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Abstract. Immune checkpoint inhibitors (ICIs) have transformed the management of advanced renal cell carcinoma (RCC),
but most patients still do not receive a long-term benefit from these therapies, and many experience off-target, immune-related
adverse effects. RCC is also different from many other ICI-responsive tumors, as it has only a modest mutation burden, and
total neoantigen load does not correlate with ICI response. In order to improve the efficacy and safety of immunotherapies
for RCC, it is therefore critical to identify the antigens that are targeted in effective anti-tumor immunity. In this review, we
describe the potential classes of target antigens, and provide examples of previous and ongoing efforts to investigate and
target antigens in RCC, with a focus on clear cell histology. Ultimately, we believe that a concerted antigen discovery effort
in RCC will enable an improved understanding of response and resistance to current therapies, and lay a foundation for the
future development of “precision” antigen-directed immunotherapies.
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INTRODUCTION

The advent of immune checkpoint inhibitors (ICIs)
brought a marked improvement in overall survival
to patients with metastatic clear cell renal cell
carcinoma (ccRCC) [1]. In fact, the current standard-
of-care for ccRCC is dominated by combination
therapies of ICIs that primarily target the PD-1—PD-
L1 axis and tyrosine kinase inhibitors (TKIs). Since
the approval of the anti-PD-1 antibody nivolumab and
the anti-CTLA-4 antibody ipilimumab in 2018 for
RCC [2], four other ICI-based combination therapies
(together with anti-angiogenic TKIs) have demon-
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strated superior clinical efficacy to TKI therapy alone,
and have subsequently been FDA-approved [3–6].
Although these new therapies represent substantial
improvements over prior treatments, with median
overall survival improving from just approximately
1 year in the 1990 s [7] to nearly 5 years today [8],
these therapeutic regimens still do not lead to durable
clinical responses for most patients. Improving the
long-term clinical outcomes for patients with ccRCC
will require a deeper understanding of the under-
lying immunobiology of ccRCC. Specifically, we
must learn the biology of antigen-specific, immune-
mediated tumor killing and understand how best to
steer the immune response towards tumor cells.

A critical framework for understanding why
most patients do not experience long-term bene-
fits from ICI-based therapy is described through
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Fig. 1. Overview of the cancer immunity cycle (as described by Chen and Mellman). The seven steps of the cancer immunity cycle are
displayed in a cyclic format. In the first step, tumor cells undergo immunogenic cell death. Death of the malignant cells allows antigens
to be released into the microenvironment. These antigens are taken up by antigen presenting cells, such as naı̈ve dendritic cells; trafficked
to lymph tissue; and processed with the internal antigen processing machinery. This involves proteosomes cleaving antigens into smaller
peptides and presenting them on HLA complexes. Activated antigen presenting cells display antigens to prime and activate naı̈ve T cells.
The activated T cells differentiate into specific classes depending on factors such as co-stimulatory signals. Activated T cells migrate back
to the site of the tumor via trafficking signals and infiltrate the tumor microenvironment. Once inside the tumor, T cells may recognize and
kill malignant cells, thereby restarting the cycle.

the cancer-immunity cycle from Chen and Mellman
(Fig. 1) [9, 10]. The cycle begins when a tumor
cell dies and releases antigens to its surroundings.
Tumor antigens are molecules (typically peptides)
that can be presented to immune cells, potentially
leading to an immune response that can target and
kill malignant cells. These antigens are taken up
by immature dendritic cells (DCs) or other antigen
presenting cells (APCs) and then processed by anti-
gen presenting machinery in these cells. The DCs
migrate to draining lymph nodes or aggregate in
antigen-presenting niches or tertiary lymphoid struc-

tures within the tumor [11]. At these sites, they mature
and present the antigen on major histocompatibil-
ity complexes (MHCs, which are also known as
human leukocyte antigens [HLAs] in humans) and
express co-stimulatory markers. Circulating naı̈ve T
cells enter the lymph nodes through the high endothe-
lial venules (HEV) and sample DCs with their T cell
receptors (TCRs) in the cortical region. Upon recog-
nition of an antigen, the bond between the DC and
T cell strengthens, and an immunological synapse
forms. With the correct co-stimulatory signals, T cells
proliferate and differentiate into effector T cells. The
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HLA class and co-stimulatory signals will dictate
which the lineage of the naı̈ve T cell. Each cell lineage
is specialized for distinct functions and canonically
plays a role in handling different types of infections.
Without the correct co-stimulatory markers, the T
cells will not be activated and may in fact become
tolerized to the target antigen.

The activated T cells are trafficked out of the lymph
nodes via the efferent venule and then to the sites
of tumors. Once they have infiltrated the tumor, they
may recognize and kill cancer cells. However, cancers
including RCC can adapt their tumor microenviron-
ment to inhibit several steps of the cancer-immunity
cycle. For example, they may hinder the infiltration of
T cells or limit the activation of T cells by expressing
inhibitory markers such as PD-L1. The PD-1/PD-
L1 pathway inhibits the activation, proliferation, and
cytolytic activity of T cells in the tumor microenvi-
ronment [12]. ICIs aim to block inhibitory signals,
such as the PD-1/PD-L1 pathway, hijacked by the
tumor cells and essentially “release the brakes” on
the immune response.

Although this general framework for tumor killing
is helpful, there are still many unknowns. When tumor
antigens are released by apoptotic tumor cells, we
generally do not know which antigens are processed
and presented by APCs. Whereas many tumor anti-
gens have been elucidated in other cancer types, such
as melanoma [13], the landscape of antigens in RCC
remains poorly characterized. Additionally, in the
case where tumor antigens are presented by APCs, we
do not know which ones initiate an effective immune
response. Whereas the specific APC subsets effec-
tively prime T cells against RCC antigens are not
fully elucidated, there is a clear role for CD11c+ den-
dritic cells in intratumoral antigen-presenting niches
[14] and likely additional presentation in tertiary lym-
phoid structures [11]. Knowing which antigens (and
which APCs) trigger an immune response would
benefit new, precision immunotherapy approaches,
including cancer vaccines and T cell therapies. Can-
cer vaccines are designed to use a select number of
tumor antigens or a complete tumor antigen library to
train the patients’ immune systems to recognize and
kill cancer cells. Furthermore, adoptive T cell trans-
fer aims to engineer T cells with specific TCRs that
recognize tumor antigens presented on the surface of
cancer cells. Understanding which antigens are effec-
tively recognized by tumor-reactive T cells would be
highly beneficial and would allow these therapies to
take advantage of the whole cancer-immunity cycle
to create a deep response to disease.

TUMOR ANTIGENS

Immune-mediated, antigen-specific tumor killing
relies on the recognition of specific tumor antigens
by the immune system (Fig. 2). Recognition occurs
on the surface of the cancer cells in one of two ways.
Antigen presenting machinery in a cancer cell can
process intracellular proteins and present peptides on
HLA molecules. Alternatively, the cancer cells can
be recognized through surface antigen markers, typi-
cally engineered therapeutic antibodies, though there
is evidence in other cancer types of endogenous anti-
body responses to surface antigens playing a role
[15]. Aberrant proteins presented on HLA molecules
are recognized by T cell-mediated immunity. Intra-
cellular proteins are cleaved into smaller fragments
within the tumor cells and presented on either HLA
class I (for CD8 T cells) or, less commonly, HLA
class II (for CD4 T cells). Once recognized, the cyto-
toxic T cells bind to the tumor cells through the TCR,
and deliver cytotoxic effector proteins, including per-
forin, granzymes, and granulysin. These proteins
perforate the tumor cell and trigger apoptosis. Addi-
tional mechanisms of T cell-mediated cytotoxicity
include expression of cell death ligands (such as FasL
and TRAIL) and production of effector cytokines
(such as IFN� and TNF�) [16].

Tumor antigens presented in the context of HLA
class II molecules are recognized by activated CD4 T
cells, also known as helper T cells. These cells come
in a range of classes, and each class is specialized for
different purposes. Classes of CD4 T cells include the
helper T cells TH1, TH2, TH17, and TFH. These helper
T cells increase the ability of APCs to effectively
present antigens and provide co-stimulation. Another
class of CD4 T cells are regulatory T cells (Treg),
which have an inhibitory function on other immune
cells. Given the diversity of CD4 T cells phenotypes,
it is expected that they would play myriad roles (and
sometimes opposing roles) in the tumor microenvi-
ronment (TME). Beyond the traditional role of CD4
T cells in “helping” with antigen presentation to CD8
T cells [17], CD4 T cells can also have a direct cyto-
toxic effect on tumors [18]. Conversely, Treg cells can
inhibit effective immune responses within the TME
[19]. Overall, the roles of CD4 T cells in the TME are
complex and require further study and clarification.

Distinct from HLA-restricted antigens, immuno-
genic tumor antigens on the surface of a cell
may be recognized by antibody-mediated immunity.
Antibody-mediated immunity begins when B cells
recognize a chemical structure from the surface of



84 N.R. Schindler and D.A. Braun / Antigenic targets in clear cell renal cell carcinoma

Fig. 2. Antigen Classes. Antigens may be categorized as HLA-restricted or surface antigens. HLA-restricted antigens include all proteins
generated within the cell that are processed by antigen presenting machinery. Surface antigens are a subset of proteins that are presented on
the surface of the cell. Each class of antigen has been targeted by antigen-directed therapies in a personalized or universal basis. Personalized
therapies are unique to each patient and have the opportunity to create a deeper immune response to malignancy. Universal therapies are not
unique to an individual patient, but are cost effective and available immediately as an “off-the-shelf” therapy.

a tumor cell with their B cell receptor (BCR). The
activated B cells then internalize these structures and
migrate to the peripheral lymphoid tissue or tertiary
lymphoid structures (TLSs) in situ. Activated B cells
will process the proteins and display them in shorter
peptides on HLA class II complexes. The presented
peptides may then be recognized by helper TFH cells
which activate the B cells. Activated B cells prolif-
erate and differentiate into plasma cells that produce
antibodies against the target [11]. Currently, the pre-
cise role of antibody-mediated immunity in ccRCC
is largely unknown. However, there is emerging evi-
dence that TLSs within the tumor may be associated
with improved clinical outcomes with ICI therapies
and that these TLSs lead to the production of tumor-

reactive auto-antibodies [11]. While much of the
existing focus in RCC (and other solid tumors) has
been centered on T cell-mediated immunity, there is
clearly an emerging role for B-cell-mediated immu-
nity as well.

With multiple ways to target and destroy tumor
cells, the origin and presentation of tumor anti-
gens is an important consideration when designing
a therapy that leverages this machinery. Tumor anti-
gens may be broadly categorized as tumor-associated
antigens (TAAs) or tumor-specific antigens (TSAs).
Tumor-associated antigens are derived from unal-
tered genes that are overexpressed in tumor cells,
differentiation antigens specific to the local tis-
sue, cancer germline/cancer testis antigens (CTAs),
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or human endogenous retroviruses (hERVs). On
the other hand, tumor-specific antigens arise from
genomic, transcriptomic, or proteomic alterations in
the genome or oncoviruses that infect the genome.
RCC is not known to be caused by an oncovirus,
but examples of virally-driven cancers include human
papillomavirus (HPV)-driven cervical, anal, head and
neck cancers, and Merkel cell carcinoma (driven
by Merkel cell polyomavirus). The modifications
created by the viruses allow TSAs to be distin-
guishable from self-antigens. The extent to which
distinct classes of TAAs and TSAs play a role
in anti-tumor immunity in ccRCC is still largely
unknown.

Tumor-associated antigens

Traditionally, antigens are thought to originate
from a foreign source or from somatic mutations.
However, unaltered genes expressed in tumor cells
may be effectively targeted by the immune system
and by immunotherapies. These antigens may be dis-
tinguishable from normal tissue because they are: (1)
genes that are overexpressed in tumor cells, (2) genes
that are differentiation markers that only arise in a
specific local tissue, or (3) genes that have “leaked”
expression in tumor cells because of demethylation
or other epigenetic factors. For many of these tumor-
associated antigens, they may arise from genes that
are expressed in tumor cells because they support
the cells’ survival and are therefore integral in the
malignant cell.

In ccRCC, there are several genes that have been
characterized as TAAs based on their overexpres-
sion. One example of a TAA was first discovered
in 1996: receptor for advanced glycation end prod-
ucts (RAGE-1) [20]. RAGE-1 binds to free floating
high mobility group box 1 (HMGB1). HMGB1 is
a nuclear protein secreted by certain immune cells
or released by apoptotic tumor cells. The interaction
of RAGE-1 and HMGB1 promotes tumor cell sur-
vival, progression, and metastasis by its upregulation
of the ERK/MAPK pathway [21, 22]. RAGE1 has
been found to be expressed in the retina in normal tis-
sue. A peptide derived from RAGE-1 has been shown
to be an HLA-restricted antigen in ccRCC, presented
on HLA-B*07.

Targeting overexpressed, HLA-restricted TAAs
has been explored in RCC. In IMPRINT trial, investi-
gated tested the multipeptide cancer vaccine IMA901
(targeting numerous overexpressed TAAs) in combi-
nation with the TKI sunitinib compared to sunitinib

alone. The vaccine was composed of nine tumor-
associated peptides predicted to present on HLA
class I and one tumor-associated peptide predicted to
present on HLA class II. The peptides were selected
based on specific criteria, including overexpression in
malignant RCC tissue compared with normal tissue
and peptides that were predicted to be processed and
presented by antigen processing machinery. Despite
an initial signal in earlier phase trials, this multipep-
tide TAA vaccine did not improve overall survival
in combination with sunitinib over sunitinib alone
[23–25].

Beyond HLA-restricted antigens, surface antigens
represent additional potential immune targets. An
important example is carbonic anhydrase 9 (CA9),
which is a classic ccRCC surface marker [26]. CA9 is
important to the tumor cells’ survival by maintaining
a neutral pH in the acidic tumor microenvironment.
This cell surface enzyme catalyzes the reversible
hydration of carbon dioxide into bicarbonate and a
proton [27]. CA9 is also a hypoxia inducible gene,
meaning its expression is increased in hypoxic envi-
ronments. CA9 had been the focus of a major clinical
trial targeted by chimeric antigen receptor (CAR) T
cells [28], which are T cells engineered to recognize
surface antigens through a fragment of an antibody
linked to components of the endogenous TCR (and,
more recently, also includes co-stimulatory machin-
ery) [29]. Because CA9 is a cell surface protein, the
molecule may be recognized by humoral (antibody-
mediated) immunity. CA9 has been therapeutically
targeted with the monoclonal antibody girentuximab,
which was design to target RCC cells for NK cell-
mediated killing through antibody-dependent cellular
cytotoxicity. Unfortunately, girentuximab did not
show clinical benefit in the adjuvant setting [30],
but CA9 has remained a viable candidate target for
CAR-T cells. Despite the importance of CA9 in
ccRCC, the clinical trial was initially unsuccess-
ful due to on-target, off-tumor interaction with cells
in the liver inducing liver toxicity in patients [28].
In another cohort, patients were pre-treated with
CA9 monoclonal antibody (mAb) which prevented
this toxicity; however, no clinical responses were
recorded. Importantly, that initial trial utilized a less
effective earlier generation of CAR-T cells which
lacked co-stimulatory machinery, so CA9 remains
a target of potential interest. This trial, however,
highlights a potential challenge to using TAAs as
therapeutic targets: it is difficult to definitively know
a priori the antigen’s expression levels in all normal
tissues.
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CD70 is an example of an overexpressed TAA
that has more recently been targeted in RCC clin-
ical trials. CD70 is a potent co-stimulatory marker
typically expressed on DCs and binds to its recep-
tor CD27 on naı̈ve T cells. In addition, CD70 may
also be found on activated T and B cells and several
other cell types such as macrophages [31]. However,
CD70 is commonly overexpressed in ccRCC [32],
and therefore is a potential target for an antibody-
mediated therapies, including CAR T cells. In fact,
two clinical trials, COBALT-RCC (NCT04438083)
and (NCT04696731), utilized allogeneic CAR T cells
targeting CD70 on ccRCC. While substantial efforts
are needed to further improve response rates, these
studies provide an initial proof-of-concept that CAR
T cell therapies can have clinical activity in ccRCC.

The second category of TAAs includes normal pro-
teins expressed in the local tissue of the tumor because
of its differentiation lineage [33]. Differentiation anti-
gens were first investigated in melanoma in 1993 with
the identification of tyrosinase, Melan-A/MART-
1, and gp100/Pmel17 [34, 35]. In ccRCC, one
well-characterized differentiation antigen, Mucin-
1 (MUC1), is a transmembrane glycoprotein on
endothelial cells and in cells related to kidney devel-
opment. The protein may be recognized by the
immune system through cell-mediated or humoral
immunity. At least ten clinical trials have been
designed to target MUC1 for a variety of cancer types.
Examples of these trials include subunit vaccines,
DNA vaccines, viral vectored vaccines, dendritic cell
vaccines, and glycopeptide vaccines [36]. Multiple
HLA-A*02-restricted peptides derived from MUC1
have been identified and have been shown to elicit
in vitro T cell responses capable of killing MUC1
expressing cells (including RCC cell lines) [37]. In
RCC specifically, numerous therapeutic approaches
to target MUC1 have been investigated, including
vaccination with a modified vaccinia virus express-
ing IL-2 and MUC1 [38] and a TAA peptide vaccine
including a MUC1-targeting peptides [25, 36]. How-
ever, despite encouraging early clinical trial results,
a phase III trial of TAA vaccine (including MUC1)
did not improve overall survival [24].

The final category of TAAs includes genes that are
typically silenced in the normal tissue of the malig-
nancy but have “leaked” expression, typically due to
epigenetic mechanisms such as DNA demethylation
or histone modification [39]. One example of this
category is cancer testis antigens (CTAs), which are
typically expressed in normal tissue in immune priv-
ileged areas such as the placenta or testis. Immune

privileged areas evade typical immune responses
through several mechanisms, including downreg-
ulation of HLA molecules (to decrease antigen
presentation) and the production of immunosuppres-
sive cytokines. Therefore, immune privileged areas
are able to avoid targeting by T cells [40]. The lack
of presentation on normal tissue makes CTAs a good
target for cancer therapies. In ccRCC, a targeted mod-
ified vaccinia Ankara (MVA) therapy was developed
for the oncofetal 5T4 antigen, but it induced only
low-level cellular immune responses against the CTA
[41]. Additionally, a monoclonal antibody was devel-
oped to target 5T4, but also did not improve survival
in patients [42].

Another example of “leaked” gene expression
is aberrantly expressed endogenous retroviruses
(ERVs). ERVs are defined as fragments of genomic
DNA derived from the integration of retroviruses that
infected the germ line cells of humans’ ancestors.
They are estimated to make up approximately 1 to
8 percent of the human genome. However, they are
incompetent in producing replicative viral particles,
as they have accumulated mutations over time [43].
ERVs are epigenetically silenced through methods
such as methylation, but they are de-repressed in cer-
tain malignancies, including ccRCC, making them a
possible therapeutic target [44, 45]. ERVs are theo-
rized to potentially make up a substantial fraction of
the antigen burden for ccRCC. However, they are less
well studied than other variants [46]. HERV-E (also
known as ERVE-4) is particularly well characterized
in ccRCC. In a ccRCC patient with a long-term com-
plete response to allogeneic stem cell transplantation,
the dominant circulating T cell population was found
to recognize an HERV-E-derived peptide presented
on HLA-A*11 [47]. Importantly, HERV-E expression
was found to be directly regulated by HIF2�, which
is typically constitutively active in ccRCCs [48, 49].
An engineered T cell therapy with a transduced TCR
targeting the HERV-E-derived peptide is being tested
in a clinical trial (NCT03354390).

Historically, many attempts to target TAAs have
been unsuccessful due to on-target, off-tumor toxi-
city or poor clinical responses in clinical trials. The
toxicity can be explained by a lack of understand-
ing of where the self-antigen may be present. The
lack of immune response may be due in large part to
central tolerance mechanisms, where the TAAs are
essentially considered as self-antigens, preventing a
durable immune response from being developed [50,
51]. This is an inherent limitation of TAAs as a target
for antigen-directed therapies – either the magnitude
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of the immune response will be low (and ineffec-
tive) because central immune tolerance is specifically
designed to eliminate T cells capable of responding
to such self-antigens, or the therapy would overcome
central tolerance to elicit a high magnitude immune
response, which would likely then also impact nor-
mal cells with low-level expression of the antigens.
These limitations could potentially be overcome by
targeting tumor-specific antigens.

Tumor-specific antigens

Tumor-specific antigens can be broken down into
two major categories: neoantigens and oncoviral
antigens. Neoantigens are antigens that arise in
tumors from various mechanisms such as genomic
mutations, aberrant transcriptomic variants, post-
translational modifications, and viral open reading
frames (ORFs). They represent classes of antigens
that are unique to tumor cells and not otherwise
native to normal cells in the body, and are there-
fore “new” and not subject to mechanisms of central
immune tolerance [52]. ccRCC has only a moderate
mutational burden, making other classes of neoanti-
gens highly relevant [53]. Oncoviral antigens are
created by oncogenic viruses, such as the Epstein-
Barr virus or hepatitis B virus, which are not known
to be relevant to ccRCC. However, the potential
role of microbial-derived antigens has not been fully
explored in ccRCC. In other tumor types, such as
melanoma, bacteria have been seen to enter cells and
serve as potential tumor antigens. Given the relatively
modest number of mutation-derived neoantigens, this
area is certainly worthy of further investigation in
ccRCC.

Genomic
Genomic alterations in tumor cells are caused by

non-synonymous single-nucleotide variants (SNVs),
frameshifts due to insertions/deletions (INDELs),
fusion, and chromosomal rearrangements [52]. Non-
synonymous SNVs arise from a single nucleotide
mutation to another nucleotide, leading to a change
in the downstream amino acid. INDELs arise from
the insertion or deletion of one or more nucleotides.
INDELs could potentially lead to a frameshift result-
ing in all downstream amino acids being altered.
While such frameshift neoantigens represent a high
proportion of total mutations in ccRCC [54, 55],
they are not associated with improved response to
ICI [53]. While SNVs and INDELs are certainly
relevant in ccRCC, fusion mutations and chromo-

somal rearrangements are not currently known to
make up a significant portion of the genomic muta-
tional burden [46]. Of note, though, in translocation
RCC (tRCC), researchers have hypothesized that the
TFE3 fusion event could potentially be immunogenic
[56].

SNV and INDEL alterations lead to neoantigens
that have an innate ability to avoid central toler-
ance [52, 57, 58]. T cells specific for neoantigens
avoid central tolerance due to their highly antigenic
properties and their absence in normal tissues [46,
59, 60]. However, because each tumor may contain
dozens or even hundreds of potential neoantigens, and
these antigens are patient-specific (i.e. “personal”), it
is logistically challenging to generate effective per-
sonalized antigen-specific therapies for each patient
[33, 61, 62]. The main logistical challenge in devel-
oping these personalized neoantigen therapies is the
time and resources required to determine and choose
which mutations are immunogenic and viable to
include in a therapy. In other cancer settings, it often
takes at least 8-12 weeks to develop a personal-
ized cancer vaccine [63], which could be feasible
in an adjuvant setting but limiting in a metastatic
setting. There are ongoing efforts to target neoanti-
gens directly in ccRCC using personalized vaccine
approaches (NCT02950766), where tumor mutations
are identified through whole-exome sequencing of
tumor and normal tissue, expression of the variant
is confirmed through RNA-sequencing, and anti-
genic peptides containing the mutation are predicted
using advanced computational tools. In this trial,
synthetic long peptides are synthesized and adminis-
tered together with the immune adjuvant polyIC:LC
in ccRCC patients with high-risk, resected disease
(stage III or IV after surgical resection of all visible
disease) [64].

Transcriptomic
Transcriptomic alterations may arise from RNA

splicing, RNA editing, and allegedly non-coding
regions [52]. Of these types of variants, RNA splic-
ing has been most extensively examined in ccRCC
[46]. Several types of RNA splicing events may
lead to neoantigens in ccRCC, including exon skip-
ping/inclusion, alternative 5’ splice sites, alternative
3’ splice sites, intron retention, mutually exclusive
exons, and exitrons [52]. Excluding RNA splicing,
many of these types of events are not well character-
ized in ccRCC, so their relevance as tumor antigens
remains largely unknown.
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ANTIGEN SPECIFICITY OF
TUMOR-INFILTRATING T CELLS

First-line treatments for late-stage ccRCC involve
immunotherapies that target immune checkpoints,
such as PD-1/PD-L1 and CTLA-4. Anti-PD-1 ther-
apies, in particular, are conventionally thought to
function by revitalizing tumor-reactive T cells that
have developed an exhausted phenotype in the
tumor microenvironment. Exhaustion is a form of T
cell dysfunction, and exhausted T cells are gener-
ally described to be hypofunctional cells that have
upregulated expression of inhibitory receptors and
reduced ability to secrete cytokines, proliferate, or
exert cytolytic effector functions on target cells
[65]. In ccRCC, T cells become progressively more
exhausted with advancing disease stage [66]. Tumor-
reactive T cells may target any of the types of
tumor antigens discussed above [67]. In other types
of cancers, such as melanoma (which has a high
mutational burden), many of these tumor-specific
antigens have been identified. However, in ccRCC,
the specific tumor antigens and general classes of
antigens that are most commonly recognized by these
tumor-infiltrating lymphocytes (TILs) are not well
understood.

The T cell infiltrate in ccRCC tumors is tradition-
ally higher compared to most other solid tumors, and
often experiences a highly immunosuppressive envi-
ronment [68]. TILs have also been shown to harbor
specificity for tumor antigens. In one study, investi-
gators determined that up to 86% of TILs in 24 RCC
patients were tumor-reactive [69]. They also showed
that these tumor-reactive TILs had lower functional
capabilities with mostly mono- or oligofunctional
CD8 T cell responses [69], whereas polyfunctionality
is typically considered important for optimal CD8 T
cell responses [70–72]. In addition, two other stud-
ies additionally demonstrate that TILs in the tumor
microenvironment of RCC are tumor-reactive [73,
74]. Of note, however, the immune cell infiltrate
in advanced ccRCC develops an exhaustive pheno-
type, hindering their ability to control the disease.
These terminally exhausted TILs may express mul-
tiple inhibitory immune checkpoints, including such
markers as PD-1, TIM-3, LAG-4, and TIGIT, among
others [66].

Until recently, there had been relatively few anti-
gens identified to be recognized by TILs in ccRCC.
An example of these antigens includes a HIF-
1�-derived peptide [75]. In one immunogenomic
analysis of the antigen specificity of T cells in

six ccRCC patients, investigators performed whole
exome sequencing (WES) of tumor samples, and
then used neoantigen prediction software to predict
which peptides may be presented on HLA class I
molecules. With these predictions, they created mul-
timers of peptide-MHC complexes that were used to
probe the specificity of TILs. From this experiment,
they identified 52 neoantigen-specific CD8 T cell
responses in ccRCC TILs [76]. This important study
demonstrated a potential role for targeting neoanti-
gens in ccRCC, but only examined genomic-based
neoantigens derived from SNVs and INDELs. Fur-
ther work is needed to determine the contribution of
other tumor-specific antigens to T cell immunity in
ccRCC.

FUTURE DIRECTIONS

Despite multiple studies showing that the tumor
microenvironment of RCC contains T cells that
are tumor-reactive, little is known about their anti-
genic targets. To develop improved antigen-specific
immunotherapies, the relevant classes of tumor anti-
gens in ccRCC must be investigated more thoroughly.
This may enable a next generation of off-the-shelf and
personalized immunotherapies, including cell-based
therapies and neoantigen vaccines.

Numerous cell-based therapy approach that have
been brought into clinical trials, including dendritic
cell-based vaccines [77, 78], engineered T cells [79],
and autologous TILs [80]. In ccRCC, an initial clini-
cal trial of an autologous dendritic cell vaccine where
DCs were induced to present peptides from whole
tumor samples demonstrated the feasibility of this
approach, but did not yield positive clinical results
[81]. Prior approaches have largely focused on TAAs,
and their inherent limitations related to central toler-
ance mechanisms likely explain, at least in part, their
lack of clinical efficacy. Engineered T cell approaches
include transduced TCRs and chimeric antigen recep-
tor (CAR) T cell therapies. Both of these approaches
have been attempted in RCC and are being actively
explored in clinical trials. Finally, autologous TIL
therapy has also been explored in ccRCC, though
has shown less promise than in other immunogenic
tumors like melanoma [82]. Neoantigen vaccines
are another strategy for personalized cancer treat-
ment that has grown in interest in recent years and
is actively being explored in RCC (NCT02950766).
However, it is worth noting the potential challenges
facing the effective development and implementation
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of antigen-directed therapies. Discovering antigens,
particularly personalized tumor-specific antigens,
requires access to clinical-grade sequencing ser-
vices paired with advanced bioinformatic methods
to successfully identify tumor-specific variants and
predict antigenicity. Beyond merely identifying anti-
gens, such therapies will require further refinement
in delivery technologies and implementation. Cur-
rent delivery methods, including peptides, nucleic
acids (particularly messenger RNA), and engineered
immune cell therapies all have demonstrated feasibil-
ity, but are costly and time-consuming (particularly
with respect to personalized therapies). Further, even
with a comprehensive understanding of tumor anti-
gens, there are still many barriers to clinical activity,
including the need to overcome immunosuppressive
mechanisms in the tumor and beyond. It appears
likely then that antigen-directed therapies could
emerge as an important component of a combination
immunotherapy strategy, adding the “steering wheel”
to an immune response already released through
immune cell activators or checkpoints inhibitors.

All of these antigen-directed therapeutic
approaches would greatly benefit from under-
standing the antigen specificity of TILs. A deeper
understanding of the classes of tumor antigens in
RCC would provide important biological insight
into this disease, with potential implications for
understanding the high T cell infiltration in these
tumors and contribute to an improved understanding
of at least one potential mechanism resistant to cur-
rent immunotherapies (i.e. lack of tumor antigens).
However, knowledge of the exact tumor antigens
in this disease would provide a foundation for the
development an antigen-directed therapies, with this
potential to further improve our immunotherapeutic
armamentarium in RCC. Specifically, this knowl-
edge would allow vaccines or cell-based therapies
to be designed with a greater degree of accuracy by
understanding which peptides elicit optimal immune
responses. Therefore, a more concerted effort for
antigen discovery is needed for ccRCC.
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