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Simple Summary: Over the last decade there has been a significant increase in the number of
therapies that activate the host’s immune system to target and eliminate renal cell carcinoma (RCC)
tumors. The superior efficacy of these agents demonstrates that host control of RCC requires a
robust and effective immune response. Given the increasing incorporation of immune activating
agents into routine clinical practice for the management of RCC, it is important for researchers and
clinicians to understand the characteristics of the immune microenvironment in RCC tumors. The
purpose of this review is to describe the concepts of the anti-tumor immune response to RCC and to
provide a detailed summary of the current understanding of the immune response to RCC tumor
development and progression. Additionally, this article explores how components of the immune
microenvironment are being used to predict response to therapy and patient survival.

Abstract: Scientific understanding of how the immune microenvironment interacts with renal cell
carcinoma (RCC) has substantially increased over the last decade as a result of research investigations
and applying immunotherapies, which modulate how the immune system targets and eliminates
RCC tumor cells. Clinically, immune checkpoint inhibitor therapy (ICI) has revolutionized the
treatment of advanced clear cell RCC because of improved outcomes compared to targeted molec-
ular therapies. From an immunologic perspective, RCC is particularly interesting because tumors
are known to be highly inflamed, but the mechanisms underlying the inflammation of the tumor
immune microenvironment are atypical and not well described. While technological advances in
gene sequencing and cellular imaging have enabled precise characterization of RCC immune cell
phenotypes, multiple theories have been suggested regarding the functional significance of immune
infiltration in RCC progression. The purpose of this review is to describe the general concepts of the
anti-tumor immune response and to provide a detailed summary of the current understanding of the
immune response to RCC tumor development and progression. This article describes immune cell
phenotypes that have been reported in the RCC microenvironment and discusses the application of
RCC immunophenotyping to predict response to ICI therapy and patient survival.
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1. Introduction

In 2022, renal cell carcinoma (RCC) accounted for most of the estimated 79,000 new
diagnoses of kidney cancer and 13,920 deaths, making it one of the most common malignan-
cies in the United States [1,2]. For clinically localized or locally advanced disease, surgery
is the primary treatment, but tumors with aggressive features, such as high tumor grade,
presence of tumor thrombus, tumor necrosis and peritumoral fat invasion, may have higher
rates of metastatic progression [3,4]. Consequently, RCC has been the focus of tumor mi-
croenvironment (TME) research to understand mechanisms of pathogenesis and to inform
treatment approaches. Previously, angiogenic components of the TME in RCC emerged
as promising targets, with improved survival demonstrated in metastatic RCC (mRCC)
using tyrosine kinase inhibitors [5]. More recently, immune checkpoint inhibitors (ICI)
have shown superior outcomes compared to tyrosine kinase inhibitor and mTOR inhibitor
therapies in advanced RCC clinical trials [6-9]. Understanding the immunologic aspects
of the RCC TME will be important to developing new therapeutic targets and prognostic
signatures. Although ICIs have shown success for RCC treatment [10,11], our understand-
ing of the mechanisms of anti-tumor immune response and immune dysregulation in RCC
remains limited. This review aims to summarize our understanding of the basic concepts
of RCC tumor-immune biology and discusses in detail the attempts to use components of
the RCC immune microenvironment as prognostic and predictive biomarkers.

2. The Immune Response to Cancer

The tumor immune microenvironment is shaped by the response of the immune
system to tumor cell development, which is distinct from the response to external pathogens.
For example, recognition of “non-self” antigens on bacteria allows targeting and removal
while avoiding autoimmunity. However, tumor cells are unique because non-synonymous
somatic mutations of host genes produce “neoantigens” that may be recognized by immune
cells as foreign, triggering a host immune response, which has been described as the
“cancer-immunity cycle” (Figure 1) [12]. Tumor cell recognition is initiated primarily by
dendritic cells (DCs), which act as the main antigen presenting cells (APCs) within the body.
Neoantigens are captured and processed by DCs in the tumor microenvironment, which
has migrated to the tumor under the influence of pro-inflammatory signals [13]. Certain
types of mutations, such as frameshift mutations, may result in significantly altered peptide
sequences leading to more robust immune responses [14]. Measures of tumor mutational
burden (TMB) have been used as an indirect measure of neoantigen production and have
been found to be associated with survival and improved response to ICI therapy in some
tumors, such as melanoma and NSCLC; however, prior studies have suggested that TMB is
less predictive of ICI success in RCC [14,15].
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Figure 1. The renal cell carcinoma cancer immune cycle. Depiction of the immune response cycle to
renal cell carcinoma. Dendritic cells (DCs) and other antigen presenting cells (APCs) are recruited
to the tumor microenvironment where renal cell carcinoma (RCC) tumor neoantigens are captured,
processed and then presented by DCs and APCs on MHC I and MHC II molecules (step 1). DCs and
other APCs migrate to tumor draining lymph nodes (TDLNs), where they present tumor neoantigens
to T cells (step 2). Naive CD8* T cells undergo a two-phase process to gain effector functions (as
proposed by Prokhnevska et al. [16]). In phase 1, naive CD8" T cells become activated stem-like CD8*
T cells, which migrate to the tumor microenvironment and have the ability to replicate but do not
yet possess effector functions. In phase 2, the stem-like CD8" T cells differentiate into effector cells
by a second co-stimulatory signal from tumor resident DCs. These terminally differentiated effector
CD8" T cells target and destroy tumor cells (step 4). This releases more RCC neoantigens, further
potentiating the cancer immune cycle (step 5).

After neoantigen capture and processing by DCs and other APCs, cells migrate to
tumor draining lymph nodes and present neoantigens to T cells, which become primed and
activated leading to effector T cell responses. One critical step of the cancer-immunity cycle
is the adaptive immune system recognizing that neoantigens are foreign and bypassing
central tolerance. Activation of T cells triggers both effector and regulatory responses,
and the balance of these two responses determines the overall tumor destruction. After
activation, effector cells infiltrate into the tumor through specialized vascular endothelial
cells with the aid of pro-inflammatory cytokines and chemokines. Accordingly, T cells
recognize cancer cells expressing neoantigens loaded on MHC class I molecules with the
T cell receptor (TCR) which ultimately results in killing the cancer cell [12,13]. CD8" T
cells release death-inducing granules containing granzymes and perforin which can create
cancer cell membrane pores allowing enzyme entry and cell death [17]. Additionally,
CD8" can induce apoptosis by activating the FasL /Fas pathway, which activates caspases
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and endonucleases, leading to fragmentation of cancer cell DNA [17]. Tumor cell death
releases more tumor neoantigens, which stimulates and reinforces the cancer-immune
cycle. Acting as a negative balance or checkpoint, immune regulatory signals can dampen
the host adaptive immune response and produce a pro-tumorigenic microenvironment.
For example, expression of PD-L1 on tumor cells binds to PD-1 on CD8+ T cells resulting
in reduced cytotoxicity, proliferation and response to TCR stimulation [13]. Inhibition
of negative immune regulatory responses (by blocking PD-1 or CTLA-4 signaling) is the
central tenant of ICI therapy and has been successful in improving immune destruction
and clearance of multiple tumor types including RCC.

The recognition of tumor neoantigens and creation of an effector response within the
tumor draining lymph nodes has been dogma and extrapolated from research investigating
response to viral infections. More recent studies suggest that the adaptive immune response
to tumors may be more complex. Prokhnevska et al. demonstrated a two-phase process
in a mouse model of RCC [16]. First, CD8" T cells are primed within the tumor draining
lymph node. These stem-like CD8" T cells (expressing TCF1 and PD-1) proliferate but do
not express effector molecules associated with tumor cell killing. The stem-like CD8" T
cells then migrate to the tumor via chemokine signaling and express co-stimulatory recep-
tors, maintaining a stem-like phenotype until a second phase of co-stimulation by APCs
generates an effector transcriptional program necessary for tumor cell killing (Figure 1) [16].
This two phase effector T cell activation is thought to have implications for ICI therapy.
Blocking PD-1 may promote activation and proliferation of stem-like CD8" T cells, but a
second stimulatory signal is required from APCs within the TME, which leads to an effector
CD8* T cell response and tumor killing. The necessity of a second stimulatory signal could
help explain why there is significant variation in responses to anti-PD-1/PD-L1 therapies
among different RCC tumors and between patients [16].

Heterogeneity and distribution of different immune cells within the TME is vast and
varies significantly among different tumors [18]. In addition, the immune microenviron-
ment composition within tumors changes as tumors evolve over time. More advanced
tumors often develop a more immunosuppressive phenotype with decreased involvement
of effector T cells [19,20]. For example, as colorectal tumors evolve from stage T1 to T4, T cell
tumor infiltration significantly decreases [19]. In RCC, more advanced stages are associated
with an increase of exhausted CD8+ T cell phenotypes and expression of an immunosup-
pressive M2 macrophage phenotype [20]. Although the distribution of immune cells within
the TME has been frequently shown to be prognostic of clinical outcomes [18,21], it is
critical to understand that tumor-immune interactions are dynamic and vary over time.

3. Cell Types of the Tumor Immune Microenvironment

The cancer microenvironment, including the immune microenvironment is a dynamic
pathological ecosystem [22,23]. Several organs and tissues including the bone marrow,
blood, spleen and tumor-draining lymph nodes form an interconnected immunological
network to help create and deliver immune cells to the TME. The distribution of immune
cell phenotypes within the TME influence tumor growth and patient outcomes. There are
two main categories of immune cells: cells that comprise the innate and adaptive immune
system. Broadly, components of the innate immune system include macrophages, dendritic
cells, neutrophils, myeloid derived suppressor cells, natural killer (NK) cells, eosinophils,
basophils, mast cells and innate lymphoid cells [24]. Components of the adaptive immune
system include T cells (e.g., CD4* and CD8" T cells) and B cells. Many of these cell types
have significant plasticity and can gain different phenotypes depending on the surrounding
microenvironment signals and cellular interactions.

Macrophages are commonly observed immune cells in the RCC TME. These tumor
associated macrophages (TAMs) have significant plasticity and vary between the M1 and
M2 phenotypes. M1 cells have a tumor suppressive phenotype and express proinflamma-
tory cytokines, which potentiate Ti1 responses [24,25]. M2 macrophages tend to have a
pro-tumorigenic, immunosuppressive phenotype [24]. Tumor cells can influence which
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phenotype a macrophage adopts by secreting IL-4 promoting the M2 phenotype, which
has demonstrated the ability to remodel the surrounding tumor stroma, promoting tumor
invasion [24,25]. Additionally, TAMs may repress cytotoxic T cells through a number
of proposed mechanisms. These include depletion of L-arginine and reactive oxygen
species generation, or they may modulate T cell function through expression of regulatory
cytokines, such as IL-10 and TGF-f [26]. In general, RCC tumors with high infiltration
of TAMs may limit anti-tumor T cell responses and are associated with a poor progno-
sis [27,28].

Dendritic cells are the primary innate immune cells that activate T cell mediated
immune responses [29,30]. Dendritic cells are considered “professional antigen presenting
cells” and uptake, process and present antigens through MHC class I and MHC class
II molecules. Dendritic cells stimulate T cell activity through secretion of cytokines that
induces T cell differentiation [30]. Other immune cells, such as B cells and macrophages, can
also present antigens to T cells, but DCs are the most active T cell stimulating cells. Dendritic
cells are broadly classified into classical DCs (cDCs), which can be further categorized as
¢DC1 and cDC2 subtypes, plasmacytoid DCs (pDCs) and monocyte-derived inflammatory
DCs (moDCs) [31]. Similar to macrophages, the DC phenotype exists on a spectrum and
DCs infiltrating tumors can be immunogenic or tumor tolerogenic. Tumors can also secrete
cytokines to induce particular DC transcriptional and metabolic pathways that promote a
tolerant environment such that DC will drive Ty2 and Treg responses, such as pathways
that involve IDO, Argl, iNOS, and STAT3 [24]. Given their phenotypic plasticity, the role
of DCs in tumor control is variable. As with other cell types, the DC phenotype may be
tumor stage dependent, and as tumors become more advanced, DCs may shift from a
tumor suppressive to tumor promoting phenotype [24].

Another important member of the innate immune system is the natural killer (NK)
cell. These innate lymphoid cells have cytotoxic effector functions [24,25]. Tumor cells are
typically destroyed by CD8" T cells, which rely on the expression of MHC class I molecule
expression on the tumor cell surface for T cell recognition. Tumor cells can evade immune
detection through the mutation or down regulation of MHC class I molecules. NK cells
recognize and target cells that lack MHC class I expression in the TME as a mechanism to
prevent immune evasion; however, NK cells are less efficient at destroying tumor cells com-
pared to CD8* T cells [13]. Gene expression data from The Cancer Genome Atlas (TCGA)
revealed that ccRCC tumors had the highest probability of immune infiltration for several
immune cell types, including NK cells compared to other tumor types [32]. Other studies
using RCC patient-derived xenografts also demonstrate RNA signatures for inflamed RCC
tumors, including tumors with heavy NK cell infiltration [33]. NK cells express a number
of inhibitory immune checkpoint proteins similar to T cells including TIM-3, LAG-3 and
TIGIT (T cell immunoglobulin and ITIM domain) as well as stimulatory checkpoints, such
as 4-1BB, which may be potential targets for future therapeutic exploitation [34].

T cells are a major component of the adaptive immune response to RCC, which may
determine how a tumor progresses over time [21]. Two major classes of T cells exist
expressing either CD4 or CDS8 cell surface proteins. CD4" T “helper” cells can be divided
into various phenotypic subtypes. Ty1 cells are associated with an anti-tumor phenotype
and help to stimulate a cytotoxic CD8" T cell response via the production of IL-2 and
IFNy. Conversely, T2 and Treg CD4" cells have more pro-tumorigenic phenotypes and
lead to a reduced antitumor response through the production of inhibitory cytokines (e.g.,
IL-10, TGEP and IL-35). T follicular helper (Tgp) cells are another CD4" subtype that
express BCL-6, which have been found in tertiary lymphoid structures and interact with B
cells to stimulate anti-tumor antibody production. T regulatory (Treg) cells express CD4,
CD25 and FOXP3 [35], which primarily function to promote peripheral tolerance and
prevent autoimmunity secondary to chronic T cell activation as seen in the TME [36]. These
cells are hypothesized to help promote tumor growth by suppressing cytotoxic effector
cells [35]. While these cells appear to have a pro-tumorigenic function, their presence
has been associated with both a poor and favorable prognosis, as their presence may be
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indicative of an ongoing robust cytotoxic T cell response to the tumor [36]. Treg cells within
the TME have been demonstrated to promote loss of effector CD8* T cell function through
secretion of IL-35 leading to T cell exhaustion and upregulation of multiple inhibitory
receptors (PD-1, TIM-3, LAG-3) on CD8* T cells [37].

The primary anti-tumor effector cells are CD8* T cells [38], which can be divided into
different phenotypes based on differential gene expression. These phenotypes include
naive, effector, memory and exhausted CD8* T cell phenotypes. Effector T cells are critical
to anti-tumor immunity and express genes associated with cytotoxic activity, including
GZMA, GZMB and NKG7 [38]. Historically, it was believed that CD8" T cells gain effector
functions within tumor draining lymph nodes (TDLN)), as is seen during viral infections,
but recent work in RCC and prostate tumors demonstrates that some CD8" T cells may
undergo a two-phase activation process starting in the TDLN and ending with a second
stimulatory signal in the TME [16]. CD8" T cells recognize tumor cells through the T cell
receptor (TCR) interacting with neoantigens loaded on MHC class I molecules present on
the tumor cell surface.

Higher neoantigen load produced by homogenous tumor cells has been demonstrated
to promote more effective immune surveillance in lung cancer. The investigators speculate
that higher neoantigen heterogeneity may yield a lower antigen “dose”, which may not
effectively stimulate an immune response [15]. This concept is relevant to RCC as these
tumors tend to be highly heterogenous. Intratumoral heterogeneity may potentially result
in a spatially heterogenous neoantigen load and a less effective CD8" T cell response. Over
time and as the tumor progresses, CD8" T cells will begin to exhibit an “exhausted” pheno-
type within the TME. This appears to be a gradual change and not necessarily a distinct
group of CD8* cells. CD8" T cells will begin to express various levels and combinations of
inhibitory receptors, such as TIM-3, CTLA-4, LAG-3 and PD-1, and stimulation of these
receptors leads to contraction of the immune response [25,38]. Modulation of the exhausted
CD8* T cell phenotype through inhibition of these receptors (such as PD-1 and CTLA-4
blockade) is the basis for ICI therapy and is the current first line systemic therapy for
metastatic and adjuvant high risk ccRCC.

Another critical member of the adaptive immune response to tumors are B cells, which
can be subdivided into naive, IgM memory, switched memory, germinal center, plasmablast,
plasma cells and B regulatory (Breg) cells [39]. B cells localize in tumor draining lymph
nodes and in ectopic lymphoid structures called tertiary lymphoid structures (TLS) in
the TME [40]. Within TLS, B cells can undergo maturation from naive B cells to memory
B cells and plasma cells (Figure 2), which then propagate into the tumor bed. B cell
phenotypes within the TME are highly heterogenous and B cells can exhibit both pro- and
anti-tumorigenic functions. Anti-tumorigenic functions of B cells include the production
of tumor specific antibodies and T cell priming and activation as well as direct cytotoxic
activity. Conversely, Breg cells can produce cytokines, such as IL-10, which inhibit cytotoxic
CD8" T cell activity [41]. B cells can also lead to immune tolerance and secrete cytokines
that promote cancer cell growth [40]. In general, B cell infiltration has been correlated
with improved clinical outcomes among multiple tumor types [41]; however, in ccRCC,
higher expression of B cell associated genes was associated with worse prognosis based on
analysis of TCGA gene expression data [42]. Additionally, increased Breg infiltration has
been associated with a poor prognosis in various tumor types [41,43].
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Figure 2. Components of the renal cell carcinoma tumor immune microenvironment. This figure
demonstrates some of the many immune components of the tumor microenvironment. Mature tertiary
lymphoid structures are composed of a germinal center containing follicular dendritic cells, B cells
which differentiate into plasma cells secreting antibodies and a surrounding T cell zone composed
of CD4" and CD8* T cells, which can be activated by antigen presenting cells. High endothelial
venules (expressing PNAd) are also present within TLS, which are specialized capillaries that aid
in lymphocyte migration. Plasma cells migrate from the TLS along fibroblast tracks via chemokine
signaling [44] and continue to produce antibodies that bind to RCC tumor cells. This allows for
antibody dependent cellular cytotoxicity (ADCC) when cells such as NK cells and macrophages
recognize and destroy antibody bound tumor cells. Additionally, cytotoxic CD8* T cells target tumor
cells presenting neoantigens loaded on MHC class I molecules (i.e., T cell mediated cytotoxicity).
Binding of these MHC class I molecules to the T cell receptor leads to the release of granzymes and
perforin from the T cell, which creates pores in the tumor cell membrane and subsequent tumor cell
death leading to further tumor neoantigen release.

4. Characteristics of the Renal Cell Carcinoma Tumor Immune Microenvironment

RCC is known to be one of the most highly immune infiltrated solid tumors containing
a heterogeneous population of infiltrating immune cells [45,46]. Using the TCGA, a study
by Rooney et al. used an RNA-based metric of immune cytolytic activity by measuring
expression of granzyme A (GZMA) and perforin (PRF1), which are upregulated in activated
CD8* T cells. Among 18 different untreated primary tumor subtypes, ccRCC demonstrated
the highest cytolytic activity of all tumors [47]. These findings were confirmed in a similar
study that evaluated 19 different cancer types using the TCGA and demonstrated ccRCC
and lung adenocarcinoma to have the highest T cell and overall immune infiltration gene
signature score [48].
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Different histologic subtypes of RCC have significantly different immune microenvi-
ronments, highlighting the tumor cell’s ability to generate or alter the immune response
differently among the various RCC subtypes. Clear cell RCC has the highest degree of
immune infiltration compared to either papillary or chromophobe RCC based on TCGA
immune gene signature analyses [49]. Chromophobe RCC is associated with an increased
Ty17 gene signature; while IL-8 and CD56 NK cell gene signatures are increased in pap-
illary RCC [49]. In an effort to identify a prognostic biomarker for RCC, Ricketts et al.
identified that the T2 gene signature, among various other immune cell gene signatures,
was the only one correlating with poor survival among all RCC subtypes, including clear
cell, papillary and chromophobe [49]. Conversely, the Ty17 gene signature was associated
with prolonged survival in ccRCC only [49].

Chevrier et al. conducted a detailed analysis of the RCC immune microenvironment
by performing mass cytometry on 73 ccRCC tumors and 5 matched normal kidney samples,
which provided a comprehensive “immune atlas” of RCC tumors [50]. Tumors within this
study consisted of all grades and also included four patients with metastatic disease. The
analysis demonstrated T cells to be the most common immune cell within the RCC immune
microenvironment (composing 51% of immune cells), and myeloid cells (31%), NK cells
(9%) and B cells (4%) were the next most common. Among T cells, various phenotypes
were detected, including 11 different CD8* T cell phenotypes and 8 CD4" T cell phenotypes.
Tumors demonstrated broad expression of PD-1 across T cell phenotypes; however, other
inhibitory receptors, such as CTLA-4, 4-1BB and TIM-3, had more variable expression,
which has implications related to therapeutic targeting of PD-1 versus other inhibitory
molecules that may be involved with T cell exhaustion [50]. This study also characterized
17 different tumor associated macrophage (TAM) phenotypes, and demonstrated the
transition between immature circulating monocytes to mature tissue macrophages. TAMs
with high CD38 expression were associated with higher Tyeg cells or exhausted T cells,
which may indicate that CD38* TAMs modulate T cell activity in the RCC TME. Importantly,
different TAM populations demonstrated prognostic ability with clinical metrics [50].

Using paired single-cell RNA and T cell receptor sequencing in four ICI-naive and
two ICI-treated metastatic ccRCC patients, Krishna et al. dissected the RCC immune
microenvironment, finding 5 CD8* T cell phenotypic clusters, 5 CD4" T cell clusters,
2 monocyte clusters, 3 dendritic cell clusters and 4 TAM clusters. Multiregional tumor
sampling also demonstrated significant intratumoral immune diversity, with certain tumor
regions with extensive T cell infiltration, while other portions were T cell excluded or TAM
infiltrated. Interestingly, an ICI-resistant tumor was characterized by T cell exclusion and
had the highest prevalence of TAM populations compared to all other tumors evaluated,
raising the possibility that an immunosuppressive TAM and T cell exclusion phenotype
may result in ICI resistance [27]. This study also demonstrated that tissue-resident CD8*
T cells (expressing CD69, ZNF683, CD103, PCD1 and LAG3) may promote anti-tumor
immunity and appear to expand after ICI administration. The investigators speculate that
tissue-resident T cells may swiftly recognize neoantigens and produce cytotoxic effector
molecules, similar to their ability to rapidly respond to pathogenic infections [27].

Renal cell carcinoma tumors have significant TME spatial heterogeneity which impacts
the density and phenotypes of immune cells across the tumor. Investigations of spatial
heterogeneity have demonstrated that the degree of T cell exhaustion strongly correlates
with the cell’s location within the tumor. The physical location of the immune cells may
drive T cell receptor clonotype enrichment to a greater extent than the tumor’s somatic
mutation heterogeneity [51]. A study by Li et al. demonstrated that T cell clonotypes
were enriched in only certain regions across the tumor, and these regions had negligible
differences in somatic mutations [51]. Additionally, particular TAM phenotypes appear to
enrich in either the tumor core or invasive front. The study also demonstrated that T cell
clones appear to infiltrate tumors and undergo a gradual phenotypic transformation from
activation to dysfunction. Taken together, these data suggest that sampling a single tumor
region will unlikely reflect the extent of T cell (i.e., T cell receptor) clonal expansion across
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the entire tumor. The study also demonstrated that the location of the tumor and immune
cell interaction impacts the ability of the tumor to progress. Renal cell carcinoma cells
expressing an epithelial-mesenchymal transition (EMT) gene program, which is critical for
metastatic competence, were more abundant at the tumor/normal tissue interface. These
EMT-high RCC cells colocalized with IL-1(3 expressing macrophages, which can break
down the surrounding collagen-rich stroma. This suggests that macrophages may help to
promote tumor invasion [51].

How cells interact and organize in the TME is important for an effective immune
response. Tertiary lymphoid structures (TLSs) have been increasingly recognized as pos-
sible sites of tumor antigen recognition and generation of adaptive immune responses
locally within the TME [44,52-64]. Tertiary lymphoid structures are organized aggregates
of immune cells that arise, unlike lymph nodes, postnatally in non-lymphoid tissues [62].
The organization of TLS consists of an inner zone of CD20* B cells surrounded by T cells,
mimicking lymph follicles of secondary lymphoid organs (Figure 2) [55,62]. T cells within
TLSs consist of CD4" Tgp, Ty1, Tregs and CD8* cytotoxic T cells. CD217CD23" follicu-
lar dendritic cells are also present. The TLS is surrounded by specialized blood vessels
called high endothelial venules (HEVs) that promote lymphocyte extravasation into the
TME [54]. Tertiary lymphoid structures appear to have the ability to generate adaptive
immune responses to tumor cells independent of more distant tumor draining lymph
nodes. Mice lacking secondary lymphoid organs can still generate antitumor immune
responses including effective T cell priming within intratumor TLS [55]. In RCC specifically,
spatial transcriptomic analyses of primary tumor samples have shown TLSs to be sites
of plasma cell maturation, which then migrate from TLS into the nearby TME guided by
local fibroblast chemokines [44]. The plasma cells secrete IgG antibody which then binds
and induces tumor cell apoptosis, possibly through a macrophage induced mechanism as
evidenced by the higher infiltration of CD68+ macrophages surrounding IgG bound tumor
cells [44]. Tertiary lymphoid structures and B cells localized within TLSs also appear to
promote ICI response. Higher expression of B cell related genes was shown to be present
in metastatic RCC tumors responsive to ICL. These intratumoral B cells were shown to
localize within TLSs, and patients with higher TLS density were more likely to respond to
ICI therapy [64].

One common research strategy is to categorize the intensity and type of immune
responses within individual RCC tumors to describe the spectrum of immune responses.
The phenotypes typically range from tumors that have a severely limited or absent immune
infiltration to tumors that are heavily infiltrated with immune cells. Table 1 lists tumor
immune microenvironment classification systems and the relative prognosis associated
with each class. The classifications often not only incorporate the quantity of immune
cell infiltration but also the degree of activation of individual immune cells. For exam-
ple, Clark et al. characterized the immune infiltration using transcriptomic profiles into
four categories: (1) CD8* inflamed tumors which had high CD8" infiltration with an effec-
tor gene signature characterized by increased IFNy signaling; (2) CD8" inflamed tumors
characterized by an innate immune signature with increased dendritic and macrophage
cells in the TME; (3) VEGF immune desert tumors with a high stromal gene signature,
increased endothelial cells and enrichment of an angiogenesis signature; and (4) metabolic
immune desert tumors, which had low immune and stromal scores as well as increased
mTOR signaling and a unique metabolic profile. The lack of immune cells in the metabolic
immune desert tumors suggests that a hypoxic, nutrient poor microenvironment may
be immunosuppressive [65]. This demonstrates just one of many classification systems,
which in general demonstrate a spectrum of immune infiltration, and no consensus has
been reached as to which classification system is most prognostic or predictive of systemic
therapy response. These classification systems also suggest an evolution of the immune
response to tumors over time. Further studies have investigated how the immune response
evolves as tumors progress.
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Table 1. Tumor microenvironment classification systems.

Tumor
Study RCC Subtype Stages Studied Method of Categorization Microenvironment Category Characteristics Ifi ztef::;yis
Categorization 8
e Low T cell infiltration, low stromal score, increased
Non-infiltrated . ! . Best
metabolism and mitochondrial related genes
Senbabaoglu TCGA based gene Heterogeneously Increased angiogenesis-related gene expression, .
etal., 2016 [48] Clear cell All Stages expression signatures Infiltrated ¢-KIT and Smadl Intermediate
T cell Enriched High T cell infiltration, hlgh granzyme B and Worst
IFNYy expression
Giraldo et al Multiparametric Immune activated Increased CD8™ clonality, increased cytotoxic genes Best
12 0 170[g 6] v Clear cell Localized RCC flow cytometric Immune silent Low levels tumor infiltrating lymphocytes Intermediate
immunophenotypic analysis Immune regulated M2-rich, poorly cytotoxic, increased Treg Worst
VEGF immune desert Elevated stromal score, endothelial enrichment Best
. . CDS8" Inflamed Innate immune signature, fibroblast signature Intermediate
Transcriptomic and .
Clark et al. proteomic Metabolic immune Low lmmune an d stromal scores, ele\{ated .
2019 [65] Clear cell All Stages microenvironment desert mltochondrlalf OXPHOS, glycolysis Intermediate
signatures protein expression
v High CD8* infiltration, BAP1 mutations, CD38
CD8* inflamed . . - Worst
expression, IFNy signaling
Cluster 3 High PBRM1 mutations, hlgh angiogenesis score, Best
moderate immune infiltration
. . . . Cluster 2 Moderate ANBIOBENES'S SCOTE, moderate Intermediate
Hakimi et al., al 1 Metastati Somatic mutation analysis, immune infiltration
2019 [67] carce ctastatic RNA and protein expression Lowest angiogenesis score, lowest .
Cluster 1 . . - Intermediate
immune infiltration
High BAP1 mutation, moderate angiogenesis score,
Cluster 4 high immune infiltration, higher PD-L1 expression Worst
5-fold more CD8* T cells at the tumor margin than
Immune Excluded .
In tumor center
Integrated genetic, Not excluded and below 25th percentile for CD8* . .
Braunetal, Clear cell Metastatic transcriptomic and Immune Desert T cells, 50 cells/mm? in the tumor center No difference in

2020 [68] immunopathologic analysis

Immune Infiltrated

Not excluded and >25th percentile for CD8* T
cells in the tumor center. Enriched for M1
macrophages, CD4* memory T cells, NK cells

prognosis
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4.1. Immune Microenvironment Changes during Tumor Development and Treatment

The immune microenvironment is dynamic, and the phenotype of immune cells
within the tumor changes over the course of tumor development. Recent investigations
have focused on how the immune cell phenotypes alter over the course of tumor devel-
opment [34,51,69]. Braun et al. evaluated how the immune cell phenotypes change from
early to advanced (i.e., metastatic) disease stages. The investigators profiled immune cells
from ccRCC tumors using single-cell transcriptomics from 13 patients with advancing
disease stage [20]. The study demonstrated within T cell populations, there was marked
transcriptional heterogeneity consisting of 19 individual populations of T cells including
Treg cells, CD4" with activated or central memory phenotypes, CD8" tissue resident mem-
ory cells, and a large population of exhausted CD8* T cells. Six of the CD8" populations
expressed markers of exhaustion such as PD-1, TOX and TIM-3 at high or moderate levels,
indicating a terminally exhausted phenotype. Another group of CD8" T cells expressed
cytotoxic molecules consistent with an effector population. A group of three CD8" clusters
expressed ZNF683 (HOBIT), PRDM1 (BLIMP-1) and ITGAE (CD103), indicative of a tissue-
resident memory phenotype. Among the CD4* T cell population, 3 broad phenotypes
were identified including an activated, central memory and Treg population. Among early
stage ccRCC tumors, effector CD8* T cells were enriched while metastatic ccRCC tumors
were enriched for terminally exhausted CD8" T cells. With advancing disease stage, there
was an increase in expression of inhibitory checkpoints such as PD-1, TIM-3 and LAG-3.
Markers of progenitor or stem-like T cells, including TCF1 and T-bet, were increased early
but decreased with disease progression. Overall, these data demonstrate a progressive
T cell exhaustion with advancing disease stage. Tumors begin with an initial infiltration
of cytotoxic CD8" T cells followed by progressive immune dysfunction leading to termi-
nally exhausted CD8* T cells in advanced disease stages [20]. Interestingly, terminally
exhausted CD8" T cells were highly clonal (based on TCR sequencing) and represented
a high proportion of the total number of T cells within the TME, suggesting a possible
limited number of neoantigens are being targeted by T cells [20]. The findings by Braun
et al. were confirmed by another study demonstrating that T cell clones entering ccRCC
tumors undergo a phenotypic transition over time from an effector state to progressive
dysfunction and ultimately terminal exhaustion with advancing disease stage [51].

Tumor associated macrophages (TAMs) also shift phenotypically with advancing
disease stage. Early-stage tumors contain TAMs expressing more proinflammatory genes;
however, TAMs shift to an anti-inflammatory gene signature with advancing disease.
Additionally, the expression of M2 genes, which are associated with a pro-tumorigenic
microenvironment, increases with metastatic disease [20]. M2 TAMs interact with CD8* T
cells through expression of multiple T cell immune checkpoint ligands, including PD-L1,
CDB80 and CD86 (which bind CTLA-4), CD155 (binds TIGIT) and Galectin-9 (binds TIM-3),
and these interactions are associated with a worse overall survival [20]. Modulation of
terminally exhausted T cells by inhibiting molecules, such as PD-1, PD-L1 and CTLA-4,
is the basis for ICI therapy, which has led to significant improvements in the survival of
patients with advanced RCC.

The immune microenvironment additionally shifts in response to ICI therapy. Bi
et al. investigated immune microenvironment changes before and after ICI therapy, using
single-cell transcriptomic dissection of mRCC tumor biopsies [70]. TAMs in responders
to ICI therapy shift to a pro-inflammatory state, possibly secondary to IFNy, produced
by CD8" T cells. Also, CD8* T cells express higher levels of co-inhibitory receptors and
effector molecules such as GZMB, PRF1 and IFENG [70]. Despite this significantly more
inflammatory immune microenvironment in responders to ICI therapy, these tumors also
had a profound increase in CD8" T cell checkpoint genes and TAM anti-inflammatory
signaling genes, suggesting a possible route to eventual ICI resistance [70].
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4.2. Renal Cell Carcinoma Tumor Antigens and Genomic Correlations with Immune Response

As discussed, tumor neoantigens are critical components for immune cell recognition.
Tumor mutational burden (TMB) is often used as a surrogate marker for neoantigen pro-
duction and has been predictive of ICI responsiveness and degree of immune infiltration in
multiple tumor types. However, RCC tumors only demonstrate a relatively moderate TMB,
which has not been reliably predictive of RCC response to ICI therapy [34,71,72]. Compared
to melanoma and non-small cell lung cancer, which harbor 10400 mutations/megabase,
ccRCC only harbors about 1.1 mutation/megabase. Although measured TMB is lower,
RCC still demonstrates one of the highest levels of immune infiltration, particularly T cell
infiltration, in the TME compared to other tumor types [71]. One possible explanation for
this may be how TMB has been previously quantified, with the most common method
being measurement of single nucleotide variants (SNVs). However, SNVs may not always
produce inflammatory neoantigens which might confound TMB data for RCC. Mutations
caused by insertions and deletions (“indels”) are much more likely to cause frameshifts
leading to altered protein structures and formation of neoantigens that are recognized by
immune cells. While RCC may have lower TMB, indels are highly abundant in RCC, which
may lead to a higher neoantigen load and immune infiltration [73,74], despite relatively
low measured SNV.

Beyond TMB, investigations have been performed linking particular RCC genotypes
to the degree of tumor immune infiltration. The central pathway of tumor development
in ccRCC is caused by the loss or inactivation of the tumor suppressor VHL located on
chromosome 3p. Loss of VHL is often associated with loss of other tumor suppressor genes
including PBRM1, BAP1 and SETD2, which are also located on chromosome 3p [75]. VHL
inactivation causes stabilization of hypoxia inducible factors, HIF-1& and HIF-2¢ [75,76].
HIF activation causes expression of genes regulating angiogenesis, glycolysis and apop-
tosis [75]. HIF proteins also impact the tumor immune microenvironment [77]. In an
immune competent murine autochthonous model of ccRCC, Hif2a deletion led to increased
expression of immune infiltration mRNA signatures, antigen presentation and interferon
activity. Additionally, greater effector CD8" T cell infiltration (expressing markers of CD69
and perforin) was detected. In general, mice with HIF2a deletions developed less tumors
compared to HIF1a mutants, which may be related to greater anti-tumor immune response
secondary to HIF2a deletion [77]. In summary, activation of HIF-2¢ in ccRCC may act as a
suppressor of T cell inflammation [77,78].

Mutations in PBRM1 and BAP1 are also critical driver events of ccRCC tumor develop-
ment and are known to be prognostic for outcomes in RCC [75]. Studies have investigated
their impact on the immune microenvironment. A cohort of metastatic ccRCC patients had
whole exome sequencing (WES) of tumor tissue. Tumors harboring PBRM1 loss of function
(LOF) mutations were more likely to respond to ICI therapy [71]. Additionally, PBRM1 LOF
mutations were associated with lower expression of immune-inhibitory ligands within the
tumor [71]. A separate study demonstrated that mRCC primary tumors containing trun-
cating PBRM1 mutations were less immune infiltrated overall and had a lower total CD8*
T cell infiltration compared to tumors with intact PBRM1 [68]. Loss of PBRM1 function
causes a reduction in IFNy-STAT1 signaling in both murine and human RCC cell lines; thus,
PBRM1 inactivation leads to a less immunogenic TME [79]. Conversely, tumors harboring
BAP1 mutations have been associated with heavy CD8" T cell inflammation [33,65].

4.3. The Predictive and Prognostic Capability of the Tumor Immune Microenvironment in RCC

One goal of immune microenvironment research has been to identify immune based
biomarkers that have the ability to prognosticate patient survival as well as predict re-
sponse to ICI or anti-angiogenic therapies. Multiple investigations have identified potential
biomarkers with occasionally conflicting results [32,34,48,49,65-69,73,80-83]. Table 2 lists
some immune based biomarkers evaluated in multiple studies [84]. Studies have been
heterogeneous in terms of the stage of tumors evaluated (early versus advanced stage),
number of samples taken from individual tumors, whether the primary or metastatic tumor
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was sampled, and differences in how the immune microenvironment was evaluated (based
on bulk or single cell sequencing signatures, immunofluorescence, biopsies versus whole
slides, etc.). These differences make comparisons of potential biomarkers among studies
difficult but there are some consistent themes within the available data.

Table 2. Renal cell carcinoma immune based biomarkers.

Biomarker

Description

Investigational Use

Limitations

PD-L1 [6,10,84]

Cell surface protein

Prognostic biomarker
Predictive biomarker for
ICI response

Studies failed to show utility as
either prognostic or predictive
Tumor spatial heterogeneity,
lack multi-region sampling
Cellular expression
heterogeneity

Lack of standardized assay

Tumor Mutational
Burden [80]

Number of non-synonymous
somatic mutations in tumor DNA

Predictive biomarker for
ICI response

Studies failed to show predictive
capacity

RCC has low TMB

Lack of standardized assays

Tumor Neoantigen
Burden [80]

Number of immunogenic
tumor-specific proteins
(neoantigens) predicted by
quantity of somatic mutations

Predictive biomarker for
ICI response

Studies failed to show predictive
capacity

Lack of standardized predictive
algorithms to determine
neoantigen load

Renal 101 Immuno
signature [85]

26-gene immune based signature

Prognostic of
progression free survival
in setting of ICI therapy

Has not been used outside of
clinical trial setting

T-effector score
[80]

Five gene signature (CD8A,
EOMES, PRF1, IENG, CD274)

Prognostic of
progression free survival
in setting of ICI +

Has not been used outside of
clinical trial setting

anti-VEGF therapy

Myeloid
inflammation [80]

Six gene signature (IL-6, CXCL1,
CXCL2, CXCL3, CXCLS8, PTGS2)

° Prognostic of
progression free survival e Has not been used outside of
in setting of ICI + clinical trial setting
anti-VEGF therapy

Multiple studies have evaluated the immune microenvironment’s relation to patient
prognosis. Renal cell carcinoma tumors that are heavily infiltrated with T cells have been
associated with a worse prognosis compared to many other solid tumors in which T
cell infiltration is often associated with a favorable prognosis [32,34,48]. Clear cell RCC
tumors that are heavily infiltrated with T cells as measured by gene-based signatures are
correlated with higher stage and grade as well as worse cancer specific survival [48]. Clark
et al. demonstrated across a range of ccRCC tumor stages, from localized to metastatic,
tumors classified as CD8" inflamed, were associated with worse overall survival and other
poor prognostic features, including higher BAPI mutations, higher grade tumors and
increased PD-1/PD-L1 expression [65]. Similarly, Giraldo et al. evaluated the immune
microenvironment of metastatic ccRCC tumors and demonstrated patients with high CD8*
infiltration had about a twofold increase in risk of mortality compared to tumors with
low CD8* infiltration [82]. Another study of localized ccRCC tumors demonstrated that
the ratio between effector T cell to Treg cells was positively correlated with a lower rate
of recurrence in localized ccRCC tumors [83]. An exhaustive phenotypic characterization
of immune cells within localized ccRCC tumors using flow cytometric analysis showed
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that tumors at high risk of early progression contained a population of CD8" PD-1* cells
that co-expressed TIM-3 and LAG-3 and exhibited an exhausted phenotype with decreased
cytotoxic potential, polyclonality and enrichment of M2 TAMs [66]. These tumors, termed
“immune regulated”, may be ideal for post-nephrectomy adjuvant ICI therapy [66,86]. Thus,
not only the density of particular immune cells, for example CD8" T cells, but also their
phenotype (i.e., activated, exhausted) is critical in determining their prognostic capability.
Currently, no immune-based gene signatures or biomarkers have been identified for routine
clinical use to improve clinical decision making.

In addition to prognosis, studies have evaluated the ability of the immune microenvi-
ronment to predict response to systemic therapies for RCC, most often in the metastatic
setting. A phase II trial, IMmotion150, evaluated anti-PD-L1 therapy (atezolizumab) with
or without an anti-VEGF antibody (bevacizumab) compared to the tyrosine kinase inhibitor,
sunitinib. One theory is that VEGEF, which is upregulated in ccRCC, may enhance cancer im-
mune evasion and blocking VEGF with bevacizumab may improve the immune activation
triggered by atezolizumab [86]. As part of this trial, investigators evaluated gene signatures
of the TME and how they correlated with clinical outcomes. The trial demonstrated the
addition of bevacizumab to atezolizumab improved progression free survival compared
to either atezolizumab or sunitinib alone among tumors with >1% PD-L1 positivity [80].
Among tumors with a high Tegfector gene signature (defined by increased expression of
CD8A, EOMES, PRF1, IFNG, CD274), the combination of atezolizumab + bevacizumab had
significantly improved progression free survival compared to sunitinib monotherapy. This
was further confirmed by the phase III IMmotion151 trial, which again demonstrated that
tumors with a Tegfector Signature had an improved objective response rate and progression
free survival when treated with atezolizumab + bevacizumab compared to sunitinib [87].
A study by Hakimi et al. evaluated 409 tumors by unsupervised clustering of microarray
data from patients with metastatic ccRCC treated with either pazopanib or sunitinib as part
of the COMPARZ trial [67]. The study identified 4 biologically distinct molecular “clusters”
with different therapeutic responses. Cluster 4 had the worst overall and progression free
survival probability, and this cluster was associated with less frequent PBRM1 mutations
as well as enrichment for TP53 and BAP1 mutations. In regard to the immune microenvi-
ronment, cluster 4 had significant enrichment for inflammatory signatures including IFNy
gene signatures as well as the highest total immune infiltrate of the 4 clusters. Immune
deconvolution analysis demonstrated that macrophages were the dominant immune pop-
ulation within this cluster. Macrophage infiltration, particularly the M2 phenotype, was
associated with worse overall survival among all patients. When determining response
to TKI therapy, patients with a high angiogenesis gene signature and low macrophage
infiltration had the best response to TKI therapy, thus serving as a predictive biomarker
among patients within this trial but having not been further validated [67].

Carlisle et al. evaluated how T cell response in RCC was affected by ICI therapy
and how a patient’s preexisting immune response to RCC may correlate with response
to ICI therapy [81]. Investigators collected peripheral blood before and after ICI therapy
administration in 36 mRCC patients (27 clear cell and 9 non-clear cell patients). Patients
with increased expansion of HLA-DR*CD38*CD8" T cells had the largest reductions in
tumor size and longest progression free survival. This T cell phenotype expressed high
levels of cytotoxic effector genes, including perforin-1, GZMB and IFNy. Additional
immunofluorescence studies of the primary tumors demonstrated that tumors harboring
greater infiltration of CD8" T cells, more TCF-1"CD8" T cells and more MHCII" cells were
more likely to benefit from ICI therapy [81]. In regard to TCE-1*CD8" T cells, a prior study
had demonstrated that kidney tumors harbor these cells in areas of APCs. TCF-1*CD8* T
cells have stem-like properties, allowing them to produce more effector CD8* T cells [88].
The presence of these intra-tumoral niches predict the magnitude of T cell infiltration and
patient survival. Tumors that progress appear to lose these intra-tumoral niches, suggesting
a possible mechanism of tumor immune escape [88]. Overall, similar to biomarkers for
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prognostication, a definitive, clinically useful predictive immune based biomarker has yet
to be developed.

5. Future Directions

As further knowledge is gained exploring the tumor immune microenvironment, this
may lead to successful new therapies exploiting the tumor-immune interaction, including
treatments targeting tumor specific antigens, multi-antigen vaccines, personalized peptide
vaccines and engineered T cell therapies [89]. Future therapies to overcome the inhibitory
immune checkpoints beyond CTLA-4 and PD-1/PD-L1, such as therapies targeting LAG-3,
TIM-3 and TIGIT, may be clinically beneficial since immune exhaustion and subsequent
tumor escape remains critical for RCC progression. Additionally, investigations are under-
way to target immune metabolic pathways and stimulatory checkpoints (4-1BB and OX40),
which may enhance immunotherapy responses [34].

Another potentially impactful factor shaping the immune response to renal cell car-
cinoma is the host microbiome. Numerous studies have shown that the gut microbiome
influences the immune response to tumors, and therapeutic responses may be improved via
its modulation [90-93]. Specific bacteria can stimulate the production of pro-inflammatory
cytokines or anti-inflammatory cytokines. The byproducts of microbial metabolism can
act as carcinogens. Also, the microbiome can educate immune cells, thus determining an
individual’s overall immune response [94]. A recent phase 1 randomized trial by Dizman
et al. randomized 30 treatment-naive patients with mRCC to nivolumab and ipilimumab,
with or without daily oral CBM588. CBM588 is a bifidogenic live bacterial product. Progres-
sion free survival was significantly longer in patients receiving ICI therapy with CBM588
(12.7 vs. 2.5 months, HR 0.15 95% CI 0.05-0.47, p = 0.001) with no significant difference
in toxicity between study arms [95]. These data reinforce similar findings from patients
with non-small cell lung cancer receiving CBM588. Possible mechanisms include increased
propionate, a short chain fatty acid that has anti-tumor properties. The microbiota may
upregulate chemokines, such as those involved in dendritic and cytotoxic T cell recruitment.
These findings warrant further validation. Continued investigation of the host microbiome
will likely help develop therapies to augment current and future immune activating agents.

It is necessary to explore a variety of clinical and behavioral variables that may impact
tumorigenesis, immune response and treatment outcomes. For example, one interesting
area of research includes the role of the circadian rhythm in the immune response to RCC.
Clock genes, such as CLOCK, BMAL1, PER and CRY, regulate many processes, including
cell division and metabolism [96]. Some studies have shown that alteration of these genes
is linked to poor prognosis in RCC. Additionally, the circadian rhythm can influence the
RCC immune microenvironment, which can impact tumor surveillance and response to
therapy [96].

A possible future experimental roadmap to understand the immune microenviron-
ment in RCC will likely include the following components: comprehensive molecular
profiling including single-cell RNA sequencing and spatial transcriptomics/proteomics
to identify different immune cell populations and activation status, validation of these
populations through flow cytometry and immunohistochemistry, functional evaluation of
immune cell populations both in vitro and in vivo, immune checkpoint analysis to deter-
mine the expression of checkpoint molecules in RCC tumor samples and their association
with patient outcomes and tumor infiltrating lymphocyte isolation and characterization
with T cell receptor sequencing to assess clonality and antigen specificity. Additionally,
investigators should perform preclinical testing of novel immunotherapies developed from
the insights gained from the prior steps. This should be followed by clinical translation
of these novel immunotherapies to patients to generate new or synergistic therapies that
improve patient survival and quality of life. Finally, studying long term outcomes of current
and new therapies will help develop biomarkers for treatment response.
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6. Conclusions

Renal cell carcinoma is one of the most highly immune infiltrated tumors and often
responds to ICI therapy. Increasing our understanding of the RCC tumor immune microen-
vironment is critical for future progress [89]. Immune based biomarkers that are prognostic
and predictive are continually being investigated. Tissue heterogeneity significantly limits
the development of broadly applicable biomarkers, and further efforts to understand the
intra- and inter-tumoral immune microenvironment heterogeneity are underway. Future
studies should focus on other RCC histologic subtypes as the majority of studies to date
have been conducted in the clear cell subtype. Finally, research should continue to in-
vestigate the impact of localized therapy, such as surgery, ablation and radiation on the
tumor-immune interaction, and how these therapies can be effectively combined with
systemic therapies to understand the optimal multidisciplinary approach to RCC treatment
that improves patient survival and quality of life.
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