines make use of (live attenuated) viruses [75] or even bacteria
[76,77] to deliver tumor antigen encoding DNA into host immune cells
in order to evoke an immune response. Most clinical trials evaluating
MAGE vaccination were employing protein or peptide based vaccines in
which MAGE-A protein or MAGE-A derived peptides were used as an
immunogen.

In a phase II clinical trial 36 patients with stage III or IV Mla
melanoma were treated with recombinant MAGE-A3 protein combined
with two different immunostimulants. Four patients treated with
MAGE-A3 combined with the AS15 immunostimulant exhibited objec-
tive responses, of which 3 complete responses. Antibodies against
MAGE-A3 were found in all patients, but also cellular responses were
observed (NCT00086866) [78]. Based on this promising data, other
larger MAGE-A3 vaccine based clinical trials were initiated, one of
which was a phase III trial in patients with melanoma, called DERMA
(NCT00796445). Unfortunately, the objective response rate was lower
than in previous studies and the trial was discontinued in 2015. In a
more recent phase I/II clinical trial, patients with melanoma were
treated with MAGE-A3 Antigen Specific Cancer Immunotherapeutic
(ASCI) combined with administration of dacarbazine. While only minor
clinical benefit was observed, the treatment was well tolerated and
induced a MAGE-A3 specific humoral response (NCT00849875) [79].
Two MAGE-A3 ASCI phase I/1I clinical trials in patients with non-small
cell lung cancer (NSCLC) proved that it was well tolerated and in both
studies an immune response against MAGE-A3 was observed
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(NCT00290355, NCT00455572) [80,81]. One of these studies was fol-
lowed up in a the largest phase III trial in lung cancer so far, called
MAGRIT (MAGE-A3 as Adjuvant in Non-Small Cell Lung Cancer Im-
munotherapy). Almost 14,000 patients with resected NSCLC were
screened, which resulted in 2312 enrolled and randomly assigned pa-
tients. The study was recently discontinued due to failure in meeting its
primary objective; as it showed no significant difference noted in dis-
ease free survival between MAGE-A3 and placebo groups in patients
with MAGE-A3-positive stage IB, II, and IIIA NSCLC (NCT00480025)
[82,83].

A phase I clinical trial targeting MAGE-A4 in a patient with meta-
static colon cancer reported a significant decrease in tumor growth. The
vaccine consisted of an artificially designed long MAGE-A4 derived
hybrid peptide consisting of a MAGE-A4 helper epitope (amino acid:
278-299) fused to a MAGE-A4 killer epitope (amino acid 143-154)
using a glycine linker. It was demonstrated that the helper epitope
mainly stimulated CD4 T cells, whereas the killer epitope induced
production of MAGE-A4 specific antibodies. Even though this study was
conducted in only one cancer patient, it indicates that long MAGE based
peptide vaccine may be beneficial for inducing both cellular and hu-
moral immune responses (UMIN000003489) [84]. In a phase II clinical
trial, the safety and efficacy of ex vivo expanded T cells primed with a
large MAGE-A3 peptide was evaluated in patients with multiple mye-
loma. The treatment was well tolerated, and clinical responses were
observed in the majority of patients, which correlated with the presence
of MAGE-A3 specific T cells (NCT01245673) [85].

Two studies using DC’s electroporated with MAGE-A3 encoding
mRNA reported MAGE-A3 specific cellular immune responses in pa-
tients with advanced melanoma [86,87]. In another phase I/1I clinical
trial patients with relapsed neuroblastoma were treated with a combi-
nation of decitabine (5-aza-2’-deoxycytidine, DAC) and autologous
MAGE-A1/A3 and NY-ESO-1 peptide pulsed DCs. The treatment was
well tolerated and an anti-tumor response was reported in six out of
nine patients, with a complete response in one patient (NCT01241162)
[88].

One clinical study reported the use of a viral vector based vaccine
encoding for MAGE-Al and -A3 in patients with advanced malig-
nancies. From the 30 treated patients with metastatic melanoma, only 1
patient had a partial response and 2 patients had a stable disease for
more than six months [89].

Encouraging results were reported in a phase I dose escalating study
in which patients with advanced melanoma are treated with an RNA-
lipoplex vaccine encoding for several tumor antigens, among which
MAGE-A3. The vaccine is well tolerated and patients developed vaccine
specific immune responses. The study is currently ongoing
(NCT02410733) [90].

Despite the observed lack of clinical efficacy in the DERMA and
MAGRIT study, other vaccination studies, do show anti-tumor re-
sponses. Additionally, multiple clinical vaccination studies targeting
MAGE-A are currently ongoing (Table 2). Irrespective of the outcome of
these studies, they will provide more insight in the choice of antigen,
patient stratification, and vaccine design. This will lead to more effi-
cacious and more patient tailored MAGE-A directed vaccination studies
in the near future.

Conclusions and future perspectives

While clinical trials directed against MAGE-A antigens so far only
show clinical responses in a subset of patients, preclinical data de-
monstrates great promise for the development of effective treatments
against MAGE expressing tumors. Together with the progress made in
understanding underlying mechanisms of tumor immune evasion, and
the lessons learned from clinical studies regarding safety, this creates a
time in which major improvements in the field of cancer im-
munotherapy can be achieved, with respect to both safety and efficacy.

Regarding safety, in particular two clinical studies directed against
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MAGE-A antigens in which unexpected toxicities were observed should
be highlighted. Considering that MAGE-A antigen expression is mainly
limited to tumor cells, ‘on-target, off-tumor’ toxicity as reported in the
study of Morgan et al. was unforeseen and may be of concern. It was
speculated that the expression of MAGE-A12 in human brain led to
severe neurological toxicity observed in some patients due to TCR cross-
reactivity. MAGE-A12 expression has previously been observed in brain
tumors [91], but this is the first study to report low levels of MAGE-A
expression in healthy neurological tissues. Further studies are needed to
confirm MAGE-A expression in healthy neurological tissues. Of note, in
this study a MAGE-A3 directed TCR with enhanced affinity was used,
which may have resulted in a reduced T cell activation threshold
thereby enhancing the chance of ‘on-target, off-tumor’ toxicities. In
addition to this, it is known that TCRs are promiscuous and that they
are able to bind to multiple peptide sequences. One study even showed
that a single TCR is able to recognize more than one million peptides
[92]. In another clinical study performed by Cameron et al., in which an
affinity enhanced TCR was used, off target toxicity towards a homo-
logous peptide expressed in muscle tissue was observed. Therefore,
improvement of binding affinity needs to be addressed carefully, as it
may compromise specificity, resulting in recognition of homologous
peptides presented on healthy tissue.

Therefore, for validation of novel MAGE targets which may be used
in immunotherapy studies, extensive preclinical studies are needed to
carefully address these specificity issues. Various strategies can be ap-
plied to predict binding to peptides with a similar sequence to the target
peptide. For instance, amino acid scanning approaches to pinpoint
peptide fine-specificity, or crystallography studies can be performed to
determine MAGE peptide residues that are involved in TCR, CAR or
mAb binding. This allows a more focussed search for homologous
peptides. Furthermore, in silico studies using MHC prediction programs,
and mass spectrometry analysis may indicate whether the peptide of
interest can be presented via MHC molecules. In line with this, speci-
ficity testing in more biologically relevant culture systems, like primary
(tumor) tissue instead of tumor cell lines, should be applied.

To further improve clinical efficacy in MAGE-A directed im-
munotherapy, different approaches can be taken. In tumor cells it often
happens that MHC expression is down-regulated due to promoter
hyper-methylation [93]. As MAGEs are intracellular proteins, MAGE
derived peptides are being presented to the immune system via MHC
molecules. Preclinical and clinical data shows that treatment with a
demethylating agent such as decitabine markedly improves not only
MHC, but also CT antigen expression in tumor cells [94,95]. Another,
more experimental way to circumvent immune evasion through antigen
down-regulation, may be by using multiple targeting modalities. For
example, bispecific CAR T cells co-expressing HER2 and IL-13Ra2-
CARs, demonstrated enhanced in vitro and in vivo glioblastoma tumor
cell killing over T cells expressing only HER2 or IL-13Ra2 CARs [96].
Using bispecific CAR T cells in order to prevent antigen escape may also
be applied when targeting MAGE antigens. Another approach to im-
prove clinical outcome is by applying a combination therapy using
immune checkpoint inhibitors. Currently, several mAbs targeting im-
munological checkpoints gained much interest. For instance treatment
of certain cancers with Pembrolizumab and Nivolumab, PD-1 pathway
blocking antibodies, demonstrated impressive results and gained ac-
celerated FDA approval (see Table 1). A combination therapy of these
type of immune checkpoint inhibitors with conventional im-
munotherapy might be beneficial for treatment of MAGE expressing
cancers.

One of the so far unmet needs of the MAGE-A directed im-
munotherapy relates to the patient stratification. Due to the fact that
the target of therapies described in this review is a complex composed
of two elements, the expression of both elements should be confirmed
prior to start of the therapy. Whereas HLA typing is a routine procedure
performed to determine tissue compatibility prior to organ transplan-
tation, the confirmation of pre-defined MAGE-A peptide presentation is
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more challenging. Currently, two methods are most often employed to
assess MAGE-A expression, namely reverse transcription polymerase
chain reaction (RT-PCR) and/or immunohistochemistry of resected
tissue. The limitation of these methods is that they merely confirm
MAGE-A expression, but do not ensure that the appropriate MAGE-A
derived peptide is presented via MHC-I. Development of high-
throughput, cost-effective, reliable methods to characterize tumor
peptidome are eagerly awaited and will contribute to better patient
stratification.

More recently, whole exome sequencing allowed identification of
tumor specific antigens derived from mutated proteins. These so-called
neo-antigens provide patient tailored treatment and may represent
more immunodominant targets for tumor immunotherapy. The unique
nature of neo-antigens may provide potential in next generation im-
munotherapeutic therapies, but many obstacles still need to be over-
come. For example, improvements in prediction algorithms of neo-an-
tigens are needed and costs involved in patient treatment need to be
reduced. An additional challenge concerns clinical approval by reg-
ulatory agencies. Each neo-antigen based therapy is unique and carries
its own risks and benefits making large randomized trials for these kind
of antigens impossible. Because of these challenges, targeting CT anti-
gens will still be justified within the field of cancer immunotherapy.

Taken together, the improved understanding of immunological
processes in cancer and the promising clinical data in the field of
combinatorial therapies provides great promise for the future of MAGE
targeted immunotherapy. The ongoing clinical trials directed against
MAGE antigens should provide even more insights into which direction
these therapies should evolve.
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