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Immune checkpoint inhibitors (ICIs) are currently a first-line treatment option for clear

cell renal cell carcinoma (ccRCC). However, recent clinical studies have shown that a

large number of patients do not respond to ICIs. Moreover, only a few patients achieve

a stable and durable response even with combination therapy based on ICIs. Available

studies have concluded that the response to immunotherapy and targeted therapy in

patients with ccRCC is affected by the tumor immune microenvironment (TIME), which

can be manipulated by targeted therapy and tumor genomic characteristics. Therefore,

an in-depth understanding of the dynamic nature of the TIME is important for improving

the efficacy of immunotherapy or combination therapy in patients with advanced ccRCC.

Here, we explore the possible mechanisms by which the TIME affects the efficacy of

immunotherapy and targeted therapy, as well as the factors that drive dynamic changes

in the TIME in ccRCC, including the immunomodulatory effect of targeted therapy and

genomic changes. We also describe the progress on novel therapeutic modalities for

advanced ccRCC based on the TIME. Overall, this review provides valuable information

on the optimization of combination therapy and development of individualized therapy

for advanced ccRCC.

Keywords: clear cell renal cell carcinoma, tumor immune microenvironment, immunotherapy, targeted therapy,

genomic characteristics

INTRODUCTION

As one of the most common malignancies of the genitourinary system, renal cell carcinoma (RCC)
affects∼400,000 people worldwide each year, resulting in∼175,000 deaths (1). The most common
histological type of RCC is clear cell RCC (ccRCC), accounting for about 80% of all cases (2, 3).
Unlike other urinary tumors, ccRCC is insensitive to chemotherapy. In 2005, sorafenib, the first
anti-angiogenic drug, was approved by the US Food &Drug Administration (FDA) to treat patients
with advanced RCC. Although anti-angiogenic agents have been continuously optimized over
the last decade to improve response rates and safety, many patients will still develop primary or
acquired resistance. Therefore, the use of immunotherapy has been explored for metastatic renal
cell carcinoma (mRCC) patients who have developed resistance to anti-angiogenic drugs, including
immune checkpoint inhibitors (ICIs).
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ICIs can achieve excellent therapeutic outcomes in several
cancer types, including ccRCC (4–6). However, only a small
proportion of patients responded to ICI monotherapy, and the
improvement in overall survival (OS) as a result of ICIs is largely
attributed to the long-term survival in a minority of patients (7).
Additionally, several studies have shown that vascular endothelial
growth factor (VEGF) inhibitors promoted T cell infiltration and
reversed the inhibitory effect on antigen-presenting cells (APCs)
(8–10). These findings provided the theoretical foundations for
combination therapy involving anti-angiogenic drugs and ICIs.
However, not all patients benefit from the current combination
regimens. Therefore, as more therapeutic options for mRCC
become available, individualized treatment (i.e., using different
combinations and sequences of treatments for different patients)
will be critical for optimizing clinical outcomes.

Of note, the therapeutic effects of anti-angiogenic drugs and
ICIs are influenced by the tumor immune microenvironment
(TIME). Several studies suggest that high levels of tumor-
associated macrophages (TAMs), interleukin-8 (IL-8), and IL-6
in the TIME are related to the poor therapeutic effect of anti-
angiogenic drugs (11–18). Moreover, high levels of myeloid-
derived suppressor cells (MDSCs) and overexpression of immune
checkpoints (e.g., LAG-3 and Tim-3) can lead to resistance to
ICIs (14–18). Furthermore, a dynamic change in the TIME
was observed during treatment with VEGF/VEGFR inhibitors
and mammalian target of rapamycin (mTOR) inhibitors (19,
20). Indeed, relatively unique genomic alterations in ccRCC
(e.g., VHL mutations and PBRM1 mutations) may also impact
the TIME (21, 22). Therefore, ccRCC with different genomic
signatures may respond differently to various treatments. The
abovementioned results may partially explain the inconsistent
efficacy of ICIs or combination therapy for ccRCC.

Herein, we briefly describe the characteristics of the TIME in
ccRCC and present detailed analysis of the mechanism by which
the TIME influences immunotherapy response. In particular, we
discuss the bidirectional relationship between targeted therapy
and TIME, and the tumor genomic signature that manipulates
the TIME. Finally, we present the progress in the treatment
of advanced ccRCC based on the TIME. Overall, this review
provides some insights into the optimization of combination
therapy and development of individual treatment options for
patients with advanced ccRCC.

The Relatively Unique TIME in ccRCC
In contrast to other tumor types, the TIME in ccRCC is
characterized by a high level of immune cell infiltration and
a high degree of angiogenesis. Several pan-cancer analyses
have shown that ccRCC have prominent inflammatory profiles,
which is one of the tumor types with the highest degree of
T-cell infiltration (23–25). Chevrier and colleagues showed the
major immune cell subsets in ccRCC were T cells (22 different
phenotypes) and TAMs (with 17 phenotypes), accounting for
∼51 and 31% of immune cells, respectively (26).

High numbers of CD8+ tumor-infiltrating T lymphocytes
(TILs) typically correlate with a favorable prognosis in most
tumors (including prostatic adenocarcinoma, bladder cancer and
breast cancer, etc.), except ccRCC (27). Indeed, CD8+ TILs in

ccRCC are characterized by exhaustion and functional deficiency
rather than defective recruitment, and express high levels of
immune checkpoint molecules and low levels of Ki-67, which
fail to efficiently activate anti-tumor immune responses (26, 28–
31). TAMs, MDSCs, and regulatory T cells (Tregs) are the main
immunosuppressive cells in the TIME. In ccRCC, the TAMs are
mostly similar to CD163+ and CD206+ M2macrophages, which
have immunosuppressive actions (32). Meanwhile, MDSCs are
generated in the bone marrow under pathological conditions
such as tumorigenesis (33), and migrate to tumor tissues or
peripheral lymphoid organs mainly under the influence of
various chemokines secreted by the tumor cells (34). MDSCs are
primarily divided into mononuclear MDSCs (M-MDSCs) and
polymorphonuclearMDSCs (PMN-MDSCs), with PMN-MDSCs
the predominant type in ccRCC (34). Many studies have shown
that M2-like TAMs, MDSCs, and Tregs are associated with poor
prognosis in ccRCC (35–37).

Tertiary lymphoid structures (TLS) in the TIME are sites of
adaptive immune activation, where dendritic cells (DCs) present
local cancer antigens to T cells and induce B cell-mediated
humoral immunity and differentiation of effector T (Teff) cells
(38, 39). Increasingly, researchers have found that a high density
of TLS is related to good prognosis in several cancers, including
ccRCC (40–42). However, the density of TLS in ccRCC is lower
than in other tumors including non-small cell lung cancer
(NSCLC), melanoma, and prostate cancer, in both primary and
metastatic cases, suggesting that ccRCC cells may impede the
formation of TLS (40, 42, 43).

The reduced TLS formation in ccRCC may be due to the
influence of the tumor on DCs. DCs have a great degree of
functional plasticity, and different microenvironmental signals
can determine the functional phenotypes of DCs by affecting
their differentiation, maturation, activation, and polarization
(44). DCs can be roughly divided into two categories in ccRCC:
TLS-DCs, which are characterized as HLA-DRhi CD83+ DC-
LAMP+, and non-TLS-DCs (NTLS-DCs) in the tumor core,
characterized as CD209+ CD83− (45). Further studies have
shown that these two DC subsets have opposite effects on the
clinical outcomes of patients with ccRCC, namely, a high density
of TLS-DCs and NTLS-DCs correspond to favorable and poor
clinical outcomes, respectively (40, 45). Similarly, Figel et al.
found that DCs were dominated by CD209+ NTLS-DCs in RCC,
while CD83+ DC-LAMP+ TLS-DCs were rare, which indirectly
confirms the low density of TLS in ccRCC (46).

In summary, the majority of ccRCC are inflammatory
neoplasia showing a high degree of infiltration of exhausted
CD8+ TILs, which is a prerequisite for the response to
ICIs (47). However, immunosuppression from M2-like TAMs,
Tregs, MDSCs, and NTLS-DCs in the TIME may also lead
to an insensitivity of ccRCC toward immunotherapy, which
makes the tumor microenvironment in a proportion of ccRCC
patients have immunosuppressive properties. Additionally, the
permeability of abnormal neovascularization in ccRCC limits
the Teff cell infiltration, which promotes the formation of
an immune-silenced microenvironment (8, 48, 49). Indeed, a
multi-omics analysis by Clark et al. found that the TIME of
ccRCC can be classified into different subtypes, namely the

Frontiers in Immunology | www.frontiersin.org 2 March 2021 | Volume 12 | Article 653358

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Lin et al. Dynamic TIME in ccRCC

immunoinflammatory subtype with infiltration of CD8+ T cells
that have high expression of immune checkpoint molecules, the
immunosuppressive subtype with predominant infiltration of
suppressor cells such as TAMs, and the immune-silenced subtype
with active angiogenesis and the lack of immune cell infiltration
(50). Different TIME subtypes of ccRCC have different prognoses
and may also have different degrees of sensitivity to systemic
therapy (50). Several studies have found that ccRCC which
responded better to anti-VEGF treatment showed lower levels of
immune checkpoint molecules, similar to the immune-silenced
subtype of ccRCC described above (51, 52). Thus, the high
level of immune infiltration and angiogenic features together
build a relatively unique and dynamic TIME in ccRCC, making
it an ideal target for precision-targeted immunotherapy or
combination therapy.

Potential Mechanisms Affecting the
Efficacy of Immunotherapy in the TIME in
ccRCC
Immunotherapy that have been approved and recommended
for advanced ccRCC currently includes cytokines and ICIs.
In the 1990s, cytokines such as interferon-α (IFN-α) and
interleukin-2 (IL-2) that non-specifically activate the anti-tumor
immune response began to be used to treat metastatic ccRCC
(53). However, high doses of IL-2 can result in capillary leak
syndrome and cause multiple organ damage (53). As immune
checkpoints are important components in maintaining the
immunosuppressive tumor microenvironment, they are an ideal
target for immunotherapy. Nowadays, the PD-1/PD-L1 and
CTLA-4/CD28 pathways have been extensively studied, and
multiple ICIs targeting these pathways have been approved
for systemic therapy of advanced ccRCC. Nevertheless, there
are still a large proportion of patients have tumor progression
after receiving ICIs (5, 54). As opposed to targeted therapies
that directly affect tumor cell survival, the anti-tumor effects
of immunotherapy are based on the TIME. Reversing the
immunosuppressive nature of the TIME and stimulating tumor-
infiltrating NK cells and cytotoxic T lymphocytes (CTLs) are
key steps in immunotherapy. Thus, the TIME may be a
critical factor affecting immunotherapeutic response, particularly
the resistance to immunotherapy. This section discusses the
mechanism of resistance to cytokines and ICIs in ccRCC from
the perspective of the TIME.

Cytokines
IL-2 exerts its anti-tumor effect mainly by driving the
proliferation and activation of NK cells and CD8+ TILs
(Figure 1A) (55). However, low-dose IL-2 can induce the
preferential amplification of CD4+ Foxp3+ Tregs, which mainly
manifested as a reduction in autoimmune response (Figure 1B)
(56, 57). Although high-dose IL-2 has certain ability to activate
the anti-tumor immune response, the consequent severe adverse
effect and high levels of Tregs significantly limit its clinical
benefit. Additional studies have demonstrated that low levels of
CD57+ NK cells were found to be an independent immune risk

factor affecting the prognosis of mRCC patients treated with IL-
2, indicating that activated NK cells may be critical for IL-2 to
exert its anti-tumor activity (58). Immunosuppressive factors in
the tumor microenvironment, including IL-6, TGF-β, PGE2, and
indoleamine 2,3-dioxygenase (IDO), can block NK cell activation
(59, 60). Moreover, under hypoxic conditions, metabolites in the
tumor microenvironment, such as lactate and adenosine, can
attenuate the cytotoxic effects of NK cells (Figure 1B) (61, 62).
Studies on immunometabolism also revealed that the excessive
consumption of glucose and amino acids caused by tumor cell
proliferation impairs NK cell proliferation and IFN-γ secretion
(60, 63, 64). Prinz et al. verified that tumor-infiltrating NK cells
show phenotypic alterations and dysfunction in RCC (primarily
poor degranulation activity) compared with those in normal and
para-cancerous tissues (65). Based on the above findings, we
speculate that the dual immunomodulatory effects of IL-2 and
dysfunctional NK cells influenced by the immunosuppressive
tumor microenvironment contribute to the insensitivity of
ccRCC to IL-2 treatment. Therefore, improving the therapeutic
targeting of IL-2 and the activity of NK cells may be effective ways
to optimize cytokine therapies.

Immune Checkpoint Inhibitors
Reversing the exhaustion of CD8+ TILs is a key step in the anti-
tumor effects of ICIs (Figure 1C) (66). O’Donnell et al. found
that exhausted CD8+ TILs that only mildly express PD-1 could
be reactivated by PD-1/PD-L1 blockade, while over-exhausted
CD8+ TILs were unresponsive to PD-1/PD-L1 inhibitors (67).
The reasons for this phenomenon can be summarized as follows:
first, severely exhausted CD8+ TILs overexpress PD-1, and thus
PD-1/PD-L1 inhibitors cannot completely block the PD-1/PD-
L1 signaling pathway to reactivate the T cells. Second, severely
exhausted CD8+ TILs overexpress other immune checkpoints
such as CTLA-4, LAG-3, and Tim-3 (Figure 1D) (67). LAG-3
on CD4+ T cells can bind to major histocompatibility complex
class II (MHC-II) molecules with a higher affinity than CD4,
and directly block T cell receptor signaling, resulting in T cell
dysfunction (16). Additionally, LAG-3 onCD8+ TILs inhibits the
secretion of IFN-γ by binding to two other ligands, galectin-3 and
liver sinusoidal endothelial cell lectin (68). Moreover, the binding
of Tim-3, a type I transmembrane protein, with a galectin-9
molecule from MDSCs induces dysregulation and apoptosis of
CD8+ TILs (18). Therefore, in the presence of other upregulated
immune checkpoints, only blocking the PD-1/PD-L1 pathway
would not reverse T-cell exhaustion.

The current evidence also indicates that severely exhausted
Teff cells cannot fully restore effector function even under the
influence of ICIs, but can promote resistance to ICIs. An animal
model study confirmed that ICIs could rejuvenate T cells that
express relatively low levels of PD-1, while relatively high levels
of PD-1 were associated with severe T-cell exhaustion and a
poor response to ICIs (69). In the phase III JAVELIN renal 101
trial, increased numbers of CD8+ TILs in mRCC were associated
with improved PFS in the avelumab plus axitinib arm and worse
PFS in sunitinib arm (70). Likewise, the phase II IMmotion150
and phase III IMmotion151 trials showed that atezolizumab plus
bevacizumab improved PFS compared with sunitinib in mRCC

Frontiers in Immunology | www.frontiersin.org 3 March 2021 | Volume 12 | Article 653358

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Lin et al. Dynamic TIME in ccRCC

FIGURE 1 | Potential mechanisms influencing immunotherapy response in the TIME in ccRCC. (A) The anti-tumor activity of cytokine (IL-2) therapies was primarily

mediated by driving the proliferation and activation of NK cells and CD8+ TILs. (B) Resistance to cytokine (IL-2) therapies was correlated with the amplification of

Tregs level mediated by IL-2 and NK cell dysfunction. IL-6, TGF-β, PGE2, and IDO, as well as lactate and adenosine generated under hypoxic conditions, inhibit the

cytotoxic effects of NK cells. (C) The anti-tumor mechanisms of immune checkpoint inhibitors that contribute to the reactivation of CD8+ T cells were mediated by

blocking the PD-1/PD-L1 and CTLA-4/CD28 pathways. (D) Resistance to immune checkpoint inhibitors is mainly mediated by CD8+ TILs anergy, which abundantly

express immunosuppressive molecules (e.g., PD-1, CTLA-4, Tim-3, and LAG-3). Tregs and M2-like TAMs secrete IL-10 and TGF-β, which inhibit the cytotoxicity of

CD8+ TILs and recruit Tregs. Tregs present a stronger immunosuppressive capacity under the action of PD-1 inhibitors. Ligands expressed on M2-like TAMs

(including PD-L1/L2, CD80/86, and VISTA) can also promote exhaustion of CD8+ TILs. NO, ROS, and Arg-1 produced by MDSCs inhibit the anti-tumor immune

function of CD8+ TILs, and promote differentiation into M2-like TAMs. Regulatory DCs can also inhibit CD8+ T-cell function via the L-arginine metabolic pathway and

promote Tregs proliferation.

with a high level of Teff cells (14, 71). The findings of these three
clinical trials confirm the view that Teff cells play an important
role in the therapeutic response to ICIs in mRCC.

In contrast, other studies found no significant correlation
between PD-1 levels in mRCC and the benefit of ICIs alone or as
a combination therapy, which was not observed in NSCLC and
melanoma (14, 54, 70–76). We speculate that severely exhausted
CD8+ TILs that overexpress PD-1 exist in mRCC, which is in
line with the observation that a high infiltration of CD8+ TILs
is related to poor prognosis in ccRCC. This severe exhaustion of
CD8+ TILs is likely responsible for resistance to ICIs in mRCC,
and also explains why PD-1 status cannot be used alone as a
predictor of response to ICI therapy.

Tregs can block the function of T cells and APCs by producing
IL-10 and TGF-β to mediate immunosuppression (Figure 1D)
(77, 78). Surprisingly, Tregs are activated and proliferate in the

presence of PD-1 inhibitors, which confers a poor prognosis (79).
In addition, an animal model study found that exhaustion of
Tregs could improve the therapeutic response of ICIs (80). Thus,
the immunosuppressive properties of Tregs may also contribute
to drug resistance or progression in patients treated with PD-
1/PD-L1 inhibitors.

IL-10 and TGF-β secreted by M2-like TAMs can also recruit
Tregs and directly inhibit the function of CD8+ TILs (Figure 1D)
(81). M2-like TAMs can also induce T-cell exhaustion by
expressing PD-1 ligands (PD-L1 and PD-L2), CTLA-4 ligands
(CD80 and CD86), and VISTA (a potent negative regulator
of T cell function) (Figure 1D) (81). A recent retrospective
study confirmed that high infiltration of M2-like TAMs was
associated with poor OS in mRCC patients treated with ICIs
(82). Moreover, several animal model studies have found that
targeting M2-like TAMs can improve the response to ICIs
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in various tumors, including pancreatic cancer, colon cancer,
breast cancer, and glioblastoma (83). Collectively, M2-like TAMs
counteract the anti-tumor effects of ICIs by expressing and
secreting immunosuppressive molecules, and participating in
immune escape.

MDSCs in ccRCC can significantly inhibit the T cell-
specific immune response by producing large amounts of nitric
oxide (NO), reactive oxygen species (ROS), and arginase-
1 (Arg-1) (Figure 1D) (84). Additionally, MDSCs can also
differentiate into M2-like TAMs to mediate immunosuppression
(Figure 1D) (85). A significant correlation has been found
between high levels of MDSCs and poor treatment response
to ICIs in melanoma and prostate cancer (86). Furthermore,
the IMmotion150 trial showed that in mRCC patients with a
high level of myeloid cells, the combination of atezolizumab
and bevacizumab or bevacizumab monotherapy was superior
to atezolizumab monotherapy (14). These findings indicate that
myeloid cells could lead to the development of resistance to ICIs
in mRCC.

Finally, DCs with complex immune function phenotypes
may also influence the efficacy of ICIs. HLA-DRhi CD83+ DC-
LAMP+ TLS-DC subpopulations, which belong to the immune-
activated phenotype, activate CD4+ T cells and CD8+ TILs
by processing and presenting antigens, as well as inducing
their clonal proliferation and immune response (38). However,
as mentioned above, TLS-DCs were less abundant in ccRCC.
In contrast, the CD209+ CD83− NTLS-DC subpopulation
has an immunosuppressive phenotype and develops under the
stimulation of various tumor-derived factors, including IL-10,
TGF-β, prostaglandin E2 (PGE2), and chemokines (44). NTLS-
DCs, the major DC subpopulation in ccRCC, secrete high levels
of MMP-9 and tumor necrosis factor-α, which promote tumor
cell growth and invasion (46, 87). NTLS-DCs can selectively
promote the proliferation of Tregs in a TGF-β-dependent way,
but also inhibit the function of effector CD8+ TILs through the
L-arginine metabolic pathway (Figure 1D) (88–90). Therefore,
we speculate the large ratio of NTLS-DCs to TLS-DCs in
ccRCC enhances the robustness of the immunosuppressive
microenvironment, which interferes with the activity of ICIs.
Finally, it should be noted that the density of a single DC
subpopulation may not fully represent the immune status of the
tumor microenvironment, as different DC subpopulations may
have different immunophenotypes and function in ccRCC.

The Bidirectional Relationship Between
Targeted Therapies and TIME in ccRCC
The effectiveness of targeted therapies is largely dependent
on mutations of the drug target and the corresponding
signaling pathway. However, the TIME can also influence
angiogenesis in ccRCC and eventually lead to resistance to anti-
angiogenic agents. In contrast to the cell-autonomous resistance
of tumors caused by genomic or epigenetic changes, the non-
cell-autonomous resistance caused by the TIME may be more
dynamic and complex. Furthermore, besides immunotherapy,
targeted therapies (including VEGF/VEGFR inhibitors and
mTOR inhibitors) may have immunomodulatory effects on

ccRCC and may remodel the TIME. Therefore, understanding
the mutual influences between targeted therapies and the TIME
is instructive for optimizing the first-line combination therapy or
second-line regimens for patients with advanced ccRCC.

Resistance to VEGF/VEGFR Inhibitors in
TIME
Growing evidence suggests that MDSCs enhance resistance to
anti-angiogenesis via a range of non-immune related pathways
in multiple tumors, including ccRCC (91). Specifically, MDSCs
activate alternative pro-angiogenic pathways by producing
multiple pro-angiogenic factors, including VEGF and fibroblast
growth factor 2 (FGF2) (Figure 2A) (91, 92). VEGF and FGF2
stimulate the migration and proliferation of tumor-associated
endothelial cells, leading to tumor angiogenesis and stability
in RCC (93, 94). In addition, granulocyte-macrophage colony-
stimulating factor (GM-CSF) secreted by tumor cells mediates
the proliferation of MDSCs through the pSTAT5 pathway, and
induces them to secrete pro-angiogenic proteins including IL-8
and matrix metalloproteinase-9 (MMP-9), resulting in reduced
sensitivity to VEGF/VEGFR inhibitors in RCC (Figure 2A) (95).
Besides dynamically remodeling the extracellular matrix, MMP-9
can enhance the pro-angiogenic effect of VEGF (96). Therefore,
the presence of MDSCs in the TIME causes RCC to become
unresponsive to anti-angiogenic drugs.

M2-like TAMs have also been shown to promote tumor
vascularization by producing multiple angiogenic factors. In a
hypoxic tumor microenvironment, M2-like TAMs can produce
high levels of VEGF-A and hypoxia-inducible factor (HIF)-1α.
VEGF-A activates tumor angiogenesis by binding to VEGFR, and
HIF-1α enhances this process by upregulating VEGF expression
(Figure 2A) (97). In breast and colon cancers, high levels of TAM
infiltration were associated with increased expression of proteins
related to the Wnt pathway (i.e., Wnt5a and Wnt7b), which
is involved in the regulation of angiogenesis (98–100). M2-like
TAMs can also secrete MMP-9 to mobilize VEGF (Figure 2A)
(101). Indeed, the phase 3 COMPARZ study showed that high
infiltration of TAMs was associated with poor prognosis in
mRCC patients treated with VEGFR-TKIs, suggesting that TAMs
may contribute to the resistance of RCC to anti-angiogenic
agents (102).

Cytokines in the tumor microenvironment, which are mainly
secreted by MDSCs and tumor cells, are also thought to
assist tumor angiogenesis. For example, the pro-inflammatory
cytokines IL-1α and IL-1β can induce VEGF and VEGFR2
expression via the Notch pathway, and upregulate MMP-9, IL-
6, and IL-8 levels, to form a pro-angiogenic factor network
(Figure 2A) (103). Significantly increased levels of IL-1α and IL-
1β were observed by Carbone et al. in pancreatic cancers that
were resistant to VEGF inhibitors (104). Alternatively, IL-6 can
promote the expression of downstream genes, including VEGF
and MMP-9, by activating the JAK/STAT3 cascade (Figure 2A)
(105, 106). IL-8 interacts with its receptor (CXCR2) to activate
NF-κB and promote VEGF expression and VEGFR2 autocrine
activation (Figure 2A) (11). Ishibashi et al. confirmed that RCC
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FIGURE 2 | The Bidirectional Relationship between targeted therapies (VEGF/VEGFR inhibitors) and TIME in ccRCC. (A) Resistance to VEGF/VEGFR inhibitors is due

to a complex network of pro-angiogenic factors (IL-1, IL-6, IL-8, MMP-9, VEGF, and FGF2), which promote excessive tumor angiogenesis. IL-1 promotes the

production of IL-6, IL-8, and MMP-9, and enhances the expression of VEGF and VEGFR via the Notch pathway. IL-6 upregulates MMP-9 and VEGF levels via the

JAK-STAT3 pathway. IL-8 promotes the secretion of VEGF and the self-activation of the VEGFR. MMP-9 enhances the angiogenic effect of VEDF. Tumor produced

GM-CSF can also promote MMP-9 and IL-8 production. Finally, HIF-α promotes VEGF secretion. (B) The role of VEGF/VEGFR inhibitors in stimulating the immune

response was achieved by blocking the immunosuppressive effect of VEGF. VEGF/VEGFR inhibitors can prevent VEGF-mediated recruitment of TAMs and Tregs,

restore DC maturation and antigen presentation, and promote Teff cell migration to tumor microenvironment. (C) Immunosuppression mediated by VEGF/VEGFR

inhibitors may have resulted from hypoxia. High doses of VEGF/VEGFR inhibitors can excessively prune tumor vessels, leading to hypoxia in the tumor

microenvironment, which facilitates recruitment of Tregs, TAMs and MDSCs.

overexpressed IL-6 and showed drug resistance under VEGFR-
TKI treatment, and significant tumor regression was observed
after blocking the IL-6 receptor (12). Likewise, Huang et al.
demonstrated that IL-8 is an important factor for the resistance of
ccRCC to VEGFR-TKI (107). Therefore, the presence of IL-1, IL-
6, and IL-8 in the TIME may promote the resistance of ccRCC to
VEGF/VEGFR inhibitors by multiple non-redundant pathways.

Immunomodulatory Effects of
VEGF/VEGFR Inhibitors
Numerous preclinical studies have found that VEGF serves a
dual function in angiogenesis and immunosuppression. VEGF
recruits CD4+ Foxp3+ Tregs to the tumor microenvironment by
interacting with neuropilin 1 on their cell surface (108). Similarly,

VEGF promotes the migration of CD11b+ MDSCs and TAMs
into the tumor microenvironment by binding to the VEGFR on
the surface of these cells (Figure 2B) (109, 110). In a ccRCC
xenograft model, the binding of VEGF to VEGFR-1 prompted
tumor cells to secrete CCL2, which mediated the infiltration
of TAMs (111). Besides, binding of VEGF to its receptor
inhibits the maturation of DCs and antigen presentation,
primarily by blocking the activation of NF-κB (Figure 2B)
(110). VEGF also restricts the migration of Teff cells into the
tumor microenvironment by downregulating the expression of
adhesion molecules including ICAM-1 and VCAM-1 on tumor-
associated endothelial cells (Figure 2B) (112).

Overall, the evidence suggests that VEGF recruits
immunosuppressive cells to the tumor microenvironment,
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thereby reducing the anti-tumor immune response. Therefore,
VEGF/VEGFR inhibitors may reverse the immunosuppressive
nature of the TIME. Indeed, in a clinical trial of bevacizumab
combined with atezolizumab for the treatment of mRCC, Wallin
et al. found that bevacizumab promoted tumor-specific T-cell
infiltration and enhanced the tumor-specific immune response
(9). Interestingly, sunitinib has also been shown to improve the
anti-tumor response of Teff cells and reduce the recruitment
of Tregs and MDSCs (113, 114). Zizzari et al. also found that
pazopanib promotes DC activation in mRCC by inhibiting the p-
Erk andWnt-β-catenin pathways (19). Therefore, VEGF/VEGFR
inhibitors can inhibit the recruitment of immunosuppressive
cells to the tumor microenvironment, restore the function
and phenotype of APCs, and promote infiltration of Teff cells,
which supports the synergistic effect of immunotherapy and
anti-angiogenic therapy. Several phase III clinical trials showed
that PD-1/PD-L1 inhibitors combined with anti-angiogenic
agents significantly improved survival and therapeutic response
in untreated patients with advanced ccRCC compared with
anti-angiogenic monotherapy (70, 71, 76). Currently, the
latest National Comprehensive Cancer Network (NCCN) and
European Society for Medical Oncology (ESMO) guidelines
recommend pembrolizumab combined with axitinib as the
first-line treatment for mRCC patients from all International
Metastatic RCC Database Consortium (IMDC) risk categories
(115, 116). Likewise, the combination of VEGF/VEGFR
inhibitors with IFN-α had also yielded favorable results. A
multicenter phase III trial (AVOREN) of mRCC showed that,
when compared with single-agent IFN-α, IFN-α combined with
bevacizumab significantly increased PFS (10.2 vs. 5.4 months;
hazard ratio [HR] = 0.63, 95% confidence interval [95% CI]
0.52–0.75; p = 0.0001) and objective response rates (ORR) (31
vs. 13%; p = 0.0001), and did not lead to significantly increasing
or new adverse reactions (117). Therefore, the combination
of IFN-α and bevacizumab is currently recommended by the
European Society for Medical Oncology (ESMO) guidelines as a
first-line option for mRCC patients with favorable risk (category
3B) or intermediate risk (category 2C) (116).

Despite this, VEGF/VEGFR inhibitors may also have
immunosuppressive effects in some cases. For example, increased
infiltration of CD4+ Foxp3+ Tregs and upregulation of PD-L1
expression were observed in primary RCC patients treated with
sunitinib (118). Several studies have also shown that high doses
of anti-angiogenic agents could lead to hypoxia of the tumor
microenvironment and upregulation of the CXCR4/CXCL12
axis and HIF-α levels due to excessive pruning of tumor vessels,
which facilitates the recruitment of TAMs, MDSCs, and Tregs
(Figure 2C) (119, 120).

Based on these observations, we propose the following
conjecture: moderate doses of VEGF/VEGFR inhibitors are
beneficial for enhancing anti-tumor immune responses, while
excessive doses can cause hypoxia-induced immunosuppression,
which could partially explain the development of acquired
resistance and progression in some mRCC patients treated with
anti-angiogenic agents alone. Therefore, the dual modulatory
effects of anti-angiogenic drugs on the TIME should be
considered when choosing the individualized treatment in

patients with advanced ccRCC. It is also worth exploring how to
determine the optimal dose of anti-angiogenic drugs and how to
reduce their immunosuppressive effects.

Immunomodulatory Effects of mTOR
Inhibitors
As a downstream effector of the PI3K/Akt pathway, mTOR
regulates various modulators of cell growth (e.g., eIF4E, S6K1,
and cyclin-D) and pro-angiogenic factors (e.g., HIF, bFGF,
and VEGF) (121, 122). Several studies have shown that the
levels of mTOR pathway-related proteins (including p70S6K,
p-mTOR, PI3K, and pAkt) in RCC were significantly higher
than those in normal kidney tissues, and positively correlated
with tumor progression (122). mTOR inhibitors can effectively
inhibit tumor proliferation and angiogenesis in RCC and are
recommended as second-line therapies for patients with mRCC
(115). In fact, mTOR inhibitors were first approved for the
prevention of immune rejection in solid organ transplant
recipients because of their immunosuppressive properties (123).
Thus, it is hypothesized that mTOR inhibitors may also have
immunomodulatory functions in the tumor microenvironment.

An increased percentage of Tregs and MDSCs, as well as a
decreased frequency of CD56bright NK cells and DCs, were found
in mRCC patients treated with the mTOR inhibitor everolimus
(124). These results suggest that mTOR inhibitors can promote
immunosuppression of the tumor microenvironment in RCC,
which limits their anti-cancer efficacy. As cyclophosphamide
(CTX) was previously shown to selectively suppress Tregs and
restore effector function of Teff cells and NK cells (125), a phase I
clinical study attempted to assess whether CTX can counteract
the immunosuppression of everolimus (126). CTX combined
with everolimus significantly reduced the percentage of Tregs and
MDSCs and increased the frequency of CD8+ T cells and DC
subsets in mRCC patients (126). Currently, the efficacy and safety
of this combination therapy are being evaluated in a phase II trial.
Thus, using treatments that modulate immunosuppressive cells
or enhance the immune response may improve the therapeutic
effect of mTOR inhibitors in mRCC.

Genomic Changes in ccRCC That
Influence the TIME
ccRCC has relatively unique genomic features compared to
other RCC types, namely chromosomal 3p deletion (>90%),
chromosomal 5q gain (>67%), and somatic mutations closely
related to 3p deletion events, including mutations in VHL,
PBRM1, SETD2, and BAP1 (127). Other common genomic
alterations in ccRCC include chromosome 14q deletions,MTOR
mutations, and PTEN mutations (31). Analyses of tumor
evolutionary trajectories have shown significant intra-tumor
heterogeneity in ccRCC (128); that is, the majority of mutations
in ccRCC are subclonal, indicating the existence of significant
variations in most trunk mutations from different individuals.

In recent years, the correlation between tumor genomic
features and the TIME has received increasing attention. A
growing number of studies have found that the TIME of ccRCC
presents inherent complexity and individual differences under
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the manipulation of a heterogeneous genomic landscape, which
can partly explain the different responses of advanced ccRCC to
immunotherapy or combination therapy.

VHL Mutations
The VHL deletion mutation is located at the short arm of
chromosome 3 (3p25.3) and is the most common mutation in
ccRCC (found in approximately 80% of cases) (129). The protein
encoded by VHL has E3 ubiquitin ligase activity and can degrade
HIF-α that modulates glucose metabolism and angiogenesis in a
hypoxic environment (130). VHL deficiency in ccRCC will lead
to the accumulation of HIF-α (including HIF-1α and HIF-2α)
(Figure 3A), which causes ccRCC to present a unique pathologic
manifestation, namely glycogen and lipid accumulation and
abundant angiogenesis (127). Besides, under conditions of HIF-
1α excess, MDSCs secrete more inducible nitric oxide synthase
(iNOS) and Arg-1, and have a greater tendency to differentiate
into TAMs with an immunosuppressive phenotype (Figure 3A)
(85). iNOS participate in immunosuppression by catalyzing NO
formation (131). TAMs preferentially inhibit T-cell proliferation
and IFN-γ expression under the action of HIF-1α/iNOS (132).
HIF-1α, which stably exists in the tumor microenvironment,
could also facilitate the recruitment of Foxp3+ Tregs by a TGF-
β-independent mechanism (Figure 3A) (133). In addition, using
a ccRCC model, HIF-1α and HIF-2α were found to upregulate
PD-L1 expression on MDSCs, TAMs, and DCs through
directly binding to hypoxia response element (HRE) (Figure 3A)
(134, 135). Therefore, overall, VHL deletion mutations in
ccRCC lead to a large amount of HIF-α accumulation
and indirectly promote the formation of immunosuppressive
microenvironment via HIF-α-mediated immunosuppressive cell
recruitment and upregulation of immunosuppressive molecules.

PBRM1, BAP1, and SETD2 Mutations
In ccRCC, somaticmutations in PBRM1 (38.0%), STED2 (13.2%),
and BAP1 (11.0%) located on the short arm of chromosome
3 are strongly associated with 3p deletion events (31). The
bromodomain-containing proteins encoded by the PBRM1
gene participate in the construction of the PBRM1-Brg1/Brm-
associated factors (PBAF) chromatin remodeling complex that
is involved in DNA repair processes (136). Meanwhile, histone
methyltransferase encoded by the SETD2 gene is involved in the
methylation of histone H3 lysine 36 (H3K36), which plays a role
in homologous recombination repair and genome stabilization
(137). Indeed, loss of SETD2 has been shown to cause an
increased frequency of deletion-associated mutations (137). The
BAP1 gene encodes the BRCA1 associated protein-1, which
influences the cell cycle by regulating the activity of key proteins
involved in various cellular processes (138). All three genes are
involved in the biological pathways related to tumorigenesis
and have frequent mutations, supporting their role as tumor
suppressors in ccRCC (139).

The loss of PBAF function caused by PBRM1 deletion
mutations has an impact on the TIME (22). On the one
hand, PBAF inactivation enhances the chromatin accessibility of
transcription factors on the promoters or enhancers of IFN-γ-
inducible genes, leading to increased sensitivity of tumor cells

to IFN-γ (Figure 3B). On the other hand, PBAF inactivation
promotes the secretion of chemokines CXCL9 and CXCL10
by tumor cells, which contributes to the increased recruitment
of Teff cells to the tumor microenvironment (Figure 3B) (22).
Furthermore, follow-up results from the CheckMate 025 trial
showed that PBRM1 mutations were strongly associated with
improved PFS and OS in advanced ccRCC patients treated with
nivolumab, which was not observed in the everolimus group
(140, 141). Similar results were reported by Sarah et al. (142).
We thus speculate that the PBRM1 mutation makes tumor
cells more sensitive to T-cell-mediated cytotoxicity, and may
help improve the therapeutic response to PD-L1/PD-1 blockade
therapies. However, no correlation between PBRM1 mutations
and OS was observed in a study including 143 patients with
metastatic ccRCC treated with ICIs (143). These seemingly
conflicting results suggest that the immunostimulatory effects
of PBRM1 mutations may be confounded by their direct effects
on the biological behavior of ccRCC. Besides, several studies
have shown that PBRM1 loss was associated with enhancement
of angiogenesis (144, 145), which may affect the response to
ICIs of ccRCC by preventing immune cell infiltration. However,
it is noteworthy that the above evidence indicated no adverse
effects of PBRM1 mutations in patients with advanced RCC
treated with ICIs. Overall, further prospective studies to clarify
the predictive value of PBRM1 mutations for the therapeutic
effects of immunotherapy are warranted given the discrepancy
in the results of different studies.

Beuselinck et al. carried out unsupervised clustering analysis
for the molecular characteristics of 53 patients with advanced
ccRCC and classified them into four four subtypes (ccRCC1
to ccRCC4) (146). The results showed that SETD2 mutations
were related to the immune desert subtype with the poorest
T-cell infiltration and lower expression of immunosuppressive
markers (ccRCC1). In contrast, BAP1 mutations were related
to the inflammatory subtype with the highest T-cell infiltration
(ccRCC4). Among these subtypes, ccRCC4 tumors had the
poorest prognosis, which correlated with a high expression of
immunosuppressive markers (including PD-L1, PD-1, LAG-3,
and TIM-3) and excessive T-cell exhaustion. Besides, ccRCC4
tumors showed no response to sunitinib, which was related to
high levels of expression of markers of Tregs (i.e., FOXP3, IL-
10., and TGF-β). Similar results were obtained in a study on the
immune characterization of ccRCC tumor grafts (147), in which
BAP1 mutations were associated with a highly inflammatory
immune phenotype with abundant T-cell infiltration and poor
prognosis. Taken together, we speculate that SETD2 mutations
may mediate immune silencing, while BAP1 mutations may be
involved in regulating T-cell infiltration and exhaustion in the
TIME in ccRCC (Figure 3B). However, the above conclusions
on SETD2 and BAP1 mutations were solely observational in
nature, and further investigations were required to determine the
immunomodulatory mechanism of them.

PTEN Mutations
The PTEN gene is one of the most commonly mutated
tumor suppressor genes in human cancer, and negatively
regulates the PI3K/AKT pathway by encoding a protein
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FIGURE 3 | Genomic characteristics of ccRCC for manipulating the TIME. (A) VHL mutations result in reduced pVHL production and reduced HIF-1α/2α degradation.

Excess HIF-1α/2α upregulates the expression of PD-L1 on MDSC, M2-like TAMs, and DCs by binding to the hypoxia response element (HRE). HIF-1α promotes

MDSCs to produce iNOS and Arg-1 and to differentiate into M2-like TAMs. HIF-1α promotes the recruitment of Tregs, and mediates the inhibitory effect of M2-like

TAMs on the effector function of CD8+ TILs. (B) PBRM1 mutation leads to PBAF complex dysfunction, which upregulates interferon-stimulated gene (ISG) expression,

thereby enhancing the tumor killing effect mediated by IFN-γ signaling. PBAF inactivation also promotes the secretion of CXCL9 and CXCL10 by tumor cells. BAP1

mutations are associated with the immuno-exhausted tumor microenvironment. SETD2 mutations are associated with the immune-silenced tumor microenvironment.

(C) PTEN mutations activate the P13K-Akt pathway, resulting in upregulation of VEGF, CCL2, and IL-23 expression, which contribute to the recruitment of Tregs, DCs,

and MDSCs. (D) Frameshift INDELs and HERV expression can generate abundant neoantigens, which stimulate the production of neoantigen-specific T cells. Arm

level SCNA can disrupt the antigen-presenting capacity of MHC on tumor cells, resulting in inactivation of tumor-specific immune responses.

with phosphatase activity (148). PTEN mutations, which
occur in approximately 4.5% of cases of ccRCC, remove
the inhibitory effect on the PI3K/AKT pathway, leading to
increased proliferation and migration of tumor cells (31, 148).
Several studies have found that the sustained activation of the
PI3K/AKT pathway caused by PTEN mutation upregulates the
secretion of several immunosuppressive cytokines, including
VEGF, IL-23, and CCL2 via NF-κB-JAK/STAT3 signaling
(Figure 3C) (149–152). In addition to its role in angiogenesis,
VEGF can recruit immature DCs, MDSCs, and Tregs to help
sustain the immunosuppressive tumor microenvironment
(153, 154). Moreover, PTEN loss can increase tumor cell
resistance to T-cell killing by significantly upregulating

CCL2 and VEGF (155). Besides, PTEN-deficient metastatic

uterine smooth muscle sarcoma, accompanied by increased
expression of VEGF-A and STAT3, were resistant to PD-
1/PD-L1 therapy (156). More critically, PTEN mutations
observed in ccRCC correlated with high infiltration of M2-
like TAMs (157). Overall, PTEN mutations may upregulate
the expression of multiple immunosuppressive factors by

eliminating the negative regulation of the downstream
PI3K/AKT pathway, thus inducing the immune escape of
tumor cells.

Human Endogenous Retroviruses
HERVs form about 8% of the human genome, and are
predominantly located in heterochromatin (158). Throughout
millions of years of evolution, exogenous retroviruses have
repeatedly infected hosts and integrated into their genomes,
leading to the formation of HERVs. Under normal physiological
conditions, most HERVs are usually inactive because of the
presence of epigenetic silencing. However, HERV expression can
be induced due to the lack of CpG methylation in tumor tissues
(159). In a pan-cancer analysis of HERVs, Smith et al. found
that HERV-derived proteins could participate in the regulation
of the TIME and correlated with prognosis, particularly in
ccRCC (160). Significant upregulation of HERV expression was
observed in ccRCC that were responsive to PD-1 blockade,
and positively correlated with Teff cell infiltration and the
level of cytotoxic markers. Further studies revealed that HERV
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expression products could serve as tumor-specific antigenic
epitopes to induce HERV-specific T cell production (Figure 3D)
(160). Taken together, HERVs could be a source of neoantigens
and contribute to the cytotoxic effects of Teff cells, thereby
shaping the TIME.

Tumor Mutational Burden and Somatic
Copy-Number Alterations
The observation that patients with higher TMB are more likely to
respond to PD-1/PD-L1 blockade has been reported in a variety
of malignant tumors (161). High TMB indicates the presence
of more mutation-associated antigens (MANA) in the tumor
microenvironment, which facilitates the induction of MANA-
specific T cells and activation of the adaptive anti-tumor immune
response (162). However, it has been found that ccRCC has
a lower TMB than other malignancies that were responsive
to immunotherapy, which seems inconsistent with the above
point (163).

The TMB mainly depends on the reads of non-synonymous
single nucleotide variation (nsSNV) in the tumor cell genome.
Frameshift mutations caused by insertional or deletionmutations
(INDELs) can similarly produce immunogenic neoantigens
(Figure 3D) (164). In a pan-cancer analysis, ccRCC had the
highest frequency of frameshift INDELs, which seems to explain
the phenomenon that PD-1/PD-L1 inhibitors are effective for the
treatment of ccRCC with low TMB. However, in the genomic
analysis of the IMmotion150 trial, no significant association
was found between TMB or frameshift mutation burden (FMB)
and the response to atezolizumab alone (anti-PD-L1) or in
combination with bevacizumab (anti-VEGF) (14). Similarly,
there was no significant correlation between TMB or FMB and
the gene signature of Teff cells in the TIME.

In tumor genome aneuploidy studies, Davoli et al. showed
that the expression levels of genes associated with adaptive
immunity and the ratio of pro-inflammatory cytokines to
immunosuppressive molecules were significantly reduced
in tumors with high levels of arm-level SCNA (including
ccRCC) (165). This finding indicates that tumors with high
levels of SCNA may have more significant immunosuppressive
properties. The authors hypothesized that arm-level SCNA
could impair the antigen-extraction capacity of MHC
or affect the balance of proteins associated with cytotoxic
immune cell infiltration, resulting in blocking the activation
of the tumor-specific immune response (Figure 3D) (165).
Overall, frameshift INDELs and arm-level SCNA in ccRCC
appear to exert diametrically opposed effects on the
TIME, and thus, their underlying mechanisms should be
further explored.

Novel Therapeutic Strategies for Advanced
ccRCC Based on the TIME
As emphasized above, various immune cell subsets and
immunomodulatory molecules in the TIME impact on
the response to immunotherapy and targeted therapy.
Moreover, with the in-depth study of the TIME,
multiple immune regulation pathways have been found

to affect tumor cell survival. Therefore, by targeting
different immune microenvironment components or
non-redundant immunomodulatory pathways, we may
be able to overcome the therapeutic resistance of
advanced ccRCC.

Other Immune Checkpoint Molecules
Besides PD-1 and CTLA-4, other immune checkpoints (e.g.,
LAG-3 and Tim-3) are involved in the immune escape of tumor
cells and resistance to ICIs. Therefore, strategies targeting
these other immune checkpoints have great therapeutic
potential. Indeed, several early clinical trials of anti-LAG-3
monoclonal antibodies or anti-Tim-3 monoclonal antibodies
combined with PD-1 inhibitors are being conducted in
several tumor types, including RCC (Table 1). Besides, a
bispecific antibody (bsAb) that combines two two immune
checkpoints is receiving increasing attention, which can
reactivate Teff cells more efficiently by blocking different
immunosuppressive pathways. Currently, XmAb22841 (a
bsAb targeting CTLA-4 and LAG-3) is being evaluated in
a phase I trial in mRCC patients (Table 1). Stimulatory
checkpoint molecules, including OX40 (also known as
CD134) and CD27, are also potential therapeutic targets
for the treatment of tumors such as RCC. OX40, mainly
expressed on activated T cells, stimulates T cell proliferation
and enhances effector function when binding to its ligand
(OX40L) expressed on antigen-presenting cells (166). CD27,
mainly expressed on T cells and NK cells, enhances NK
cell-dependent and T cell-dependent anti-tumor immunity
when binding to CD70 (166). Thus, activating co-stimulatory
molecules can enhance the anti-tumor immune response by
a mechanism distinct from inhibitory checkpoint molecules,
which is a novel immunotherapeutic strategy for mRCC
(167). Indeed, PF-04518600 (an OX40 agonist) combined
with axitinib and varlilumab (a CD27 agonist) combined
with nivolumab are currently in clinical development for
mRCC (Table 1).

Modified Cytokine Therapies
NKTR-214 (also called bempegaldesleukin) is a PEGylated
IL-2 that drives proliferation and activation of CD8+ TILs
and NK cells within the TIME by binding to the dimeric
IL2Rβγ (CD122). Compared to traditional IL-2, NKTR-214
does not cause significant amplification of CD4+ Foxp3+

Tregs, and thus, has greater anti-tumor activity and fewer
adverse effects (168). This is because NKTR-214 has a limited
affinity for IL2Rα subunit, and thus, cannot bind to the
IL2Rαβγ heterotrimer on Tregs (169). Currently, NTRK-
214 combined with nivolumab is being evaluated in mRCC
in the phase III PIVOT-09 trial (Table 1). AM0010 (also
called pegilodecakin) is a modified PEGylated IL-10 that may
enhance the anti-tumor immune response by harnessing the
immunostimulatory function of IL-10. The latest results from
the ongoing phase I/Ib IVY study confirm that second-line
treatment with AM0010 in combination with a PD-1 inhibitor
has a good response rate in mRCC (ORR: 33–43%), which is even
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TABLE 1 | Novel treatment strategies for advanced ccRCC based on the tumor immune microenvironment.

Drug Type NCT

Number

Intervention Comparison Histology Primary endpoint Status Phase Number of

patients

Allocation

Immune

checkpoint

molecules

NCT01968109 Relatlimab (anti-LAG-3) +/–

Nivolumab

– RCC and others Safety, efficacy Recruiting Phase I/II 1,500 Randomized

NCT02996110 Relatlimab + Nivolumab Nivolumab +

Ipilimumab

RCC Safety Recruiting Phase II 200 Randomized

NCT02460224 LAG525 (anti-LAG-3) +/–

PDR001 (anti-PD-1)

– RCC Safety, ORR Active, not recruiting Phase I/II 490 Non-randomized

NCT02608268 MBG453 (anti-Tim-3) +/–

PDR001 (anti-PD-1)

– RCC Safety, ORR Recruiting Phase I/II 269 Non-randomized

NCT03849469 XmAb22841 (anti-CTLA-4 &

LAG-3) +/–Pembrolizumab

– RCC Safety Recruiting Phase I 242 Non-randomized

NCT03092856 PF-04518600 (OX40 agonist) +

Axitinib

Axitinib ccRCC, nccRCC PFS Recruiting Phase II 104 Randomized

NCT02335918 Varlilumab (CD27 agonist)

+Nivolumab

– RCC and others ORR Completed Phase II 175 N/A

Modified

cytokines

NCT03729245 NKTR-214 (CD122 agonist) +

Nivolumab

Sunitinib or

Cabozantinib

RCC OS, ORR Recruiting Phase III 600 Randomized

NCT02009449 AM0010 (PEG-IL-10) – RCC and others Safety Active, not recruiting Phase I 350 Non-randomized

Small-molecule

immunomodulators

NCT02667886 X4P-001 (CXCR4 inhibitor) +/–

Axitinib

– ccRCC Safety Active, not recruiting Phase I/II 74 Randomized

NCT02923531 X4P−001 + Nivolumab – ccRCC Safety Completed Phase I/II 9 N/A

NCT02675439 MIW815 (STING agonist) +/–

Ipilimumab

– RCC and others Safety, RD Active, not recruiting Phase I 47 Non-randomized

Targeting

immunometabolism

NCT02655822 Ciforadenant (A2aR antagonist)

+/– Atezolizumab

– RCC and others Safety, ORR, DLT, MDL Recruiting Phase I 336 Randomized

NCT02754141 BMS-986179 (anti-CD73) +/–

Nivolumab or rHuPH20

– RCC and others Safety Recruiting Phase I/II 268 Non-randomized

A2aR, adenosine A2a Receptor; ccRCC, clear cell renal cell carcinoma; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; DLT, dose-limiting toxicities; LAG-3, lymphocyte-activation gene 3; MDL, maximum dose level; nccRCC,

non-clear cell renal cell carcinoma; ORR, objective response rate; OS, overall survival; PD-1, programmed cell death-1; PEG-IL-10, pegylated interleukin-10; PFS, progression-free survival; RCC, renal cell carcinoma; RD, Recommended

dose; rHuPH20, recombinant human hyaluronidase PH20 enzyme; STING, stimulator of interferon genes; Tim-3, T-cell immunoglobulin mucin-3.
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better than the currently recommended second-line regimen
(Table 1) (170).

Small-Molecule Immunomodulators
Activation of the CXCR4/CXCL12 pathway is associated with the
formation of an immunosuppressive tumor microenvironment
(171), and X4P-001 (a CXCR4 antagonist) can block excessive
activation of this pathway to reverse tumor immune escape (172).
Preclinical studies have demonstrated that CXCR4 antagonists
could reduce the inhibitory effect of immunosuppressive cells
on Teff cells and increase T-cell sensitivity to tumor antigens
(173, 174). Currently, combination of X4P-001 with other
anticancer therapies are in development (Table 1). Another
potential target is the stimulator of interferon genes (STING),
which is activated upon binding to cyclic dinucleotide (CDN),
and initiates Teff cell-mediated adaptive immunity by inducing
type I IFN production and DC activation (175). The STING
agonist MIW815 (also called ADU-S100) was found to activate
an anti-tumor immune response in preclinical trials (176),
and phase I trials of MIW815 alone or in combination with
ipilimumab are currently evaluating the efficacy and safety in
multiple cancer types, including RCC (Table 1).

Targeting Immunometabolism
Hypoxia, the rapid proliferation of tumor cells, and upregulated
expression of CD39 and CD73 can accelerate adenosine
production in the tumor microenvironment (177). Several
studies have shown that adenosine inhibits the proliferation and
effector function of Teff cells, as well as the maturation and
antigen-presenting ability of DCs by binding to A2a receptors
(A2AR) (177, 178). Adenosine also upregulates the expression
of FOXP3 and immune checkpoints, including PD-1, CTLA-4,
and LAG-3 (178). CPI-444 (also called ciforadenant) is a selective
inhibitor of the A2AR that reverses the immunosuppressive effect
by blocking adenosine signaling. Early results from an ongoing
phase I/Ib clinical study showed disease control rate of 75% and
100% for CPI-444 alone and in combination with atezolizumab
in mRCC, respectively (Table 1) (179). Additionally, an anti-
CD73 antibody (BMS-986179) that targets the pathway toward
adenosine production is currently being evaluated in a phase 1
clinical trial (Table 1) (177).

CONCLUSION AND FUTURE
PERSPECTIVES

Although ICI-based combination therapies have improved the
prognosis of patients with advanced ccRCC, some patients show
no response or progress during the treatment process. Increasing
evidence suggests that the TIME is an important factor affecting
therapeutic response in such cases. Both genomic characteristics
and immunomodulatory effects of systemic therapy cause
dynamic changes in the TIME in advanced ccRCC, which, in
turn, impacts the therapeutic response. Several novel therapeutic
strategies optimized according to the components of the TIME
are under development to improve outcomes for patients with
advanced ccRCC. However, the integration of tumor genomic
and immune signatures to more accurately predict therapeutic
response is an important task to be refined in the future.
Moreover, there are obvious unmet needs in developing the
optimal treatment sequencing and combination strategy based
on the interaction between the TIME and systemic therapy.
We believe that comprehensive correlation analysis combining
the TIME, tumor genome, and therapeutic modalities could
provide more accurate prediction and decision-making for the
individualized treatment of advanced ccRCC patients in the
near future.
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The role of cytokines in the regulation of NK cells in the tumor environment.

Cytokine. (2019) 117:30–40. doi: 10.1016/j.cyto.2019.02.001

60. Terrén I, Orrantia A, Vitallé J, Zenarruzabeitia O, Borrego F. NK Cell

metabolism and tumor microenvironment. Front Immunol. (2019) 10:2278.

doi: 10.3389/fimmu.2019.02278

61. Husain Z, Huang Y, Seth P, Sukhatme VP. Tumor-derived lactate modifies

antitumor immune response: effect on myeloid-derived suppressor cells and

NK cells. J Immunol. (2013) 191:1486–95. doi: 10.4049/jimmunol.1202702

62. Wang J, Matosevic S. Adenosinergic signaling as a target for

natural killer cell immunotherapy. J Mol Med. (2018) 96:903–13.

doi: 10.1007/s00109-018-1679-9

63. Keppel MP, Saucier N, Mah AY, Vogel TP, Cooper MA. Activation-

specific metabolic requirements for NK Cell IFN-γ production.

J Immunol. (2015) 194:1954–62. doi: 10.4049/jimmunol.140

2099

64. Lukey MJ, Katt WP, Cerione RA. Targeting amino acid metabolism

for cancer therapy. Drug Discov Today. (2017) 22:796–804.

doi: 10.1016/j.drudis.2016.12.003

65. Prinz PU, Mendler AN, Brech D, Masouris I, Oberneder R, Noessner E. NK-

cell dysfunction in human renal carcinoma reveals diacylglycerol kinase as

key regulator and target for therapeutic intervention. Int J Cancer. (2014)

135:1832–41. doi: 10.1002/ijc.28837

66. Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade.

Science. (2018) 359:1350–5. doi: 10.1126/science.aar4060

67. O’Donnell JS, Long GV, Scolyer RA, Teng MWL, Smyth MJ. Resistance

to PD1/PDL1 checkpoint inhibition. Cancer Treat Rev. (2017) 52:71–81.

doi: 10.1016/j.ctrv.2016.11.007

68. Long L, Zhang X, Chen F, Pan Q, Phiphatwatchara P, Zeng Y,

et al. The promising immune checkpoint LAG-3: from tumor

microenvironment to cancer immunotherapy. Genes Cancer. (2018)

9:176–89. doi: 10.18632/genesandcancer.180

69. Ngiow SF, Young A, Jacquelot N, Yamazaki T, Enot D, Zitvogel L,

et al. A threshold level of intratumor CD8+ T-cell PD1 expression

dictates therapeutic response to anti-PD1. Cancer Res. (2015) 75:3800–11.

doi: 10.1158/0008-5472.CAN-15-1082

70. Motzer RJ, Penkov K, Haanen J, Rini B, Albiges L, Campbell MT, et al.

Avelumab plus axitinib versus sunitinib for advanced renal-cell carcinoma.

N Engl J Med. (2019) 380:1103–15. doi: 10.1056/NEJMoa1816047

71. Rini BI, Powles T, Atkins MB, Escudier B, McDermott DF, Suarez C, et al.

Atezolizumab plus bevacizumab versus sunitinib in patients with previously

untreated metastatic renal cell carcinoma (IMmotion151): a multicentre,

open-label, phase 3, randomised controlled trial. Lancet. (2019) 393:2404–15.

doi: 10.1016/S0140-6736(19)30723-8

72. Robert C, Long GV, Brady B, Dutriaux C, Maio M, Mortier L, et al.

Nivolumab in previously untreated melanoma without BRAF mutation. N

Engl J Med. (2015) 372:320–30. doi: 10.1056/NEJMoa1412082

73. Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M, Ready NE, et al.

Nivolumab versus docetaxel in advanced nonsquamous non-small-cell lung

cancer. N Engl J Med. (2015) 373:1627–39. doi: 10.1056/NEJMoa1507643

74. Gandhi L, Rodríguez-Abreu D, Gadgeel S, Esteban E, Felip E, De Angelis F,

et al. Pembrolizumab plus chemotherapy in metastatic non-small-cell lung

cancer. N Engl J Med. (2018) 378:2078–92. doi: 10.1056/NEJMoa1801005

75. Motzer RJ, Tannir NM, McDermott DF, Arén Frontera O, Melichar

B, Choueiri TK, et al. Nivolumab plus Ipilimumab versus sunitinib

in advanced renal-cell carcinoma. N Engl J Med. (2018) 378:1277–90.

doi: 10.1056/NEJMoa1712126

76. Rini BI, Plimack ER, Stus V, Gafanov R, Hawkins R, Nosov D, et

al. Pembrolizumab plus axitinib versus sunitinib for advanced renal-cell

carcinoma.N Engl J Med. (2019) 380:1116–27. doi: 10.1056/NEJMoa1816714

77. Byrne WL, Mills KHG, Lederer JA, O’Sullivan GC. Targeting

regulatory T cells in cancer. Cancer Res. (2011) 71:6915–20.

doi: 10.1158/0008-5472.CAN-11-1156

78. Beyer M, Schultze JL. Regulatory T cells in cancer. Blood. (2006) 108:804–11.

doi: 10.1182/blood-2006-02-002774

79. Togashi Y, Shitara K, Nishikawa H. Regulatory T cells in cancer

immunosuppression - implications for anticancer therapy. Nat Rev Clin

Oncol. (2019) 16:356–71. doi: 10.1038/s41571-019-0175-7

80. Simpson TR, Li F,Montalvo-OrtizW, SepulvedaMA, Bergerhoff K, Arce F, et

al. Fc-dependent depletion of tumor-infiltrating regulatory T cells co-defines

the efficacy of anti-CTLA-4 therapy against melanoma. J Exp Med. (2013)

210:1695–710. doi: 10.1084/jem.20130579

81. Quaranta V, Schmid MC. Macrophage-mediated subversion of anti-tumour

immunity. Cells. (2019) 8:747. doi: 10.3390/cells8070747

82. Falasiri S, Hajiran A, Kim Y, McCarthy S, Nguyen J, Spiess P, et al. MP18-

07 high expression of tumor-associated macrophage (tam) markers within

the tumor microenvironment signals poor overall survival in patients with

metastatic renal cell carcinoma treated with immunotherapy. J Urol. (2020)

203:e237. doi: 10.1097/JU.0000000000000843.07

83. Cassetta L, Kitamura T. Targeting tumor-associated macrophages as a

potential strategy to enhance the response to immune checkpoint inhibitors.

Front Cell Dev Biol. (2018) 6:38. doi: 10.3389/fcell.2018.00038

84. Ostrand-Rosenberg S, Fenselau C. Myeloid-derived suppressor cells:

immune-suppressive cells that impair antitumor immunity and

Frontiers in Immunology | www.frontiersin.org 14 March 2021 | Volume 12 | Article 653358

https://doi.org/10.1016/j.semcancer.2012.02.010
https://doi.org/10.1111/imr.12405
https://doi.org/10.1016/j.ajpath.2011.03.011
https://doi.org/10.1016/j.ccell.2016.02.004
https://doi.org/10.1038/nrclinonc.2018.29
https://doi.org/10.3389/fimmu.2018.03081
https://doi.org/10.1158/1538-7445.SABCS18-2458
https://doi.org/10.1016/j.urolonc.2017.01.002
https://doi.org/10.1634/theoncologist.2015-0151
https://doi.org/10.1007/978-3-319-53156-4_2
https://doi.org/10.1056/NEJMoa1510665
https://doi.org/10.1016/j.cyto.2004.06.010
https://doi.org/10.1097/CJI.0b013e3181cd870f
https://doi.org/10.1182/blood-2006-02-004747
https://doi.org/10.1200/JCO.2005.03.9594
https://doi.org/10.1016/j.cyto.2019.02.001
https://doi.org/10.3389/fimmu.2019.02278
https://doi.org/10.4049/jimmunol.1202702
https://doi.org/10.1007/s00109-018-1679-9
https://doi.org/10.4049/jimmunol.1402099
https://doi.org/10.1016/j.drudis.2016.12.003
https://doi.org/10.1002/ijc.28837
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1016/j.ctrv.2016.11.007
https://doi.org/10.18632/genesandcancer.180
https://doi.org/10.1158/0008-5472.CAN-15-1082
https://doi.org/10.1056/NEJMoa1816047
https://doi.org/10.1016/S0140-6736(19)30723-8
https://doi.org/10.1056/NEJMoa1412082
https://doi.org/10.1056/NEJMoa1507643
https://doi.org/10.1056/NEJMoa1801005
https://doi.org/10.1056/NEJMoa1712126
https://doi.org/10.1056/NEJMoa1816714
https://doi.org/10.1158/0008-5472.CAN-11-1156
https://doi.org/10.1182/blood-2006-02-002774
https://doi.org/10.1038/s41571-019-0175-7
https://doi.org/10.1084/jem.20130579
https://doi.org/10.3390/cells8070747
https://doi.org/10.1097/JU.0000000000000843.07
https://doi.org/10.3389/fcell.2018.00038
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Lin et al. Dynamic TIME in ccRCC

are sculpted by their environment. J Immunol. (2018) 200:422–31.

doi: 10.4049/jimmunol.1701019

85. Corzo CA, Condamine T, Lu L, Cotter MJ, Youn J-I, Cheng P, et al. HIF-

1α regulates function and differentiation of myeloid-derived suppressor

cells in the tumor microenvironment. J Exp Med. (2010) 207:2439–53.

doi: 10.1084/jem.20100587

86. Weber R, Fleming V, Hu X, Nagibin V, Groth C, Altevogt P, et

al. Myeloid-derived suppressor cells hinder the anti-cancer activity

of immune checkpoint inhibitors. Front Immunol. (2018) 9:1310.

doi: 10.3389/fimmu.2018.01310

87. Fa B, Luo C, Tang Z, Yan Y, Zhang Y, Yu Z. Pathway-based

biomarker identification with crosstalk analysis for robust prognosis

prediction in hepatocellular carcinoma. EBioMedicine. (2019) 44:250–60.

doi: 10.1016/j.ebiom.2019.05.010

88. Ghiringhelli F, Puig PE, Roux S, Parcellier A, Schmitt E, Solary E, et al. Tumor

cells convert immature myeloid dendritic cells into TGF-beta-secreting cells

inducing CD4+CD25+ regulatory T cell proliferation. J Exp Med. (2005)

202:919–29. doi: 10.1084/jem.20050463

89. Norian LA, Rodriguez PC, O’Mara LA, Zabaleta J, Ochoa AC, Cella

M, et al. Tumor-infiltrating regulatory dendritic cells inhibit CD8+ T

cell function via L-arginine metabolism. Cancer Res. (2009) 69:3086–94.

doi: 10.1158/0008-5472.CAN-08-2826

90. Liu Q, Zhang C, Sun A, Zheng Y, Wang L, Cao X. Tumor-educated

CD11bhighIalow regulatory dendritic cells suppress T cell response through

arginase I. J Immunol. (2009) 182:6207–16. doi: 10.4049/jimmunol.0803926

91. Bruno A, Mortara L, Baci D, Noonan DM, Albini A. Myeloid derived

suppressor cells interactions with natural killer cells and pro-angiogenic

activities: roles in tumor progression. Front Immunol. (2019) 10:771.

doi: 10.3389/fimmu.2019.00771

92. Shojaei F, Wu X, Malik AK, Zhong C, Baldwin ME, Schanz S, et al.

Tumor refractoriness to anti-VEGF treatment is mediated by CD11b+Gr1+

myeloid cells. Nat Biotechnol. (2007) 25:911–20. doi: 10.1038/nbt1323

93. Ichikawa K, Watanabe Miyano S, Minoshima Y, Matsui J, Funahashi

Y. Activated FGF2 signaling pathway in tumor vasculature is essential

for acquired resistance to anti-VEGF therapy. Sci Rep. (2020) 10:2939.

doi: 10.1038/s41598-020-59853-z

94. Laddha AP, Kulkarni YA. VEGF and FGF-2: promising targets for

the treatment of respiratory disorders. Respir Med. (2019) 156:33–46.

doi: 10.1016/j.rmed.2019.08.003

95. Finke J, Ko J, Rini B, Rayman P, Ireland J, Cohen P. MDSC as a mechanism

of tumor escape from sunitinib mediated anti-angiogenic therapy. Int

Immunopharmacol. (2011) 11:856–61. doi: 10.1016/j.intimp.2011.01.030

96. Quintero-Fabián S, Arreola R, Becerril-Villanueva E, Torres-

Romero JC, Arana-Argáez V, Lara-Riegos J, et al. Role of matrix

metalloproteinases in angiogenesis and cancer. Front Oncol. (2019)

9:1370. doi: 10.3389/fonc.2019.01370

97. Riabov V, Gudima A, Wang N, Mickley A, Orekhov A,

Kzhyshkowska J. Role of tumor associated macrophages in tumor

angiogenesis and lymphangiogenesis. Front Physiol. (2014) 5:75.

doi: 10.3389/fphys.2014.00075

98. Liu Q, Yang C, Wang S, Shi D, Wei C, Song J, et al. Wnt5a-

induced M2 polarization of tumor-associated macrophages via IL-10

promotes colorectal cancer progression. Cell Commun Signal. (2020) 18:51.

doi: 10.1186/s12964-020-00557-2

99. Pukrop T, Klemm F, Hagemann T, Gradl D, Schulz M, Siemes S, et

al. Wnt 5a signaling is critical for macrophage-induced invasion of

breast cancer cell lines. Proc Natl Acad Sci USA. (2006) 103:5454–9.

doi: 10.1073/pnas.0509703103

100. Yeo E-J, Cassetta L, Qian B-Z, Lewkowich I, Li J-f, Stefater JA, et al. Myeloid

WNT7b mediates the angiogenic switch and metastasis in breast cancer.

Cancer Res. (2014) 74:2962–73. doi: 10.1158/0008-5472.CAN-13-2421

101. Liu L, Ye Y, Zhu X. MMP-9 secreted by tumor associated

macrophages promoted gastric cancer metastasis through a

PI3K/AKT/Snail pathway. Biomed Pharmacother. (2019) 117:109096.

doi: 10.1016/j.biopha.2019.109096

102. Motzer RJ, Hutson TE, Cella D, Reeves J, Hawkins R, Guo J, et al. Pazopanib

versus sunitinib in metastatic renal-cell carcinoma. N Engl J Med. (2013)

369:722–31. doi: 10.1056/NEJMoa1303989

103. Voronov E, Carmi Y, Apte RN. The role IL-1 in tumor-mediated

angiogenesis. Front Physiol. (2014) 5:114. doi: 10.3389/fphys.2014.00114

104. Carbone C, Moccia T, Zhu C, Paradiso G, Budillon A, Chiao PJ,

et al. Anti-VEGF treatment-resistant pancreatic cancers secrete

proinflammatory factors that contribute to malignant progression by

inducing an EMT cell phenotype. Clin Cancer Res. (2011) 17:5822–32.

doi: 10.1158/1078-0432.CCR-11-1185

105. Ishibashi K, Koguchi T,Matsuoka K, Onagi A, Tanji R, Takinami-Honda R, et

al. Interleukin-6 induces drug resistance in renal cell carcinoma. Fukushima

J Med Sci. (2018) 64:103–10. doi: 10.5387/fms.2018-15

106. Kothari P, Pestana R, Mesraoua R, Elchaki R, Khan KMF, Dannenberg AJ,

et al. IL-6-mediated induction of matrix metalloproteinase-9 is modulated

by JAK-dependent IL-10 expression in macrophages. J Immunol. (2014)

192:349–57. doi: 10.4049/jimmunol.1301906

107. Huang D, Ding Y, Zhou M, Rini BI, Petillo D, Qian C-N, et al. Interleukin-8

mediates resistance to antiangiogenic agent sunitinib in renal cell carcinoma.

Cancer Res. (2010) 70:1063–71. doi: 10.1158/0008-5472.CAN-09-3965

108. Hansen W. Neuropilin 1 guides regulatory T cells into VEGF-producing

melanoma. Oncoimmunol. (2013) 2:e23039. doi: 10.4161/onci.23039

109. Vetsika E-K, Koukos A, Kotsakis A. Myeloid-derived suppressor cells: major

figures that shape the immunosuppressive and angiogenic network in cancer.

Cells. (2019) 8:1647. doi: 10.3390/cells8121647

110. Li Y-L, Zhao H, Ren X-B. Relationship of VEGF/VEGFR with immune and

cancer cells: staggering or forward? Cancer Biol Med. (2016) 13:206–14.

doi: 10.20892/j.issn.2095-3941.2015.0070

111. Li C, Liu B, Dai Z, Tao Y. Knockdown of VEGF receptor-1 (VEGFR-

1) impairs macrophage infiltration, angiogenesis and growth of clear

cell renal cell carcinoma (CRCC). Cancer Biol Ther. (2011) 12:872–80.

doi: 10.4161/cbt.12.10.17672

112. Dirkx AEM, oude Egbrink MGA, Castermans K, van der Schaft

DWJ, Thijssen VLJL, Dings RPM, et al. Anti-angiogenesis therapy can

overcome endothelial cell anergy and promote leukocyte-endothelium

interactions and infiltration in tumors. FASEB J. (2006) 20:621–30.

doi: 10.1096/fj.05-4493com

113. Finke JH, Rini B, Ireland J, Rayman P, Richmond A, Golshayan A, et al.

Sunitinib reverses type-1 immune suppression and decreases T-regulatory

cells in renal cell carcinoma patients. Clin Cancer Res. (2008) 14:6674–82.

doi: 10.1158/1078-0432.CCR-07-5212

114. Ko JS, Zea AH, Rini BI, Ireland JL, Elson P, Cohen P, et al. Sunitinib

mediates reversal of myeloid-derived suppressor cell accumulation in

renal cell carcinoma patients. Clin Cancer Res. (2009) 15:2148–57.

doi: 10.1158/1078-0432.CCR-08-1332

115. RJ, Jonasch E, Michaelson MD, Nandagopal L, Gore JL, George S, et al.

NCCN guidelines insights: kidney cancer, version 2.2020. J Natl Compr Canc

Netw. (2019) 17:1278–85. doi: 10.6004/jnccn.2019.0054

116. Escudier B, Porta C, Schmidinger M, Rioux-Leclercq N, Bex A, Khoo

V, et al. Renal cell carcinoma: ESMO clinical practice guidelines for

diagnosis, treatment and follow-up
†
. Ann Oncol. (2019) 30:706–20.

doi: 10.1093/annonc/mdz056

117. Escudier B, Pluzanska A, Koralewski P, Ravaud A, Bracarda S, Szczylik C,

et al. Bevacizumab plus interferon alfa-2a for treatment of metastatic renal

cell carcinoma: a randomised, double-blind phase III trial. Lancet. (2007)

370:2103–11. doi: 10.1016/S0140-6736(07)61904-7

118. Liu X-D, Hoang A, Zhou L, Kalra S, Yetil A, Sun M, et al. Resistance

to antiangiogenic therapy is associated with an immunosuppressive tumor

microenvironment in metastatic renal cell carcinoma. Cancer Immunol Res.

(2015) 3:1017–29. doi: 10.1158/2326-6066.CIR-14-0244

119. Huang Y, Yuan J, Righi E, Kamoun WS, Ancukiewicz M, Nezivar

J, et al. Vascular normalizing doses of antiangiogenic treatment

reprogram the immunosuppressive tumor microenvironment and

enhance immunotherapy. Proc Natl Acad Sci USA. (2012) 109:17561–6.

doi: 10.1073/pnas.1215397109

120. Albini A, Bruno A, Noonan DM, Mortara L. Contribution to tumor

angiogenesis from innate immune cells within the tumormicroenvironment:

implications for immunotherapy. Front Immunol. (2018) 9:527.

doi: 10.3389/fimmu.2018.00527

121. Pópulo H, Lopes JM, Soares P. The mTOR signalling pathway in human

cancer. Int J Mol Sci. (2012) 13:1886–918. doi: 10.3390/ijms13021886

Frontiers in Immunology | www.frontiersin.org 15 March 2021 | Volume 12 | Article 653358

https://doi.org/10.4049/jimmunol.1701019
https://doi.org/10.1084/jem.20100587
https://doi.org/10.3389/fimmu.2018.01310
https://doi.org/10.1016/j.ebiom.2019.05.010
https://doi.org/10.1084/jem.20050463
https://doi.org/10.1158/0008-5472.CAN-08-2826
https://doi.org/10.4049/jimmunol.0803926
https://doi.org/10.3389/fimmu.2019.00771
https://doi.org/10.1038/nbt1323
https://doi.org/10.1038/s41598-020-59853-z
https://doi.org/10.1016/j.rmed.2019.08.003
https://doi.org/10.1016/j.intimp.2011.01.030
https://doi.org/10.3389/fonc.2019.01370
https://doi.org/10.3389/fphys.2014.00075
https://doi.org/10.1186/s12964-020-00557-2
https://doi.org/10.1073/pnas.0509703103
https://doi.org/10.1158/0008-5472.CAN-13-2421
https://doi.org/10.1016/j.biopha.2019.109096
https://doi.org/10.1056/NEJMoa1303989
https://doi.org/10.3389/fphys.2014.00114
https://doi.org/10.1158/1078-0432.CCR-11-1185
https://doi.org/10.5387/fms.2018-15
https://doi.org/10.4049/jimmunol.1301906
https://doi.org/10.1158/0008-5472.CAN-09-3965
https://doi.org/10.4161/onci.23039
https://doi.org/10.3390/cells8121647
https://doi.org/10.20892/j.issn.2095-3941.2015.0070
https://doi.org/10.4161/cbt.12.10.17672
https://doi.org/10.1096/fj.05-4493com
https://doi.org/10.1158/1078-0432.CCR-07-5212
https://doi.org/10.1158/1078-0432.CCR-08-1332
https://doi.org/10.6004/jnccn.2019.0054
https://doi.org/10.1093/annonc/mdz056
https://doi.org/10.1016/S0140-6736(07)61904-7
https://doi.org/10.1158/2326-6066.CIR-14-0244
https://doi.org/10.1073/pnas.1215397109
https://doi.org/10.3389/fimmu.2018.00527
https://doi.org/10.3390/ijms13021886
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Lin et al. Dynamic TIME in ccRCC

122. Voss MH, Molina AM, Motzer RJ. mTOR inhibitors

in advanced renal cell carcinoma. Hematol Oncol Clin

North Am. (2011) 25:835–52. doi: 10.1016/j.hoc.2011.

04.008

123. Macdonald AS. Use of mTOR inhibitors in human organ transplantation.

Expert Rev Clin Immunol. (2007) 3:423–36. doi: 10.1586/1744666X.3.3.423

124. Huijts CM, Santegoets SJ, de Jong TD, Verheul HM, de Gruijl TD,

van der Vliet HJ. Immunological effects of everolimus in patients with

metastatic renal cell cancer. Int J Immunopathol Pharmacol. (2017) 30:341–

52. doi: 10.1177/0394632017734459

125. Ghiringhelli F, Menard C, Puig PE, Ladoire S, Roux S, Martin F, et al.

Metronomic cyclophosphamide regimen selectively depletes CD4+CD25+

regulatory T cells and restores T and NK effector functions in end

stage cancer patients. Cancer Immunol Immunother. (2007) 56:641–8.

doi: 10.1007/s00262-006-0225-8

126. CM, Lougheed SM, Bodalal Z, van Herpen CM, Hamberg P, Tascilar M, et

al. The effect of everolimus and low-dose cyclophosphamide on immune

cell subsets in patients with metastatic renal cell carcinoma: results from

a phase I clinical trial. Cancer Immunol Immunother. (2019) 68:503–15.

doi: 10.1007/s00262-018-2288-8

127. Sanchez DJ, Simon MC. Genetic and metabolic hallmarks of clear cell

renal cell carcinoma. Biochim Biophys Acta Rev Cancer. (2018) 1870:23–31.

doi: 10.1016/j.bbcan.2018.06.003

128. Gerlinger M, Horswell S, Larkin J, Rowan AJ, Salm MP, Varela I,

et al. Genomic architecture and evolution of clear cell renal cell

carcinomas defined bymultiregion sequencing.Nat Genet. (2014) 46:225–33.

doi: 10.1038/ng.2891

129. Cancer Genome Atlas Research N. Comprehensive molecular

characterization of clear cell renal cell carcinoma. Nature. (2013) 499:43–9.

doi: 10.1038/nature12222

130. Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC, Cockman

ME, et al. The tumour suppressor protein VHL targets hypoxia-inducible

factors for oxygen-dependent proteolysis. Nature. (1999) 399:271–5.

doi: 10.1038/20459

131. Ekmekcioglu S, Grimm EA, Roszik J. Targeting iNOS to increase

efficacy of immunotherapies. Hum Vaccin Immunother. (2017) 13:1105–8.

doi: 10.1080/21645515.2016.1276682

132. Doedens AL, Stockmann C, Rubinstein MP, Liao D, Zhang N, DeNardo

DG, et al. Macrophage expression of hypoxia-inducible factor-1 alpha

suppresses T-cell function and promotes tumor progression. Cancer Res.

(2010) 70:7465–75. doi: 10.1158/0008-5472.CAN-10-1439

133. Clambey ET, McNamee EN, Westrich JA, Glover LE, Campbell EL, Jedlicka

P, et al. Hypoxia-inducible factor-1 alpha-dependent induction of FoxP3

drives regulatory T-cell abundance and function during inflammatory

hypoxia of the mucosa. Proc Natl Acad Sci USA. (2012) 109:E2784-E93.

doi: 10.1073/pnas.1202366109

134. Noman MZ, Desantis G, Janji B, Hasmim M, Karray S, Dessen P, et al.

PD-L1 is a novel direct target of HIF-1α, and its blockade under hypoxia

enhanced MDSC-mediated T cell activation. J Exp Med. (2014) 211:781–90.

doi: 10.1084/jem.20131916

135. Messai Y, Gad S, Noman MZ, Le Teuff G, Couve S, Janji B, et al. Renal

cell carcinoma programmed death-ligand 1, a new direct target of hypoxia-

inducible factor-2 alpha, is regulated by von hippel-lindau gene mutation

status. Eur Urol. (2016) 70:623–32. doi: 10.1016/j.eururo.2015.11.029

136. Carril-Ajuria L, Santos M, Roldán-Romero JM, Rodriguez-Antona C, de

Velasco G. Prognostic and predictive value of in clear cell renal cell

carcinoma. Cancers. (2019) 12. doi: 10.3390/cancers12010016

137. Pfister SX, Ahrabi S, Zalmas L-P, Sarkar S, Aymard F, Bachrati CZ,

et al. SETD2-dependent histone H3K36 trimethylation is required for

homologous recombination repair and genome stability. Cell Rep. (2014)

7:2006–18. doi: 10.1016/j.celrep.2014.05.026

138. Ventii KH, Devi NS, Friedrich KL, Chernova TA, Tighiouart M, Van

Meir EG, et al. BRCA1-associated protein-1 is a tumor suppressor

that requires deubiquitinating activity and nuclear localization.

Cancer Res. (2008) 68:6953–62. doi: 10.1158/0008-5472.CAN-08-0

365

139. Bihr S, Ohashi R, Moore AL, Rüschoff JH, Beisel C, Hermanns T, et al.

Expression and mutation patterns of PBRM1, BAP1 and SETD2 mirror

specific evolutionary subtypes in clear cell renal cell carcinoma. Neoplasia.

(2019) 21:247–56. doi: 10.1016/j.neo.2018.12.006

140. Braun DA, Ishii Y, Walsh AM, Van Allen EM, Wu CJ, Shukla SA, et al.

Clinical validation of PBRM1 alterations as a marker of immune checkpoint

inhibitor response in renal cell carcinoma. JAMA Oncol. (2019) 5:1631–3.

doi: 10.1001/jamaoncol.2019.3158

141. Miao D, Margolis CA, Gao W, Voss MH, Li W, Martini DJ, et al. Genomic

correlates of response to immune checkpoint therapies in clear cell renal cell

carcinoma. Science. (2018) 359:801–6. doi: 10.1126/science.aan5951

142. Alaiwi SA, Nassar A, Bakouny ZE, Berchuck JE, Nuzzo P, Flippot

R, et al. Association of polybromo-associated BAF (PBAF) complex

mutations with overall survival (OS) in cancer patients (pts) treated

with checkpoint inhibitors (ICIs). J Clin Oncol. (2019) 37(15_suppl):103.

doi: 10.1200/JCO.2019.37.15_suppl.103

143. Hakimi AA, Ged Y, Flynn J, Hoen DR, Natale RGD, Blum KA, et al.

The impact of PBRM1 mutations on overall survival in greater than 2,100

patients treated with immune checkpoint blockade (ICB). J Clin Oncol.

(2019) 37(7_Suppl):666. doi: 10.1200/JCO.2019.37.7_suppl.666

144. Hakimi AA, Voss MH, Kuo F, Sanchez A, Liu M, Nixon BG, et al.

Transcriptomic profiling of the tumor microenvironment reveals distinct

subgroups of clear cell renal cell cancer: data from a randomized phase III

trial. Cancer Discov. (2019) 9:510–25. doi: 10.1158/2159-8290.CD-18-0957

145. Singla N, Xie Z, Zhang Z, Gao M, Yousuf Q, Onabolu O, et al. Pancreatic

tropism of metastatic renal cell carcinoma. JCI Insight. (2020) 5:e134564.

doi: 10.1172/jci.insight.134564

146. Beuselinck B, Job S, Becht E, Karadimou A, Verkarre V, Couchy G, et

al. Molecular subtypes of clear cell renal cell carcinoma are associated

with sunitinib response in the metastatic setting. Clin Cancer Res. (2015)

21:1329–39. doi: 10.1158/1078-0432.CCR-14-1128

147. Wang T, Lu R, Kapur P, Jaiswal BS, Hannan R, Zhang Z, et al.

An empirical approach leveraging tumorgrafts to dissect the tumor

microenvironment in renal cell carcinoma identifies missing link to

prognostic inflammatory factors. Cancer Discov. (2018) 8:1142–55.

doi: 10.1158/2159-8290.CD-17-1246

148. Carnero A, Paramio JM. The PTEN/PI3K/AKT pathway in vivo, cancer

mouse models. Front Oncol. (2014) 4:252. doi: 10.3389/fonc.2014.00252

149. Ying H, Elpek KG, Vinjamoori A, Zimmerman SM, Chu GC, Yan H, et al.

PTEN is a major tumor suppressor in pancreatic ductal adenocarcinoma

and regulates an NF-κB-cytokine network. Cancer Discov. (2011) 1:158–69.

doi: 10.1158/2159-8290.CD-11-0031

150. Grivennikov SI, Karin M. Dangerous liaisons: STAT3 and NF-kappaB

collaboration and crosstalk in cancer. Cytokine Growth Factor Rev. (2010)

21:11–9. doi: 10.1016/j.cytogfr.2009.11.005

151. Romanque P, Piguet A-C, Dufour J-F. Targeting vessels to treat hepatocellular

carcinoma. Clin Sci. (2008) 114:467–77. doi: 10.1042/CS20070310

152. Cheng F, Eng C. PTEN mutations trigger resistance to immunotherapy.

Trends Mol Med. (2019) 25:461–3. doi: 10.1016/j.molmed.2019.03.003

153. Kortylewski M, Xin H, Kujawski M, Lee H, Liu Y, Harris T, et

al. Regulation of the IL-23 and IL-12 balance by Stat3 signaling

in the tumor microenvironment. Cancer Cell. (2009) 15:114–23.

doi: 10.1016/j.ccr.2008.12.018

154. Bonecchi R, Galliera E, Borroni EM, Corsi MM, Locati M, Mantovani A.

Chemokines and chemokine receptors: an overview. Front Biosci. (2009)

14:540–51. doi: 10.2741/3261

155. Peng W, Chen JQ, Liu C, Malu S, Creasy C, Tetzlaff MT, et al. Loss

of PTEN promotes resistance to t cell-mediated immunotherapy. Cancer

Discov. (2016) 6:202–16. doi: 10.1158/1538-7445.AM2016-4363

156. George S, Miao D, Demetri GD, Adeegbe D, Rodig SJ, Shukla S, et al. Loss

of PTEN Is associated with resistance to anti-PD-1 checkpoint blockade

therapy in metastatic uterine leiomyosarcoma. Immunity. (2017) 46:197–

204. doi: 10.1016/j.immuni.2017.02.001

157. Zhang S, Zhang E, Long J, Hu Z, Peng J, Liu L, et al. Immune infiltration in

renal cell carcinoma. Cancer Sci. (2019) 110:1564–72. doi: 10.1111/cas.13996

158. Alcazer V, Bonaventura P, Depil S. Human endogenous retroviruses

(HERVs): shaping the innate immune response in cancers. Cancers. (2020)

12:610. doi: 10.3390/cancers12030610

159. Kassiotis G. Endogenous retroviruses and the development of cancer. J

Immunol. (2014) 192:1343–9. doi: 10.4049/jimmunol.1302972

Frontiers in Immunology | www.frontiersin.org 16 March 2021 | Volume 12 | Article 653358

https://doi.org/10.1016/j.hoc.2011.04.008
https://doi.org/10.1586/1744666X.3.3.423
https://doi.org/10.1177/0394632017734459
https://doi.org/10.1007/s00262-006-0225-8
https://doi.org/10.1007/s00262-018-2288-8
https://doi.org/10.1016/j.bbcan.2018.06.003
https://doi.org/10.1038/ng.2891
https://doi.org/10.1038/nature12222
https://doi.org/10.1038/20459
https://doi.org/10.1080/21645515.2016.1276682
https://doi.org/10.1158/0008-5472.CAN-10-1439
https://doi.org/10.1073/pnas.1202366109
https://doi.org/10.1084/jem.20131916
https://doi.org/10.1016/j.eururo.2015.11.029
https://doi.org/10.3390/cancers12010016
https://doi.org/10.1016/j.celrep.2014.05.026
https://doi.org/10.1158/0008-5472.CAN-08-0365
https://doi.org/10.1016/j.neo.2018.12.006
https://doi.org/10.1001/jamaoncol.2019.3158
https://doi.org/10.1126/science.aan5951
https://doi.org/10.1200/JCO.2019.37.15_suppl.103
https://doi.org/10.1200/JCO.2019.37.7_suppl.666
https://doi.org/10.1158/2159-8290.CD-18-0957
https://doi.org/10.1172/jci.insight.134564
https://doi.org/10.1158/1078-0432.CCR-14-1128
https://doi.org/10.1158/2159-8290.CD-17-1246
https://doi.org/10.3389/fonc.2014.00252
https://doi.org/10.1158/2159-8290.CD-11-0031
https://doi.org/10.1016/j.cytogfr.2009.11.005
https://doi.org/10.1042/CS20070310
https://doi.org/10.1016/j.molmed.2019.03.003
https://doi.org/10.1016/j.ccr.2008.12.018
https://doi.org/10.2741/3261
https://doi.org/10.1158/1538-7445.AM2016-4363
https://doi.org/10.1016/j.immuni.2017.02.001
https://doi.org/10.1111/cas.13996
https://doi.org/10.3390/cancers12030610
https://doi.org/10.4049/jimmunol.1302972
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Lin et al. Dynamic TIME in ccRCC

160. Smith CC, Beckermann KE, Bortone DS, De Cubas AA, Bixby LM, Lee

SJ, et al. Endogenous retroviral signatures predict immunotherapy response

in clear cell renal cell carcinoma. J Clin Invest. (2018) 128:4804–20.

doi: 10.1172/JCI121476

161. Klempner SJ, Fabrizio D, Bane S, Reinhart M, Peoples T, Ali SM, et al.

Tumormutational burden as a predictive biomarker for response to immune

checkpoint inhibitors: a review of current evidence. Oncologist. (2020)

25:e147–e59. doi: 10.1634/theoncologist.2019-0244

162. Drake CG, Stein MN. The immunobiology of kidney cancer. J Clin Oncol.

(2018) 36:3547–52. doi: 10.1200/JCO.2018.79.2648

163. Zehir A, Benayed R, Shah RH, Syed A, Middha S, Kim HR, et al. Mutational

landscape of metastatic cancer revealed from prospective clinical sequencing

of 10,000 patients. Nat Med. (2017) 23:703–13. doi: 10.1038/nm.4333

164. Turajlic S, Litchfield K, Xu H, Rosenthal R, McGranahan N, Reading

JL, et al. Insertion-and-deletion-derived tumour-specific neoantigens and

the immunogenic phenotype: a pan-cancer analysis. Lancet Oncol. (2017)

18:1009–21. doi: 10.1016/S1470-2045(17)30516-8

165. Davoli T, Uno H, Wooten EC, Elledge SJ. Tumor aneuploidy correlates with

markers of immune evasion and with reduced response to immunotherapy.

Science. (2017) 355. doi: 10.1126/science.aaf8399

166. Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation and

co-inhibition. Nat Rev Immunol. (2013) 13:227–42. doi: 10.1038/nri3405

167. Capece D, Verzella D, Fischietti M, Zazzeroni F, Alesse E. Targeting

costimulatory molecules to improve antitumor immunity. J Biomed

Biotechnol. (2012) 2012:926321. doi: 10.1155/2012/926321

168. Bentebibel S-E, Hurwitz ME, Bernatchez C, Haymaker C, Hudgens

CW, Kluger HM, et al. A first-in-human study and biomarker analysis

of NKTR-214, a novel IL2Rβγ-biased cytokine, in patients with

advanced or metastatic solid tumors. Cancer Discov. (2019) 9:711–21.

doi: 10.1158/2159-8290.CD-18-1495

169. Charych DH, Hoch U, Langowski JL, Lee SR, Addepalli MK, Kirk PB, et

al. NKTR-214, an engineered cytokine with biased IL2 receptor binding,

increased tumor exposure, andmarked efficacy in mouse tumor models. Clin

Cancer Res. (2016) 22:680–90. doi: 10.1158/1078-0432.CCR-15-1631

170. Naing A, Papadopoulos KP, Wong DJL, Aljumaily R, Hung A, Afable

M, et al. Pegilodecakin as monotherapy or in combination with anti-

PD-1 or tyrosine kinase inhibitor in heavily pretreated patients with

advanced renal cell carcinoma (RCC): updated results from phase I/Ib IVY

study. J Clin Oncol. (2020) 38(6_suppl):679. doi: 10.1200/JCO.2020.38.6_sup

pl.679

171. Susek KH, Karvouni M, Alici E, Lundqvist A. The role of CXC chemokine

receptors 1–4 on immune cells in the tumor microenvironment. Front

Immunol. (2018) 9:2159. doi: 10.3389/fimmu.2018.02159

172. Eckert F, Schilbach K, Klumpp L, Bardoscia L, Sezgin EC, Schwab M,

et al. Potential role of CXCR4 targeting in the context of radiotherapy

and immunotherapy of cancer. Front Immunol. (2018) 9:3018.

doi: 10.3389/fimmu.2018.03018

173. Panka D, Wang Y, Arbeit R, Mier J. MDSC trafficking and function

in RCC by CXCR4 in the presence of a VEGF-R antagonist is

dependent on HIF-2α expression. Eur J Cancer. (2016) 69:S105.

doi: 10.1016/S0959-8049(16)32912-4

174. D’Alterio C, Buoncervello M, Ieranò C, Napolitano M, Portella L, Rea G,

et al. Targeting CXCR4 potentiates anti-PD-1 efficacy modifying the tumor

microenvironment and inhibiting neoplastic PD-1. J Exp Clin Cancer Res.

(2019) 38:432. doi: 10.1186/s13046-019-1420-8

175. Wu J-J, Zhao L, Hu H-G, Li W-H, Li Y-M. Agonists and inhibitors of the

STING pathway: potential agents for immunotherapy. Med Res Rev. (2020)

40:1117–41. doi: 10.1002/med.21649

176. Foote JB, Kok M, Leatherman JM, Armstrong TD, Marcinkowski BC, Ojalvo

LS, et al. A STING agonist given with OX40 receptor and PD-L1 modulators

primes immunity and reduces tumor growth in tolerized mice. Cancer

Immunol Res. (2017) 5:468–79. doi: 10.1158/2326-6066.CIR-16-0284

177. Leone RD, Emens LA. Targeting adenosine for cancer immunotherapy. J

Immunother Cancer. (2018) 6:57. doi: 10.1186/s40425-018-0360-8

178. Leone RD, Sun I-M, Oh M-H, Sun I-H, Wen J, Englert J, et al. Inhibition

of the adenosine A2a receptor modulates expression of T cell coinhibitory

receptors and improves effector function for enhanced checkpoint blockade

and ACT in murine cancer models. Cancer Immunol Immunother. (2018)

67:1271–84. doi: 10.1007/s00262-018-2186-0

179. Fong L, Forde PM, Powderly JD, Goldman JW, Nemunaitis JJ, Luke

JJ, et al. Safety and clinical activity of adenosine A2a receptor (A2aR)

antagonist, CPI-444, in anti-PD1/PDL1 treatment-refractory renal cell

(RCC) and non-small cell lung cancer (NSCLC) patients. J Clin Oncol. (2017)

35(15_suppl):3004. doi: 10.1200/JCO.2017.35.15_suppl.3004

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Lin, Liu, Liu, Zhang, Xie, Tian, Liu and Yu. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 17 March 2021 | Volume 12 | Article 653358

https://doi.org/10.1172/JCI121476
https://doi.org/10.1634/theoncologist.2019-0244
https://doi.org/10.1200/JCO.2018.79.2648
https://doi.org/10.1038/nm.4333
https://doi.org/10.1016/S1470-2045(17)30516-8
https://doi.org/10.1126/science.aaf8399
https://doi.org/10.1038/nri3405
https://doi.org/10.1155/2012/926321
https://doi.org/10.1158/2159-8290.CD-18-1495
https://doi.org/10.1158/1078-0432.CCR-15-1631
https://doi.org/10.1200/JCO.2020.38.6_suppl.679
https://doi.org/10.3389/fimmu.2018.02159
https://doi.org/10.3389/fimmu.2018.03018
https://doi.org/10.1016/S0959-8049(16)32912-4
https://doi.org/10.1186/s13046-019-1420-8
https://doi.org/10.1002/med.21649
https://doi.org/10.1158/2326-6066.CIR-16-0284
https://doi.org/10.1186/s40425-018-0360-8
https://doi.org/10.1007/s00262-018-2186-0
https://doi.org/10.1200/JCO.2017.35.15_suppl.3004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Roles of the Dynamic Tumor Immune Microenvironment in the Individualized Treatment of Advanced Clear Cell Renal Cell Carcinoma
	Introduction
	The Relatively Unique TIME in ccRCC
	Potential Mechanisms Affecting the Efficacy of Immunotherapy in the TIME in ccRCC
	Cytokines
	Immune Checkpoint Inhibitors
	The Bidirectional Relationship Between Targeted Therapies and TIME in ccRCC
	Resistance to VEGF/VEGFR Inhibitors in TIME
	Immunomodulatory Effects of VEGF/VEGFR Inhibitors
	Immunomodulatory Effects of mTOR Inhibitors
	Genomic Changes in ccRCC That Influence the TIME
	VHL Mutations
	PBRM1, BAP1, and SETD2 Mutations
	PTEN Mutations
	Human Endogenous Retroviruses
	Tumor Mutational Burden and Somatic Copy-Number Alterations
	Novel Therapeutic Strategies for Advanced ccRCC Based on the TIME
	Other Immune Checkpoint Molecules
	Modified Cytokine Therapies
	Small-Molecule Immunomodulators
	Targeting Immunometabolism

	Conclusion and Future Perspectives
	Author Contributions
	Funding
	Acknowledgments
	References


