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Abstract: Advanced imaging techniques for diagnosis have increased awareness on the benefits of
brain screening, facilitated effective control of extracranial disease, and prolonged life expectancy
of metastatic renal cell carcinoma (mRCC) patients. Brain metastasis (BM) in patients with mRCC
(RCC-BM) is associated with grave prognoses, a high degree of morbidity, dedicated assessment, and
unresponsiveness to conventional systemic therapeutics. The therapeutic landscape of RCC-BM is
rapidly changing; however, survival outcomes remain poor despite standard surgery and radiation,
highlighting the unmet medical needs and the requisite for advancement in systemic therapies.
Immune checkpoint inhibitors (ICIs) are one of the most promising strategies to treat RCC-BM.
Understanding the role of brain-specific tumor immune microenvironment (TIME) is important for
developing rationale-driven ICI-based combination strategies that circumvent tumor intrinsic and
extrinsic factors and complex positive feedback loops associated with resistance to ICIs in RCC-BM
via combination with ICIs involving other immunological pathways, anti-antiangiogenic multiple
tyrosine kinase inhibitors, and radiotherapy; therefore, novel combination approaches are being
developed for synergistic potential against RCC-BM; however, further prospective investigations with
longer follow-up periods are required to improve the efficacy and safety of combination treatments
and to elucidate dynamic predictive biomarkers depending on the interactions in the brain TIME.

Keywords: brain metastases; renal cell carcinoma; immune checkpoint inhibitors; treatment resistance;
tumor immune microenvironment; combination; tyrosine kinase inhibitor; radiotherapy

1. Introduction

Renal cell carcinomas (RCC) comprise a heterogeneous histologic subtype of malig-
nant neoplasms arising from the nephron, and widely vary with respect to the underly-
ing pathogenesis, genomic/molecular characteristics, and clinical treatment, including
the susceptibility to conventional therapeutics [1–8]. Sequential events in the molecular
etiopathogenesis of Von Hippel–Lindau (VHL)-inactivated metastatic RCC (mRCC) can
be summarized as constitutive activation of the hypoxia-inducible factor (HIF) pathway
due to loss of VHL activity, fostering global changes in the metabolome, genome, and
epigenome in apoptotic, cell cycle regulatory, and mismatch repair pathways, angiogenesis,
metabolic adaptations, and immune evasion [1–5,9,10].

Systemic therapy against mRCC has evolved significantly over the past two
decades [11–14]. Vascular endothelial growth factor (VEGF)-tyrosine kinase inhibitors
(TKIs) (e.g., sunitinib, pazopanib, axitinib, tivozanib, lenvatinib, and cabozantinib) or
mammalian target of rapamycin (mTOR) pathway inhibitors (e.g., everolimus and tem-
sirolimus) were used in the 2000s for mRCC, either combined or as a monotherapy [11–14].
A validation study of the International Metastatic RCC Database Consortium (IMDC)
system revealed that the median overall survival (OS) significantly improved in the 2000s
as compared to that observed in the cytokine era (favorable risk: 43.2 months, intermediate
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risk: 22.5 months, and poor risk: 7.8 months) [15]. Unfortunately, the 5-year OS rate for
mRCC remains under 30% despite the TKI-based approach [11–14].

2. Clinical Implications and Unmet Needs of Brain Metastases from RCC

Brain metastases (BM) is generally associated with a very poor prognosis and high
degree of morbidity, requiring urgent multidisciplinary care, and is relatively unrespon-
sive to conventional systemic therapy [11,16–25]. BM is also a serious condition that
causes headaches, focal neurological deficits, altered mental status or gradual cognitive
impairment, epileptic seizures driven by increased intracranial pressure by vasogenic
edema, or alterations in cerebrospinal fluid (CSF) flow, thereby impairing the quality of life
(QOL) [11,17–19,25–27]. Unfortunately, BM is not a rare finding in mRCC (8%–15%), and its
prevalence has increased in the past two decades [16–22]. The median OS of RCC patients
with BM (RCC-BM) is only 5–8 months [16–22]. Therefore, early detection and effective
treatment of BM is an unmet medical need for mRCC [11,17,19,25]. Improved clinical
outcomes of extracranial metastases by the introduction of TKIs and immune checkpoint
inhibitors (ICIs) has led to the adoption of improved imaging techniques for BM, thereby
increasing awareness of the benefit of brain screening [11,17–20,27].

As advances in both local and systemic therapies provide better survival outcomes,
mRCC patients with solitary BM and good performance status (PS) can benefit from
early detection of asymptomatic BM [11,19,25,28]. Nevertheless, current surveillance
guidelines for patients with RCC do not recommend brain imaging, unless BM is clinically
suspected [11,29,30]. A large mRCC cohort study to investigate the rate of incidental BM
highlighted that a relevant proportion of patients with mRCC (4.3%) may harbor occult
BM through brain imaging as a part of eligibility assessments for clinical trial [16]. These
data suggested that the risk of asymptomatic brain involvement extends to those with
favorable risk features per IMDC risk assessment [16,19]. Sarcomatoid dedifferentiation,
T2-4 disease, tumor size >10 cm, regional node involvement, and thoracic and osseous
sites of extracranial disease, initial presence with metastatic disease at diagnosis and
disease progression during first-line therapies were independent BM-associated risk factors
for mRCC [16,19,20,25,31,32]. Consistent evaluation of risk and identification of highly
sensitive and accurate algorithmic screening approaches are required to characterize mRCC
patients with a considerably high propensity for BM, given that early detection may
improve clinical outcomes and decrease the potential risks of aggressive multimodality
treatment in patients with mRCC [11,16,19,25,28,31].

Unfortunately, brain lesions may be detected only after establishment of a microenvi-
ronment supportive of tumor growth and visible proliferation using magnetic resonance
imaging (MRI) or computed tomography scans; however, these technologies are not sensi-
tive enough to detect very early metastases [11,19,25,28]. Alternative approaches that can
enable early diagnoses of BM are thus being explored based on liquid biopsy of circulating
tumor DNA obtained from the CSF [33]. The implications of liquid biopsies for BM are
notable, as they facilitate early detection and molecular profiling of a brain lesion to initiate
the most appropriate treatment. Finally, prognostic factors are important for determining
the optimal treatment modality for RCC-BM [11].

3. Immunosuppressive Pro-Metastatic Brain-Specific Tumor Microenvironment (TME)

The immune landscape of RCC-BM is less characterized than those of primary brain
cancers [34,35]. The central nervous system (CNS) is protected by several functional
barriers, including the blood–brain barrier (BBB) and blood–CSF barrier [34–37]. The
BBB consists of endothelial cells with low transcytosis rates and high expression of efflux
pumps that are connected by continuous tight junctions [34–37]. In addition, two basement
membranes, embedded pericytes, and astrocytic terminal processes contribute to the BBB
functions [34–37]. By comparison, the blood–CSF barrier is formed by choroid plexus
epithelial cells that are connected via tight junctions, with choroid plexus capillaries having
fenestrations and intercellular gaps that enable the free movement of molecules between
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these compartments [34–37]. Diffusion restriction of systemic agents into the CNS is
considered a potential obstacle for intracranial efficacy of multiple TKIs and ICIs [16].
However, in patients with BM, the BBB is leaky and is substituted by a blood–tumor barrier
(BTB) with a wider fenestration, leading to a higher efflux of fluid [17,34,37–39].

The development of BM disrupts the BBB damaged by a prominent neuroinflammatory
response and anti-tumor treatment, such as surgery and/or radiotherapy, and is often charac-
terized by abnormal vascular sprouting, allowing an influx of circulating myeloid and lym-
phoid cells, which are generally absent in the brain parenchyma, into the CNS [17,27,35,37,38].
The composition of the brain-specific immunosuppressive TME revealed cancer-specific
enrichment of immune cells with pronounced differences in proportional abundance of mi-
croglia, infiltrating monocyte-derived macrophages, neutrophils, and T cells, playing a major
role in BM progression, and creating a multitude of potential targets [38].

CNS myeloids, microglia and border-associated myeloid cells (BAMs), vitally contribute
to brain homeostasis and diseases [38,40,41]. At homeostasis, microglia are the brain’s equiva-
lent of tissue-resident macrophages, representing 5%–15% of adult brain cells [37,40,41]. BAMs
reside specifically in the meninges, choroid plexus, or perivascular macrophages associated
with blood vessels [34,37,38,42]. Microglia and BAMs have different gene expression signa-
tures, with BAMs being characterized by high CD38 and major histocompatibility complex
(MHC) class II, thus supporting their role as antigen presenting cells [34,38,42]. In addition,
peripheral bone marrow-derived myeloid cells (BMDMs) may infiltrate the brain parenchyma
and contribute to neuroinflammation [38,42]. CNS myeloids promote BM via chemokine
(C-X-C motif) ligand 10 (Cxcl10) signaling and negative immune checkpoints that foster an
immune suppressive niche, indicating blocking V-type immunoglobulin domain-containing
suppressor of T cell activation (VISTA) and programmed cell death ligand 1 (PD-L1) signaling
as an effective immune strategy [34,35,37,38,42].

Another predominant (up to 30% of the tumor mass) immune subset of BM TME
are tumor-associated macrophage (TAM)-peripheral bone marrow-derived myeloid cells
(BMDMs) [34,35,37,38,42]. They can be localized in the advancing tip of the tumor, blood
vessels, or perinectrotic areas, where they play a role in tumor cell motility, establishment
of metastatic niche, or angiogenesis, respectively [34,35,37,38,42]. Tissue-invading TAM-
BMDMs with complex multifaceted phenotypes show a distinctive signature trajectory,
revealing tumor-driven instructions along with contrasting tumor-infiltrating lymphocyte
(TIL) activation and exhaustion [34,38,42]. When stimulated and reprogrammed by cancer
cells, TAM-BMDMs can secrete immunosuppressive biomolecules, including transforming
growth factor-β (TGF-β), interleukin (IL)-10, and arginase [37,43]. As TAM-BMDMs are
implicated in BM promotion and exhibit gene signatures that are associated with wound
healing, antigen presentation, and immune suppression [34,35,38,42], selective depletion or
blockade of TAM-BMDM recruitment could lead to effective T cell activation and execution
of anti-tumor effector functions [27,34,38,42].

A range of lymphoid cells, including B and T cells, as well as innate lymphoid, natural
killer (NK), and NK T cells, may be found within the CSF of the meninges, choroid plexus,
and ventricles, although they are absent from the brain parenchyma [27,37,40]. RCC-BM
leads to a moderate T cell influx, and T cells are predominantly localized within the stromal
compartments of the tumor [35]. Tumor cells may also produce indolamine 2,3-dioxygenase
(IDO), which stimulates the accumulation of regulatory T cells (Treg) and suppresses T cell
activity by depleting tryptophan from the TME [37,38,42,44]. Importantly, the presence of PD-
L1+ TAMs has been correlated with Treg frequencies in several solid tissue tumors [38,42,45].
Tregs secrete IL-10, IL-4, and IL-13, which may trigger the development of TAMs with
immunosuppressive properties and suppression of cytotoxic CD8+ T cell responses [38,42,46].
The major changes in T cell activation in BM are the activation and exhaustion of CD8
tissue resident memory and effector memory subsets, displaying high amounts of both
co-stimulatory and co-inhibitory molecules, as well as proliferation markers [35,38,42].
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4. Multimodal ICI-Based Therapeutic Strategies for RCC-BM

RCC-BM poses unique clinical challenges because treatment of BM is complex, and a
variety of factors, including anticipated patient survival, competing risks, and long-term
toxicities should be considered while selecting the appropriate treatment strategy [11,17,47].
The brain, being a vital organ, is unable to regenerate upon damage, thus accounting for
major limitations for therapy [11,17,47,48]. For instance, neurosurgery cannot always be
performed, and radiotherapy has the risk of irreversibly limiting brain plasticity, which
could evolve into a potentially lethal radionecrosis [48]. Three key indicators favor a good
prognosis and thus more aggressive treatment: a KPS score > 70, age < 65 years, and
controlled extracranial metastases [47,49].

The current approach for RCC-BM typically includes surgery (pathologic diagnosis
and cerebral decompression) versus standalone radiotherapy and/or systemic therapies,
with the overall goal of selecting the optimal treatment for an individual patient to max-
imize QOL and survival outcomes [17,47–50]. Surgery and radiation are the mainstays
of therapy and have proven neurological and palliative benefits [17,47,49–51]. Medical
therapies for RCC-BM can be divided into two broad categories: symptomatic manage-
ment and tumor-targeting therapies. Corticosteroids, such as dexamethasone, represent
the main symptomatic treatment in addition to pain medications because of their minimal
mineralocorticoid effect and control intracerebral edema in BM [17]; however, the bene-
ficial effects of steroids are not permanent, and a rapid taper is typically recommended
to minimize drug-related adverse effects [17]. In addition, increased understanding of
the role of immunosuppression in the pathophysiology of metastatic diseases reveals the
potential harm of steroid-associated immunosuppression, thereby encouraging minimal
steroid exposure and alternatives to steroid therapy [17].

4.1. ICIs Based on T Cell Exhaustion in RCC-BM

Although most patients with RCC-BM are excluded from important clinical trials
because of poor prognosis and few validated treatment guidelines [11,48], this trend is
diminishing given the increasing importance of clinical significance and a better knowledge
of the underlying pathogenesis. The remaining majority of systemic therapies for RCC-BM
dramatically changed with the introduction of ICIs and TKIs based on complex microenvi-
ronmental niche–tumor interactions, neuroinflammatory cascades, and neovascularization
involved in establishing a new BM [11,17,47,48]. The richness and activation of BM TMEs
regarding cellular subtypes, frequencies, and functional states parallels their favorable
clinical response to ICIs [42]. Checkpoint interactions, such as PD-1:PD-L1, CTLA4:B7-1/2,
T-cell immunoglobulin and mucin domain-3 (TIM-3):Galectin-9, and lymphocyte activation
gene-3 (LAG-3):MHC class II, play an important role in immune evasion of cancers [1].
Drug Administration (FDA) for mRCC include those that block co-inhibitory molecules,
such as cytotoxic T-lymphocyte activating protein-4 (CTLA-4), PD-1, and PD-L1, thus
facilitating T cell effector function and anti-tumor response [52,53].

Costimulation with CD28 or 4-1BB can increase anti-tumor activity [54,55]. CD28
costimulation can increase T cell anabolic metabolism, while the CD28 family members
PD-1 and CTLA4 suppress T cell metabolic reprogramming [54]. CTLA4 inhibits CD28
signaling and PI3K/Akt/mTORC1 signaling, resulting in decreased glycolysis and mito-
chondrial oxidative capacity [56]. Blocking the negative regulators of PD-1 and CTLA4 that
impair CD28 signaling to inhibit T cell release facilitates anti-tumor activity [54]. CD8+ T
cells continuously formulate their exhaustion states on account of exposure to suppressive
gradients in the TME [57]. T cell exhaustion is the conversion of the state of CD8+ T
cells from antineoplastic to immune-functionally impaired due to long-term persistence
of tumor antigens and/or the suppressive TME [58,59]. The exhausted CD8+ T-cell phe-
notype has been associated with an increased risk of tumor progression [60,61], increased
dysfunctional dendritic cells (DCs) [62], and elevated numbers of immune cells, namely
M2-polarized macrophages, resting mast cells, resting memory CD4+ T cells, and CD4+
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Foxp3+ Tregs [60,63–65]. Coinhibitory receptors, such as PD-1 and CTLA-4, are traditionally
envisioned as exhaustion markers of T cells [59,66], which is the theoretical ICB.

Additionally, the prognostic impact of exhausted CD8+ T cell infiltration in mRCC is
only through stratification into specific subgroups [60,62,64,67–70]. For example, CXCL13+

CD8+ T cells exhibit elevated levels of markers, such as PD-1, Tim-3, T cell immunoreceptor
with Ig and ITIM domains (TIGIT) and CTLA-4, higher Ki-67 expression, and lower levels of
activated markers, such as tumor necrosis factor α (TNF-α) and interferon γ (IFN-γ) [67,71].
Furthermore, the abundance of intratumoral CXCL13+ CD8+ T cells was positively corre-
lated with immunoevasive TME accompanied by increased T helper 2 cells, TAMs, CD4+

Foxp3+ Tregs, and decreased NK cells [67]. The HIF-1-TGF-β pathway might serve as a
crucial molecule in connecting CXCL13+ CD8+ T cells and TME, [67,72–74]. Neoantigen reac-
tivity is coupled to a CXCL13-secreting “exhausted” phenotype, possibly induced by chronic
TCR signaling [75]. The selective expression of CCR5 and CXCL13 in neoantigen-specific
T cells further suggests that a key feature of ICI-responsiveness is the ability to sustain
ongoing priming and recruitment of tumor reactive T cells supported by CXCR5+ lympho-
cytes [76,77]. Interestingly, patients with higher numbers of CD39+ CD8+ T cells showed
improved responses to sunitinib, a multi-TKI, suggesting that evaluation of the exhausted
phenotype for CD8+ T cells may help in clinical decision making or therapy selection [61].

Many receptors in the immunoglobulin superfamily (such as CD28, and inducible T
cell co-stimulator) and TNF receptor superfamily (TNFSF) exert costimulatory actions [78].
TNFSRF9 is thought to be an antigen stimulation-inducible co-stimulatory receptor, which
is transiently expressed on activated CD8+ T, activated CD4+ T, and NK cells [64,79,80].
Co-stimulatory signaling mediated by TNFRSF9 promotes T cell proliferation, secretion
of cytokines, resistance to activation-induced cell death, and development of memory T
cells [80]. TNFRSF9+ CD8+ T cells possess both exhaustion (PD-1, TIM-3, CTLA-4, and
TIGIT) and effector phenotype (IFN-γ, granzyme B, and Ki-67) [79]. This dual phenotype
of TNFRSF9+ CD8+ T cells indicates that these cells may not be terminally exhausted;
however, they could respond to ICB [79]. The functional status of TNFRSF9+ CD8+ T cells
might partly result from the complicated interactions among immune cells (helper T cells,
CD8+ T cells, and myeloid cells) within the tumor, and high enrichment of TNFRSF9+ CD8+

T cells could be a predictor of immunotherapy and a novel therapeutic target in mRCC [79].

4.2. ICIs Based on Targeting Immunometabolomics in RCC-BM

RCC is essentially a metabolic disease characterized by a reprogramming of energetic
metabolism, and many genes that are mutated in RCC encode proteins that have roles
in cellular processes regulating oxygen and glucose consumption [54]. In particular the
metabolic flux through glycolysis is partitioned [81–84], and mitochondrial bioenergetics
and oxidative phosphorylation are impaired, as well as lipid metabolism [82,85,86]. In
addition, RCC is one of the most immune-infiltrated tumors [87,88]. Emerging evidence
suggests that the activation of specific metabolic pathway have a role in regulating angio-
genesis and inflammatory signatures [89,90]. Features of the TME heavily affect disease
biology and may affect responses to systemic therapy [91]. VHL mutations that occur
in mRCC increased transcriptional activity of its target genes, such as VEGF, glucose
transporter 1, and erythropoietin, independent of oxygen levels, promoting angiogenesis,
and immunosuppression [54]. The complexity of cellular interactions and depletion of
available nutrients may create an environment of nutrient competition for T cells, and
buildup of waste products that may impair T cells [92]. RCC-BM demonstrated metabolic
changes leading to alterations in pathways associated with energy metabolism and ox-
idative stress, as well as the accumulation of immunosuppressive metabolites, such as
tryptophan (TRP) [54,92]. Enhanced activity across an array of interconnected oncogenic
signaling networks centered on the PI3K-AKT pathway represents a generalizable feature
across different BM histologies [92].

The analysis of metabolic pathways intrinsic to immune cell types, also known as
immunometabolism, could identify markers of immune function based on the distinct
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metabolic requirements of these cells at each stage of differentiation [93]. At the single-cell
level, costimulation shifted the percentage of cells from a baseline resting state into two
primary branches: one that was enriched in IL-2 signaling and glycolysis and another
that exhibited pathways of glycolysis, oxidative phosphorylation, and Myc signaling [54].
This bioenergetic switch is consistent with the known Myc regulation of metabolic repro-
gramming during T cell activation [54]. Activation, together with signaling through the
costimulatory molecule CD28, augments signaling through the PI3K/Akt/mTORC1 path-
way to increase glucose and mitochondrial metabolism, and enable robust proliferation
and effector function [94,95].

Metabolic reprogramming dictates the fate and function of stimulated T cells and
microenvironment of tumors coupled with chronic exposure to neoantigens can impair
the metabolism of TILs [54,96,97]. Stimulated T cells are highly dependent on metabolic
reprogramming from catabolic oxidative metabolism to anabolic metabolism with elevated
glucose consumption and aerobic glycolysis to develop effector functions [98–100]. T cell
activation leads to increased Myc and PI3K/Akt/mTORC1 signaling activity to promote
glucose uptake and mitochondrial metabolism for growth and energetics, and to regulate
signaling and gene expression pathways [95,101,102]. CD8+ T cells in RCC can be subject
to metabolic barriers that lead to adaptations, such as reduced ability to absorb glucose
for downstream glycolysis, fragmented and functionally altered mitochondria with low
respiratory capacity, and elevated production of reactive oxygen species (ROS) [97,103].
These changes are critical for effector T cell function, as CD8+ PD-1+ cells subject to
inhibition of glucose metabolism fail to develop into effector subsets and have a reduced
capacity to favor suppressive Treg fates [54,103]. RCC CD8+ TILs have altered metabolic
and functional parameters, suggesting reduced metabolism and failure of antigen receptor
stimulation to activate a predominant effector memory phenotype [54].

In addition, PD-1 signaling suppresses T cell metabolic reprogramming by inhibiting
glycolysis and promoting lipolysis and fatty acid oxidation (FAO) [54,56]. While CD8+

RCC TIL gene expression exhibits classical markers of chronic stimulation and enrichment
of metabolic pathways, including FAO, glycolysis, and cholesterol homeostasis, a large
portion of cells could be stimulated to reprogram metabolism and induce effector func-
tions [54]. The link between very long chain fatty acid-containing lipids and response to
ICI in RCC can be explained by enhanced peroxisome signaling in activated T cells, which
leads to a metabolic switch to fatty acid catabolism [104]. Lastly, increased conversion of
TRP to kynurenine by IDO leads to inhibition of T cell function and is involved in the
regulation of the immunosuppressive TME of mRCC [54,105].

5. ICI Monotherapy for mRCC

Targeting immune suppression using ICIs has resulted in clinical responses in some
patients with mRCC, and combinatorial approaches involving checkpoint blockade are now
the standard of care in patients with advanced mRCC [106]. Elucidation of the mechanisms
that underlie responses or resistance to ICIs will enable the rational development of
combinatorial strategies aimed at improving the efficacy of these therapies [106].

5.1. Nivolumab

Nivolumab, a human IgG4 monoclonal antibody (mAb) that blocks PD-1, has been ap-
proved as a second-line treatment after disease progression during TKI therapy [1,107,108].
Nivolumab demonstrated activity in patients with mRCC when used as a monotherapy in
both phase I and phase II clinical trials [107,109–111]. Objective responses in these trials
ranged from 20%–27%, with certain durable responses. In the first phase Ib biomarker
study (CheckMate 003; NCT00730639) of nivolumab monotherapy (1, 3, or 10 mg/kg every
two weeks), the objective response rate (ORR) was 27% (9/33), and toxicities with grade
≥ 3 were observed in 14% patients with mRCC who had received prior systemic therapy
(non-ICIs) [109]. Subsequently, nivolumab was evaluated in a randomized dose-ranging
phase II trial (CheckMate 010; NCT 01354431), recruiting 168 patients with mRCC who
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had received prior VEGF therapy [107]. ORRs ranged from 20%–22% for the administered
doses of 0.3, 2, and 10 mg/kg without any significant dose–response effects. A similar
response was observed for progression-free survival (PFS) and adverse events (AEs) [107].

These encouraging results were confirmed in a phase III open-label trial (CheckMate
025; NCT01668784) comparing nivolumab and the mTOR inhibitor everolimus in 821
patients with mRCC administered prior treatment with VEGF [108]. Nivolumab therapy
was associated with superiority and elicited a significantly improved OS than everolimus.
This survival advantage was notably associated with fewer severe (grade ≥ 3) AEs in
patients treated with nivolumab (19%) than everolimus (37%), and higher QOL scores on
the Functional Assessment of Cancer Therapy Kidney Symptom Index-Disease-Related
Symptoms scoring algorithm. Recently, updated results from this trial population with
a minimum of five years of follow-up have established long-term favorable safety and
efficacy for nivolumab monotherapy [108].

Another phase II trial (GETUG-AFU 26 NIVOREN) evaluated the efficacy and safety
of nivolumab in patients with RCC-BM after TKI therapy [112]. The trial constituted of
two cohorts: cohort A comprised patients with previously untreated BM (n = 39), and
cohort B comprised patients with previous therapy for BM (n = 34) [112]. The intracranial
response rate was 12% in cohort A [112]; no objective response was reported in patients
with brain lesions that were multiple or larger than 1 cm [112]. Patients who received prior
focal therapy had a significantly decreased risk of intracranial progression compared to
that in patients with untreated BM, suggesting that administration of focal therapy before
ICIs should be considered in a specific subgroup of RCC-BM [112]. In conclusion, single-
agent nivolumab has limited activity in patients with untreated RCC-BM, who experienced
progression after VEGF-targeted therapy. These data highlight the need to pursue dedicated
clinical trials in this population and advocate the evaluation of combination strategies
using systemic and focal brain therapies.

Pembrolizumab is a highly selective IgG4-kappa humanized mAb that targets PD-1 [47].
The preliminary results of a phase II trial (Keynote 247) in patients with advanced or mRCC
showed that pembrolizumab monotherapy resulted in an overall ORR of 36% [113]. The
safety and efficacy of pembrolizumab monotherapy in treatment-naïve patients with mRCC
are also currently being evaluated in a phase II clinical trial (KEYNOTE-427; NCT02853344).
Preliminary analysis of the cohort enrolling 110 patients with mRCC revealed an ORR of
36.4% with a median follow-up of 12 months at the time of data cutoff [114].

5.2. Avelumab, Atezolizumab, and Durvalumab

In addition to targeting the PD-1 receptor on T cells, antibodies targeting PD-L1
(avelumab and atezolizumab) have been developed and are now in clinical trials [115–118].
Avelumab, a fully human mAb that targets PD-L1, was found to have a favorable safety
profile but modest efficacy in a phase Ia trial (NCT10375842) [107] and a randomized phase
II trial (IMmotion150; NCT01984242) [115,117]. In the IMmotion 150 trial in treatment-naive
patients with mRCC, atezolizumab monotherapy resulted in an ORR of 25% [115]. In the
JAVELIN solid tumor trial in patients with mRCC, first-line treatment with avelumab
monotherapy resulted in an objective response rate of 16% [116].

5.3. Ipilimumab

CTLA4, an immune checkpoint protein expressed in activated CD8+ T cells and
Tregs, has received extensive attention in immunotherapy [118,119]. CTLA4 was markedly
correlated with multiple immune checkpoints, which suggested that mRCC patients with
high expression of CTLA4 may benefit from ICI combined therapy [120]. Ipilimumab
(anti-CTLA-4 mAb) was the first ICI tested in patients with mRCC [121]. A phase II
trial (NCT00057889) of ipilimumab in patients with mRCC demonstrated low response
rates of 12.5% in the high-dose cohort and 5% in the low-dose cohort, with no durable
responses [121]. CTLA4 blockade also resulted in a high level of immune-mediated toxicity
(grade 3 or 4) in 33% patients [121]. Interestingly, there was a 30% overall response rate
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among patients experiencing immune-related toxicity and a 0% response rate among those
without immune-related toxicity from ipilimumab [121]. Due to the low response rate and
high level of toxicity, CTLA4 antibody monotherapy has not been further developed for
the treatment of patients with mRCC.

6. Combined Regimens Based on ICIs against RCC-BM

As ICIs are superior to conventional TKIs [122], ICI-based therapies are now the
standard of care for patients with mRCC [52,53]. A substantial subset of mRCC patients
do not respond to ICIs, and patients who initially respond, eventually progress [62,123].
Accordingly, the most potential combination treatment should meet one of the following
requirements: (a) ICIs plus immune TME-modifying and anti-angiogenic agents; (b) im-
mune TME-modifying agents plus anti-angiogenic agents; and (c) adoptive T cell therapy
plus anti-angiogenic agents [124]. Immunotherapy attenuates immunosuppression and de-
creases tumor vascularization, and anti-angiogenic drugs reduce the percentage of immuno-
suppressive cells, thus blocking immune escape. The dominant challenge is to identify an
optimal combination of these two treatments and obtain the optimal dosage of combined
therapy to magnify the clinical benefits [124]. The therapeutic potential of combinatorial
approaches targeting checkpoint molecules alone or in combination with other checkpoint
blockers, targeted therapies, or radiation have been extensively explored [16,52,53,125–127].
Although trials to date have largely included patients with previously untreated BM, the
use of multiple treatments and their efficacy remains largely unexplored.

6.1. Combination Strategies: ICI + ICI

CTLA4 is highly related to other immune checkpoints, such as PD-1, PD-L1, LAG3,
IDO1, and TIGIT [120,127,128]. The CTLA4 inhibitor combined with other ICIs, namely
PD-1 inhibitor nivolumab or LAG3 inhibitor, may yield a better therapeutic response in
mRCC [120,129,130]. The non-overlapping effects of anti-CTLA-4 and anti-PD-1 antibod-
ies, inducing predominantly memory T cell proliferation with the former and cytolysis
and NK proliferation with the latter, provides the rationale for the combination of these
agents even after prior anti-PD-1 failure to induce response [131]. Anti-CTLA4 has been
successfully used together with anti-PD-1 as a combinatorial immunotherapy for mRCC,
particularly in combination with nivolumab and ipilimumab [112,132,133]. CheckMate
016 (NCT01472081) reported the additive efficacy and maintained the safety profile of
combining nivolumab and ipilimumab, followed by nivolumab monotherapy in a phase I
dose-escalation study enrolling 194 patients with mRCC [132]. The two dosing regimens
included 3 mg/kg nivolumab plus 1 mg/kg ipilimumab (N3I1) and 1 mg/kg nivolumab
plus 3 mg/kg ipilimumab (N1I3) [132]. Both dosing arms reported very promising ORRs
of 40.4%; however, there was a higher rate of grade ≥ 3 AEs in the N1I3 arm (61.7%) than
in the N3I1 arm (38.3%) [132].

The phase III CheckMate 214 trial (NCT02231749) demonstrated the efficacy and safety
of the nivolumab–ipilimumab combination in treatment-naïve patients with mRCC [133].
Complete response rates (9% vs. 1%), OS (75% vs. 60%), and ORR (42% vs. 27%) were
higher after treatment with nivolumab plus ipilimumab than after treatment with suni-
tinib [133]. Grade ≥ 3 AEs were observed in 46% patients in the ICI arm and 63% patients
in the sunitinib arm [133]. Although the survival benefits of nivolumab plus ipilimumab
were primarily driven by responses in intermediate/poor-risk patients, long-term dis-
ease control was also demonstrated in select favorable risk patients [133]. Based on these
findings, the combination of nivolumab plus ipilimumab was approved by the FDA as
a standard-of-care frontline treatment of intermediate-risk and poor-risk patients with
RCC [133]. Unfortunately, CheckMate 214, which evaluated the combination of nivolumab
and ipilimumab as first-line therapy for mRCC, excluded those with BM [133]; however, the
ongoing CheckMate 920 phase III b/4 clinical trial included patients with RCC-BM [132].
The ORR was 28.6% (95% CI: 13.2–48.7), and the median PFS was 9.0 months, indicating
that the ICI combination treatment may also be promising in RCC-BM patients, with an
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acceptable safety profile. In summary, dual immune checkpoint inhibition with nivolumab
plus ipilimumab, now approved in the front-line treatment for intermediate/poor IMDC
risk groups, may benefit patients with BM [47,112,132,133].

Building on the success of antibodies targeting PD-1 and CTLA4 immune checkpoints,
multiple innovative immunotherapies are currently in clinical development for the treat-
ment of patients with RCC, including ICIs with novel targets, co-stimulatory pathway
agonists, modified cytokines, metabolic pathway modulators, cell therapies, and therapeu-
tic vaccines to overcome resistance [134–137]. Although the number of trials targeting these
immune modulators is increasing, approval for use of these approaches in the clinic has not
been granted, either owing to a lack of clinical benefit or because they are still in the early
stages of clinical testing. A better understanding of the regulatory mechanisms underlying
immune infiltration and activation will likely lead to improved incorporation of immune
therapies into the therapeutic landscape for RCC-BM [16,17]. For example, in ICIs, it is not
well characterized whether the antibodies penetrate the lesions or reprogram immune cells
systemically [17]. Another issue that requires resolution is pseudoprogression, a potentially
fatal, intense inflammatory response that can mimic rapid tumor progression [17]. Systemic
toxicity with immunotherapies is also a concern, with mild toxicity rates as high as 50% in
phase II studies, although rates of grade 3 or 4 toxicities were largely <10% [17].

6.2. Combination Strategies: ICI + TKI

Although targeting the VEGF pathway alone resulted in drug resistance and a few
durable responses [138], the anti-angiogenic TKIs sunitinib, sorafenib, pazopanib, and cabozan-
tinib have demonstrated some efficacy in patients with BM [11,139–145]. Gore et al. [146]
reported results from an open-label expanded access program on sunitinib for 4564 patients
with mRCC from 52 countries. Their report supports the clinical activity of sunitinib in RCC-
BM; however, prospective randomized trials led to the conclusion that sunitinib has limited
efficacy, although it is acceptably tolerable [139]. The RECORD1 trial and REACT study
demonstrated the safety of everolimus in patients previously treated with TKIs [147,148].
These two trials included a subgroup with RCC-BM [147,148]. The safety of temsirolimus for
neurologically stable RCC-BM with previous local treatment has also been demonstrated in
the ARCC trial [149]. Collectively, the outcomes of first-generation TKIs are not encourag-
ing [11]. However, evidence about their safety would justify their use as first-line treatment in
small and asymptomatic BM as part of a multidisciplinary approach and after radiotherapy
for stable diseases [11].

Furthermore, angiogenic factors such as VEGF drive immunosuppression in the TME
by inducing vascular abnormalities, suppressing antigen presentation and immune effector
cells, or augmenting the immunosuppressive activity of Treg, myeloid-derived suppressor
cells (MDSCs), and TAMs [47,124,150]. DC immaturity occurs when VEGF binds to VEGF
receptor 2 (VEGFR2), thus decreasing antigen presentation and increasing PD-L1 expression
in DCs [124]. In addition to inducing angiogenesis by stimulating the generation of blood
vessels, VEGF promotes immunosuppression by enhancing the influx of suppressive cell
types, such as MDSCs, TAMs, and Tregs into the TME, directly modulating the activity of
MDSCs and Treg cells, and inhibiting the maturation of DCs [151]. Subsequently, VEGF
downregulates T cell function by blocking CD4+ and CD8+ cell maturation [124]. In
turn, immunosuppressive cells produce VEGF-related proangiogenic cytokines or VEGFR-
related expression to weaken the anti-angiogenic agents [124], thereby creating a vicious
cycle of suppressed anti-tumor immunity [150]. Based on the cross-talk between immune
regulation and angiogenetic modulation, combinations of ICIs and anti-angiogenic TKIs
are currently expected to synergistically enhance therapeutic efficacy [124].

Improved anti-tumor immunity in the brain may also be mediated by combinations
of antiangiogenic agents and ICIs [150,151]. Recently, the FDA approved two ICIs plus TKI
combinations for mRCC: pembrolizumab plus axitinib and avelumab plus axitinib as first-
line treatment in untreated intermediate and poor-risk subsets [1,16,53,126,133,150,152].
Both combinations were tested against the TKI sunitinib in large, randomized, multi-center
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trials and demonstrated improved median PFS with a 4–5-to month margin and superior
overall ORR [1,122,126,152]. Promising data from trials confirm a survival benefit with
the combination of cabozantinib plus nivolumab and pembrolizumab plus lenvatinib as
first-line treatment for mRCC [53,153].

Axitinib plus pembrolizumab and axitinib plus avelumab are considered the standard
of care for advanced RCC, irrespective of the IMDC risk status [16,126,133,152]. The first
approved regimen includes avelumab in combination with axitinib [126]. Another first-line
combination is ICI + TKI; however, pivotal trials, such as KEYNOTE-426 and JAVELIN
Renal 101, excluded those with active BM [126,152]. The JAVELIN Renal 101, a randomized
phase III trial of avelumab (10 mg/kg every two weeks) plus axitinib versus sunitinib
as first-line therapy in 886 patients with mRCC [126] showed superior ORR (55.2% vs.
25.5%, respectively) and PFS (13 vs. 8.4 months, respectively) across tumor PD-L1 status
in patients receiving avelumab plus axitinib compared to those receiving sunitinib [126].
Overall, the rates of high-grade AEs were equivalent between the groups at 71.2% in the
combination group and 71.5% in the sunitinib arm [126].

The second approved regimen involves the combination of pembrolizumab and axi-
tinib [152]. Pembrolizumab combined with axitinib was better tolerated, and a phase Ib
study (NCT02853331) of treatment-naïve mRCC patients by Atkins et al. [154] reported
a 65% rate of grade ≥ 3 AEs, and an impressive 73% ORR and 8% CR rate [154]. These
encouraging results prompted KEYNOTE-426 (NCT02853331), a landmark phase III trial
randomizing 1062 treatment-naïve patients with mRCC to pembrolizumab (200 mg every
three weeks) plus standard doses of axitinib or sunitinib [152]. The KEYNOTE-426 trial
in patients with mRCC reported improvements in PFS (HR, 0.69; p < 0.001) and OS (HR,
0.53; p < 0.0001) following treatment with this combination compared to that with sunitinib
in the “intention-to-treat” population [152]. ORR, a secondary endpoint, was also signifi-
cantly improved with axitinib plus pembrolizumab compared to that with sunitinib (59.3%
vs. 35.7%, respectively; p < 0.0001) [152]. Updated results from this trial were recently
presented with a median follow-up of 27 months, showing that combination therapy with
pembrolizumab plus axitinib elicited durable responses that remained superior to sunitinib
monotherapy [155]. These results prompted an accelerated FDA approval for the use of
pembrolizumab and axitinib as first-line therapy for patients with mRCC [155].

The CheckMate 9ER trial comparing nivolumab plus cabozantinib to sunitinib in
651 previously untreated mRCC patients demonstrated significant benefits of nivolumab
plus cabozantinib with respect to PFS, OS, and likelihood of response [156]. An objective
response occurred in 55.7% patients receiving nivolumab plus cabozantinib and in 27.1%
patients receiving sunitinib [156]. Overall, 19.7% patients in the combination group dis-
continued at least one of the trial drugs owing to AEs, and 5.6% discontinued both [156].
Lenvatinib, in combination with pembrolizumab or everolimus, is effective against mRCC
(trial funded by Eisai and Merck Sharp and Dohme; CLEAR ClinicalTrials.gov number,
NCT02811861) [157]. In this phase III trial, patients with mRCC and no previous systemic
therapy were randomly assigned to receive lenvatinib plus pembrolizumab (355 patients),
lenvatinib plus everolimus (357 patients), or sunitinib (357 patients) [157]. Lenvatinib plus
pembrolizumab was associated with significantly longer PFS and OS than sunitinib [157].
Grade ≥ 3 AEs emerged or worsened during treatment in 82.4% patients receiving lenva-
tinib plus pembrolizumab, 83.1% patients receiving lenvatinib plus everolimus, and 71.8%
patients receiving sunitinib [157]. Grade ≥ 3 AEs occurring in at least 10% patients in any
group included hypertension, diarrhea, and elevated lipase levels [157].

6.3. Combination Strategies: ICI + Radiotherapy

Recent preclinical studies have suggested a synergy between radiation and immunother-
apies such as ICI [11,158–161] because radiotherapy evokes immunological changes in both
the tumor and its microenvironment (by promoting effector immune cell recruitment), and
induces systemic responses by promoting anti-tumor immunity (the “abscopal effect”) via
several mechanisms, such as enhanced tumor antigen release, exposure to novel tumor
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antigens, increased immunogenic cell death, and increased pro-inflammatory cytokines
that activate T cells [11,27,35,162–164].

The effects of radiation on tumor cells are primarily due to the generation of double-
strand breaks that lead to the induction of different forms of cell death, including apoptosis,
necrosis, autophagy, or mitotic catastrophe [11,27]. The discovery of immunogenic cell
death (ICD) and abscopal effects provides formal evidence for the immunological effects of
radiotherapy [27,165,166]. Abscopal effects describe the anti-tumor effects of radiotherapy
in lesions outside the radiation field by triggering systemic anti-tumor effects [27,35,163].
The discovery of ICD as a molecularly defined process that leads to priming and activation
of immune cells has recently led to a paradigm shift [27]. Radiotherapy has been shown to
induce all three arms of the ICD and is therefore regarded as a potent inducer of ICD [162].
Radiation regimens that induce immunologically silent forms of cell death, that is, apoptotic
cell death, are therefore not expected to synergize with ICB, while doses and fractionation
that trigger inflammatory responses could be used as immunomodulators to induce the
additive effects of radiotherapy and immunotherapy [167].

Radiation also upregulates MHC class I expression on the tumor cell surface to en-
able better antigen presentation of tumor-specific peptides for recognition by cytotoxic
T cells, enhancing antigen presentation by MHC class I molecules [27,168–170]. More-
over, radiation-induced DNA damage can cause an increase in mutational load [171] and
generate neoantigens that can be recognized and targeted by the immune system [172].
Radiation-induced DNA damage that causes leakage of DNA into the cytosol is known to
be sensed by the stimulator of interferongens (STING), leading to the activation of innate
and adaptive immune responses [27,173]. When cytosolic DNA is detected, the product
of cyclic GMP–AMP synthase and cyclic GMP–AMP activates STING [27,173]. STING
induces the transcription of type I interferon genes via a cascade that involves the STING
downstream factors, tank-binding kinase, interferon regulatory factor 3, and nuclear factor
kappa light chain enhancer of B cells [27,173,174].

Several studies have demonstrated that radiotherapy induces an increased influx
of immune cells into the BM [27]. Radiation has profound effects on the secretion of
cytokines that serve as chemoattractants for different immune cells, including DCs and
macrophages [175]. In addition, radiation has been shown to affect key effector functions,
such as phagocytosis, antigen presentation, and cytotoxicity, and alters the activation states
of immune cells [176–178]. Therefore, exploiting the immunomodulatory functions of
radiotherapy represents an attractive tool to convert immunologically cold environments
into hot environments to increase the response rates of immunotherapy [27].

In addition to the roles of surgery and systemic therapies in the management of
select patients with BM, radiotherapy remains an important cornerstone of treatment in
most patients [17]. Whole brain radiation therapy (WBRT) was the standard treatment
for most patients with BM because it could be administered easily, was widely available,
provided symptom palliation, and treated both visible and occult lesions [17]. Although
the recommendation of WBRT has become limited because of its neurotoxicity, it remains
the most used treatment for patients with BM [17], particularly among those with multiple
BM (>10 metastases) [17]. However, because of the biological characteristics of RCC that
are resistant to conventional fractionation RT and WBRT-induced neurotoxicity, the use of
focused radiation, such as SRS, is increasing for multiple BM, provided that the disease
burden is limited [179,180]. SRS has a low rate of adverse radiation effects (AREs) relative
to WBRT [181]. SRS also results in substantially less cognitive dysfunction and fatigue and
can be delivered with minimal delay in secondary systemic therapies [17,182]. High-dose,
single-fraction SRS should be considered for patients who are not candidates for surgical
resection, depending on the number of BMs and prognosis [11].

Emerging combinations also include ICIs associated with radiotherapy [136]. Ra-
diotherapy remodels intratumoral T cell responses and supports refined sequencing of
combination strategies in RCC [183]. The specific observations of T cell expansion and
contraction within distinct time points of observation offer a rationale for the timing
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of combination strategies that leverage endogenous T cell responses to improve patient
outcomes [183]. RCC patients treated with SBRT exhibit broad transcriptional immune
activation and increased clonality, with an underlying heightened proportion of dominant
motifs [183]. Pathway analysis showed radiation-specific enrichment of immune-related
processes, and T cell receptor sequencing revealed increased clonality in radiation-treated
tumors [183]. Collectively, the data show that the dynamics of tumor-enriched clone
expansion and contraction provide justification for single-dose radiation as an immune-
sensitizing agent in RCC [183]. Overall, these results indicate robust intratumoral immune
remodeling and a window of tumor-resident T cell expansion following radiation that may
be leveraged for the rational design of combinatorial strategies [183].

Data on patients with mRCC were extracted from a retrospective international mul-
ticenter registry study, which investigated concurrent stereotactic radiotherapy (SRT)
(≤30 days) with ICI therapy [184]. Fifty-three patients who underwent 128 sessions of
SRT were included, of which 58% presented with oligometastatic disease [184]. Combined
treatment immunotherapy and concurrent SRT were safe, without severe toxicity [184].
Full-dose SRT should be considered to achieve optimal metastasis control in patients
receiving immunotherapy [184]. Favorable PFS and OS were observed in patients with
oligometastatic RCC with a good ECOG-PS, which forms the basis for prospective testing of
this treatment strategy in properly designed clinical trials [184]. Ahmed et al. [185] recently
reported data from melanoma BM patients who received nivolumab plus SRS, demon-
strating high rates of local BM control of 91% and 85% at the 6- and 12-month follow-up,
respectively. A retrospective study of 75 melanoma patients with BM by Qian et al. [186]
suggested that administering ICI within four weeks of SRS improves the local response
compared to that with initiating treatment more than four weeks later. They concluded
that immunotherapy can have a synergistic effect with radiosurgery in BM treatment, even
in those not known to have PD-L1 expression, and that early local response is greater and
more rapid with concurrent immunotherapy and SRS [186]. Eight studies [185,187–192]
identified SRS using anti-PD-1/PD-L1 [181]. The treatment of SRS with a combination of
anti-CTLA4 and anti-PD-1/PD-L1 did not increase neurotoxicity [181].

A few hurdles prevent higher response rates and more sustainable anti-tumor reactions
in combination with radiotherapy [27]. Determining the optimal scheduling for radio-
immunotherapy is a major challenge [27,193,194]. Possible regimens include concurrent,
sequential, or neoadjuvant application of the treatment modules [27,195]. While there
are several ongoing clinical trials that aim to compare the efficacy of ICIs in combination
with either WBRT or SRS, there are only a few trials that are specifically designed to
evaluate how different schedules affect the safety and efficacy of combined treatment [27].
The optimal schedule is tumor-type and immunotherapy-dependent [27]; however, to
date, majority of trials report data that provide evidence for the benefit of concurrent
schedules [186,196–199] and the lowest response rate if radiotherapy is administered
after immunotherapy [27]. Concurrent ICI (within two weeks) was not associated with
increased rates of immune-related adverse events or acute neurologic toxicity and predicted
a decreased likelihood of developing ≥ 3 new BMs after SRS [198]. A comprehensive,
study-level meta-analysis of BM treatments suggests that combinations of RT and ICI result
in higher OS, yet comparable neurotoxicity profiles vs. RT alone, with the superiority of
concurrent vs. sequential combination regimens [197].

A few hurdles prevent higher response rates and more sustainable anti-tumor reactions
in combination with radiotherapy [27]. Determining the optimal scheduling for radio-
immunotherapy is a major challenge [27,193,194]. Possible regimens include concurrent,
sequential, or neoadjuvant application of the treatment modules [27,195]. While there
are several ongoing clinical trials that aim to compare the efficacy of ICIs in combination
with either WBRT or SRS, there are only a few trials that are specifically designed to
evaluate how different schedules affect the safety and efficacy of combined treatment [27].
The optimal schedule is tumor-type and immunotherapy-dependent [27]; however, to
date, majority of trials report data that provide evidence for the benefit of concurrent
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schedules [186,196–199] and the lowest response rate if radiotherapy is administered
after immunotherapy [27]. Concurrent ICI (within two weeks) was not associated with
increased rates of immune-related adverse events or acute neurologic toxicity and predicted
a decreased likelihood of developing ≥ 3 new BMs after SRS [198]. A comprehensive,
study-level meta-analysis of BM treatments suggests that combinations of RT and ICI result
in higher OS, yet comparable neurotoxicity profiles vs. RT alone, with the superiority of
concurrent vs. sequential combination regimens [197].

Different doses or fractionations are believed to induce different forms of cell death [162]
and thus modulate downstream cellular responses [27]. It is critical to evaluate whether
radiation dose and fractionation that is optimal to induce an immune response in the CNS is
tolerated by the sensitive brain tissue [27]. Hypofractionation might not be favorable when
combined with immunotherapy [27,158]. To optimize radiation dose and fractionation as
well as scheduling for therapeutic applications, it is essential to investigate the molecular
basis of the genotoxic and immune modulatory effects of radiotherapy [27]. Moreover, local
and systemic immune responses can also be modulated by radiation-induced changes in
different cell populations in the TME [27]. Direct and indirect effects on tumor cells and tumor-
associated immune cells together determine the extent to which radiotherapy increases the
immunogenicity of tumors and the synergy between radiotherapy and immunotherapy [27].
Since immunotherapies rely on functional T cells, their ablation or inactivation is expected to
abrogate critical anti-tumor immune responses [27]. Conventional 2 Gy doses administered
once daily can inactivate tumor-infiltrating T cells [27,200]. Systematic investigation of the
dose dependency of immune responses directed against RCC-BM is crucial to determine
optimal regimens to increase the immunogenicity of tumors and boost the immune system
for effective anti-tumor responses that synergize with immunotherapy [27].

7. Future Perspective

Patients with RCC-BM have a poor prognosis, and they tend to be excluded from piv-
otal ICI trials, resulting in limited knowledge on the anti-tumor activity of immunotherapy
in RCC-BM [11,16,35,47,133,201,202]. Additional reasons for this exclusion may depend on
the large molecular size of ICIs, which limits their ability to cross the BBB, use of steroids
to resolve symptomatic edema of BM, which may alter immune system activity, the risks
of metastatic pseudoprogression and hyperprogression, and concerns that inflammatory
responses might lead to neurological complications [11,16,35,47,133,201–205]. Modern
registration trials of ICIs, including those for RCC, have therefore allowed the inclusion of
asymptomatic BM patients in defined but rather small subcohorts [16].

Despite their clinical efficacy, ICIs can induce various immune-related AEs (irAEs),
limiting their use in many patients [1,27,206,207]. ICIs may affect peripheral tolerance to
autoantigens, resulting in autoantibody formation, which could be associated with irAEs in
various organs [207]. Antigen sharing or cross reactivity leads to a T-cell-mediated response
not only to tumor cells, but also to healthy cells [208]. ICIs can also release T-cells with
subsequent production of proinflammatory cytokines such as interferon-γ and tumor necro-
sis factor, which may result in excessive off-tumor inflammation and autoimmunity [207].
Inflammatory responses are often associated with swelling, which would harm the delicate
structures of the CNS and ultimately lead to brain damage [27]. Most irAEs tend to be mild
and self-limiting; however, potentially life-threatening events can occur in a few severe cases
(grade 3 or 4) [207,209]. Neurologic toxicities from ICIs, with an incidence of 1%–2%, include
CNS paraneoplastic syndromes, encephalitis, multiple sclerosis, and hypophysitis [1]. Close
follow-up and low thresholds for investigative work-ups are essential in ensuring that patients
developing irAEs are promptly treated, such that any treatment interruption can be resumed
in a timely manner [207,210]. Other known immunotherapy-related adverse events associated
with ICIs include dermatitis (all-grade incidence of 17%), endocrinopathies (10%), colitis (2%),
hepatitis (3%), and pneumonitis (3%) [1].

As the use of ICIs continue to expand, it will become more crucial that early detection
and management of these irAEs becomes paramount to maximize the duration of treatment
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while minimizing toxicities for patients [207]. Early reports of symptoms can identify more
irAEs with lower severity (grade 1 or 2), which could be treated with supportive measures
without withholding ICI therapy [207]. Moreover, early diagnosis of irAEs may also prevent
progression to higher levels of toxicity, which may subsequently prevent a patient from safely
resuming treatment [207]. Although trials investigating BM have not shown higher rates of
toxicities or neurologic adverse events compared to those with extracranial metastases, side
effects have been observed. Therefore, until these comparisons are available, the approved
combinations appear to have a distinct advantage, mainly in poor-risk or poor-leaning
intermediate-risk diseases in which a robust response is desired [1].

Notably, the association between the development of irAEs and improved therapeutic
efficacies is a dilemma faced by oncologists [207]. The development of moderate or severe
irAEs can serve as a surrogate marker of response to ICIs [207,210]. A positive association
is observed between the development of irAEs and response rates, time to treatment failure,
and survival in patients treated with ICIs, irrespective of the disease site, type of ICI,
and irAE [207,209–213]. Therefore, it is highly desirable to identify predictive biomarkers
of both efficacy and toxicity associated with the use of ICIs, thereby facilitating guided
treatment decisions [207].

A fraction of patients with BM benefit from treatment with ICI [214–216], and the degree
and phenotype of immune cell infiltration have been used to predict the response to ICI [214].
The divergent results of immunotherapy in patients with BM allow for the data-driven design
of novel therapeutic interventions [42,217,218]. CSF can provide fundamental information
about the genomic characteristics of BM and hence can be used as a relatively non-invasive
liquid biopsy [214,219,220]. A continuum of cellular T cell states indicates tumor reactivity
and clonal expansion, which are also detectable in the CSF [214]. Importantly, inflammatory
states that can predict ICI response, such as CD8+ T cell tumor infiltration, are recapitulated
in CSF analysis [214]. CSF can recapitulate the immune landscape of the brain lesion, indi-
cating that analysis of the CSF can provide critical information about the brain TME in a
relatively non-invasive manner, as well as characterize and assess the degree of inflammation
in brain lesions, which could be used to predict the response to ICIs [214]. Importantly, TCR
clonotypes in the CSF match those of brain lesions, directly linking immune profiles from
both compartments [214]. The CSF immune cell profile can facilitate the characterization of
the immune TME in brain metastatic lesions and longitudinally monitor the evolution of the
cancer immune response [214].

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wang, X.; Lopez, R.; Luchtel, R.A.; Hafizi, S.; Gartrell, B.; Shenoy, N. Immune evasion in renal cell carcinoma: Biology, clinical

translation, future directions. Kidney Int. 2021, 99, 75–85. [CrossRef]
2. Ricketts, C.J.; De Cubas, A.A.; Fan, H.; Smith, C.C.; Lang, M.; Reznik, E.; Bowlby, R.; Gibb, E.A.; Akbani, R.; Beroukhim, R.; et al.

The Cancer Genome Atlas Comprehensive Molecular Characterization of Renal Cell Carcinoma. Cell Rep. 2018, 23, 313–326.e5.
[CrossRef]

3. Shenoy, N.; Pagliaro, L. Sequential pathogenesis of metastatic VHL mutant clear cell renal cell carcinoma: Putting it together with
a translational perspective. Ann. Oncol. 2016, 27, 1685–1695. [CrossRef] [PubMed]

4. Perazella, M.A.; Dreicer, R.; Rosner, M.H. Renal cell carcinoma for the nephrologist. Kidney Int. 2018, 94, 471–483. [CrossRef]
5. Hsieh, J.J.; Purdue, M.P.; Signoretti, S.; Swanton, C.; Albiges, L.; Schmidinger, M.; Heng, D.Y.; Larkin, J.; Ficarra, V. Renal cell

carcinoma. Nat. Rev. Dis. Primers 2017, 3, 17009. [CrossRef]
6. Srigley, J.R.; Delahunt, B.; Eble, J.N.; Egevad, L.; Epstein, J.I.; Grignon, D.; Hes, O.; Moch, H.; Montironi, R.; Tickoo, S.K.; et al. The

International Society of Urological Pathology (ISUP) Vancouver Classification of Renal Neoplasia. Am. J. Surg. Pathol. 2013, 37,
1469–1489. [CrossRef] [PubMed]

http://doi.org/10.1016/j.kint.2020.08.028
http://doi.org/10.1016/j.celrep.2018.03.075
http://doi.org/10.1093/annonc/mdw241
http://www.ncbi.nlm.nih.gov/pubmed/27329246
http://doi.org/10.1016/j.kint.2018.01.023
http://doi.org/10.1038/nrdp.2017.9
http://doi.org/10.1097/PAS.0b013e318299f2d1
http://www.ncbi.nlm.nih.gov/pubmed/24025519


Int. J. Mol. Sci. 2021, 22, 6290 15 of 23

7. Geissler, K.; Fornara, P.; Lautenschlager, C.; Holzhausen, H.J.; Seliger, B.; Riemann, D. Immune signature of tumor infiltrating
immune cells in renal cancer. Oncoimmunology 2015, 4, e985082. [CrossRef] [PubMed]

8. Cancer Genome Atlas Research Network. Comprehensive molecular characterization of clear cell renal cell carcinoma. Nature
2013, 499, 43–49. [CrossRef] [PubMed]

9. Sato, Y.; Yoshizato, T.; Shiraishi, Y.; Maekawa, S.; Okuno, Y.; Kamura, T.; Shimamura, T.; Sato-Otsubo, A.; Nagae, G.; Suzuki, H.;
et al. Integrated molecular analysis of clear-cell renal cell carcinoma. Nat. Genet. 2013, 45, 860–867. [CrossRef]

10. Hamilton, E.; Infante, J.R. Targeting CDK4/6 in patients with cancer. Cancer Treat. Rev. 2016, 45, 129–138. [CrossRef]
11. Matsui, Y. Current Multimodality Treatments against Brain Metastases from Renal Cell Carcinoma. Cancers 2020, 12, 2875.

[CrossRef] [PubMed]
12. Atkins, M.B.; Tannir, N.M. Current and emerging therapies for first-line treatment of metastatic clear cell renal cell carcinoma.

Cancer Treat. Rev. 2018, 70, 127–137. [CrossRef] [PubMed]
13. Chakiryan, N.H.; Jiang, D.D.; Gillis, K.A.; Green, E.; Hajiran, A.; Hugar, L.; Zemp, L.; Zhang, J.; Jain, R.K.; Chahoud, J.; et al.

Real-World Survival Outcomes Associated With First-Line Immunotherapy, Targeted Therapy, and Combination Therapy for
Metastatic Clear Cell Renal Cell Carcinoma. JAMA Netw. Open 2021, 4, e2111329. [CrossRef] [PubMed]

14. Khan, Y.; Slattery, T.D.; Pickering, L.M. Individualizing Systemic Therapies in First Line Treatment and beyond for Advanced
Renal Cell Carcinoma. Cancers 2020, 12, 3750. [CrossRef] [PubMed]

15. Bosse, D.; Lin, X.; Simantov, R.; Lalani, A.A.; Derweesh, I.; Chang, S.L.; Choueiri, T.K.; McKay, R.R. Response of Primary Renal
Cell Carcinoma to Systemic Therapy. Eur. Urol. 2019, 76, 852–860. [CrossRef]

16. Steindl, A.; Alpar, D.; Heller, G.; Mair, M.J.; Gatterbauer, B.; Dieckmann, K.; Widhalm, G.; Hainfellner, J.A.; Schmidinger, M.; Bock,
C.; et al. Tumor mutational burden and immune infiltrates in renal cell carcinoma and matched brain metastases. ESMO Open
2021, 6, 100057. [CrossRef]

17. Achrol, A.S.; Rennert, R.C.; Anders, C.; Soffietti, R.; Ahluwalia, M.S.; Nayak, L.; Peters, S.; Arvold, N.D.; Harsh, G.R.; Steeg, P.S.;
et al. Brain metastases. Nat. Rev. Dis. Primers 2019, 5, 5. [CrossRef]

18. Massard, C.; Zonierek, J.; Gross-Goupil, M.; Fizazi, K.; Szczylik, C.; Escudier, B. Incidence of brain metastases in renal cell
carcinoma treated with sorafenib. Ann. Oncol. 2010, 21, 1027–1031. [CrossRef]

19. Dudani, S.; de Velasco, G.; Wells, J.C.; Gan, C.L.; Donskov, F.; Porta, C.; Fraccon, A.; Pasini, F.; Lee, J.L.; Hansen, A.; et al.
Evaluation of Clear Cell, Papillary, and Chromophobe Renal Cell Carcinoma Metastasis Sites and Association With Survival.
JAMA Netw. Open 2021, 4, e2021869. [CrossRef]

20. Sun, M.; De Velasco, G.; Brastianos, P.K.; Aizer, A.A.; Martin, A.; Moreira, R.; Nguyen, P.L.; Trinh, Q.D.; Choueiri, T.K. The
Development of Brain Metastases in Patients with Renal Cell Carcinoma: Epidemiologic Trends, Survival, and Clinical Risk
Factors Using a Population-based Cohort. Eur. Urol. Focus 2019, 5, 474–481. [CrossRef]

21. Bowman, I.A.; Bent, A.; Le, T.; Christie, A.; Wardak, Z.; Arriaga, Y.; Courtney, K.; Hammers, H.; Barnett, S.; Mickey, B.; et al. Improved
Survival Outcomes for Kidney Cancer Patients with Brain Metastases. Clin. Genitourin. Cancer 2019, 17, e263–e272. [CrossRef]

22. Takeshita, N.; Otsuka, M.; Kamasako, T.; Somoto, T.; Uemura, T.; Shinozaki, T.; Kobayashi, M.; Kawana, H.; Itami, M.; Iuchi, T.;
et al. Prognostic factors and survival in Japanese patients with brain metastasis from renal cell cancer. Int. J. Clin. Oncol. 2019, 24,
1231–1237. [CrossRef] [PubMed]

23. Xue, J.; Chen, W.; Xu, W.; Xu, Z.; Li, X.; Qi, F.; Wang, Z. Patterns of distant metastases in patients with clear cell renal cell
carcinoma–A population-based analysis. Cancer Med. 2021, 10, 173–187. [CrossRef] [PubMed]

24. Chandrasekar, T.; Klaassen, Z.; Goldberg, H.; Kulkarni, G.S.; Hamilton, R.J.; Fleshner, N.E. Metastatic renal cell carcinoma: Patterns
and predictors of metastases-A contemporary population-based series. Urol. Oncol. 2017, 35, 661.e7–661.e14. [CrossRef] [PubMed]

25. Tong, Y.; Huang, Z.; Hu, C.; Chi, C.; Lv, M.; Song, Y. Construction and Validation of a Convenient Clinical Nomogram to Predict
the Risk of Brain Metastasis in Renal Cell Carcinoma Patients. Biomed. Res. Int. 2020, 2020, 9501760. [CrossRef] [PubMed]

26. Gerstenecker, A.; Nabors, L.B.; Meneses, K.; Fiveash, J.B.; Marson, D.C.; Cutter, G.; Martin, R.C.; Meyers, C.A.; Triebel, K.L. Cognition
in patients with newly diagnosed brain metastasis: Profiles and implications. J. Neurooncol. 2014, 120, 179–185. [CrossRef]

27. Sevenich, L. Turning “Cold” into “Hot” Tumors-Opportunities and Challenges for Radio-Immunotherapy Against Primary and
Metastatic Brain Cancers. Front. Oncol. 2019, 9, 163. [CrossRef]

28. Suarez-Sarmiento, A., Jr.; Nguyen, K.A.; Syed, J.S.; Nolte, A.; Ghabili, K.; Cheng, M.; Liu, S.; Chiang, V.; Kluger, H.; Hurwitz, M.; et al.
Brain Metastasis From Renal-Cell Carcinoma: An Institutional Study. Clin. Genitourin. Cancer 2019, 17, e1163–e1170. [CrossRef]

29. Ljungberg, B.; Albiges, L.; Abu-Ghanem, Y.; Bensalah, K.; Dabestani, S.; Fernandez-Pello, S.; Giles, R.H.; Hofmann, F.; Hora, M.;
Kuczyk, M.A.; et al. European Association of Urology Guidelines on Renal Cell Carcinoma: The 2019 Update. Eur. Urol. 2019, 75,
799–810. [CrossRef]

30. Ward, R.D.; Tanaka, H.; Campbell, S.C.; Remer, E.M. 2017 AUA Renal Mass and Localized Renal Cancer Guidelines: Imaging
Implications. Radiographics 2018, 38, 2021–2033. [CrossRef]

31. Kotecha, R.R.; Flippot, R.; Nortman, T.; Guida, A.; Patil, S.; Escudier, B.; Motzer, R.J.; Albiges, L.; Voss, M.H. Prognosis of
Incidental Brain Metastases in Patients With Advanced Renal Cell Carcinoma. J. Natl. Compr. Cancer Netw. 2021, 19, 432–438.

32. Bianchi, M.; Sun, M.; Jeldres, C.; Shariat, S.F.; Trinh, Q.D.; Briganti, A.; Tian, Z.; Schmitges, J.; Graefen, M.; Perrotte, P.; et al.
Distribution of metastatic sites in renal cell carcinoma: A population-based analysis. Ann. Oncol. 2012, 23, 973–980. [CrossRef]
[PubMed]

http://doi.org/10.4161/2162402X.2014.985082
http://www.ncbi.nlm.nih.gov/pubmed/25949868
http://doi.org/10.1038/nature12222
http://www.ncbi.nlm.nih.gov/pubmed/23792563
http://doi.org/10.1038/ng.2699
http://doi.org/10.1016/j.ctrv.2016.03.002
http://doi.org/10.3390/cancers12102875
http://www.ncbi.nlm.nih.gov/pubmed/33036276
http://doi.org/10.1016/j.ctrv.2018.07.009
http://www.ncbi.nlm.nih.gov/pubmed/30173085
http://doi.org/10.1001/jamanetworkopen.2021.11329
http://www.ncbi.nlm.nih.gov/pubmed/34032854
http://doi.org/10.3390/cancers12123750
http://www.ncbi.nlm.nih.gov/pubmed/33322163
http://doi.org/10.1016/j.eururo.2019.08.035
http://doi.org/10.1016/j.esmoop.2021.100057
http://doi.org/10.1038/s41572-018-0055-y
http://doi.org/10.1093/annonc/mdp411
http://doi.org/10.1001/jamanetworkopen.2020.21869
http://doi.org/10.1016/j.euf.2017.12.007
http://doi.org/10.1016/j.clgc.2018.11.007
http://doi.org/10.1007/s10147-019-01474-2
http://www.ncbi.nlm.nih.gov/pubmed/31134469
http://doi.org/10.1002/cam4.3596
http://www.ncbi.nlm.nih.gov/pubmed/33247630
http://doi.org/10.1016/j.urolonc.2017.06.060
http://www.ncbi.nlm.nih.gov/pubmed/28728748
http://doi.org/10.1155/2020/9501760
http://www.ncbi.nlm.nih.gov/pubmed/33282957
http://doi.org/10.1007/s11060-014-1543-x
http://doi.org/10.3389/fonc.2019.00163
http://doi.org/10.1016/j.clgc.2019.08.006
http://doi.org/10.1016/j.eururo.2019.02.011
http://doi.org/10.1148/rg.2018180127
http://doi.org/10.1093/annonc/mdr362
http://www.ncbi.nlm.nih.gov/pubmed/21890909


Int. J. Mol. Sci. 2021, 22, 6290 16 of 23

33. Escudero, L.; Martinez-Ricarte, F.; Seoane, J. ctDNA-Based Liquid Biopsy of Cerebrospinal Fluid in Brain Cancer. Cancers 2021, 13,
1989. [CrossRef] [PubMed]

34. Guldner, I.H.; Wang, Q.; Yang, L.; Golomb, S.M.; Zhao, Z.; Lopez, J.A.; Brunory, A.; Howe, E.N.; Zhang, Y.; Palakurthi, B.;
et al. CNS-Native Myeloid Cells Drive Immune Suppression in the Brain Metastatic Niche through Cxcl10. Cell 2020, 183,
1234–1248.e25. [CrossRef]

35. Hu, Z.I.; McArthur, H.L.; Ho, A.Y. The Abscopal Effect of Radiation Therapy: What Is It and How Can We Use It in Breast Cancer?
Curr. Breast Cancer Rep. 2017, 9, 45–51. [CrossRef]

36. 2020 ASHG awards and addresses. Am. J. Hum. Genet. 2021, 108, 373–374. [CrossRef]
37. Pasqualini, C.; Kozaki, T.; Bruschi, M.; Nguyen, T.H.H.; Minard-Colin, V.; Castel, D.; Grill, J.; Ginhoux, F. Modeling the Interaction

between the Microenvironment and Tumor Cells in Brain Tumors. Neuron 2020, 108, 1025–1044. [CrossRef] [PubMed]
38. Klemm, F.; Maas, R.R.; Bowman, R.L.; Kornete, M.; Soukup, K.; Nassiri, S.; Brouland, J.P.; Iacobuzio-Donahue, C.A.; Brennan,

C.; Tabar, V.; et al. Interrogation of the Microenvironmental Landscape in Brain Tumors Reveals Disease-Specific Alterations of
Immune Cells. Cell 2020, 181, 1643–1660.e17. [CrossRef]

39. Percy, D.B.; Ribot, E.J.; Chen, Y.; McFadden, C.; Simedrea, C.; Steeg, P.S.; Chambers, A.F.; Foster, P.J. In vivo characterization of
changing blood-tumor barrier permeability in a mouse model of breast cancer metastasis: A complementary magnetic resonance
imaging approach. Investig. Radiol. 2011, 46, 718–725. [CrossRef]

40. Louveau, A.; Harris, T.H.; Kipnis, J. Revisiting the Mechanisms of CNS Immune Privilege. Trends Immunol. 2015, 36, 569–577.
[CrossRef]

41. Silvin, A.; Ginhoux, F. Microglia heterogeneity along a spatio-temporal axis: More questions than answers. Glia 2018, 66,
2045–2057. [CrossRef]

42. Friebel, E.; Kapolou, K.; Unger, S.; Nunez, N.G.; Utz, S.; Rushing, E.J.; Regli, L.; Weller, M.; Greter, M.; Tugues, S.; et al. Single-Cell
Mapping of Human Brain Cancer Reveals Tumor-Specific Instruction of Tissue-Invading Leukocytes. Cell 2020, 181, 1626–1642.e20.
[CrossRef]

43. Zhang, I.; Alizadeh, D.; Liang, J.; Zhang, L.; Gao, H.; Song, Y.; Ren, H.; Ouyang, M.; Wu, X.; D’Apuzzo, M.; et al. Characterization
of Arginase Expression in Glioma-Associated Microglia and Macrophages. PLoS ONE 2016, 11, e0165118. [CrossRef]

44. Wainwright, D.A.; Balyasnikova, I.V.; Chang, A.L.; Ahmed, A.U.; Moon, K.S.; Auffinger, B.; Tobias, A.L.; Han, Y.; Lesniak, M.S.
IDO expression in brain tumors increases the recruitment of regulatory T cells and negatively impacts survival. Clin. Cancer Res.
2012, 18, 6110–6121. [CrossRef]

45. Harter, P.N.; Bernatz, S.; Scholz, A.; Zeiner, P.S.; Zinke, J.; Kiyose, M.; Blasel, S.; Beschorner, R.; Senft, C.; Bender, B.; et al.
Distribution and prognostic relevance of tumor-infiltrating lymphocytes (TILs) and PD-1/PD-L1 immune checkpoints in human
brain metastases. Oncotarget 2015, 6, 40836–40849. [CrossRef]

46. Mantovani, A.; Marchesi, F.; Malesci, A.; Laghi, L.; Allavena, P. Tumour-associated macrophages as treatment targets in oncology.
Nat. Rev. Clin. Oncol. 2017, 14, 399–416. [CrossRef]

47. McMahon, J.T.; Faraj, R.R.; Adamson, D.C. Emerging and investigational targeted chemotherapy and immunotherapy agents for
metastatic brain tumors. Expert Opin. Investig. Drugs 2020, 29, 1389–1406. [CrossRef] [PubMed]

48. Masmudi-Martin, M.; Zhu, L.; Sanchez-Navarro, M.; Priego, N.; Casanova-Acebes, M.; Ruiz-Rodado, V.; Giralt, E.; Valiente, M.
Brain metastasis models: What should we aim to achieve better treatments? Adv. Drug Deliv. Rev. 2021, 169, 79–99. [CrossRef]
[PubMed]

49. Soffietti, R.; Abacioglu, U.; Baumert, B.; Combs, S.E.; Kinhult, S.; Kros, J.M.; Marosi, C.; Metellus, P.; Radbruch, A.; Villa
Freixa, S.S.; et al. Diagnosis and treatment of brain metastases from solid tumors: Guidelines from the European Association of
Neuro-Oncology (EANO). Neuro Oncol. 2017, 19, 162–174. [CrossRef]

50. Schmieder, K.; Keilholz, U.; Combs, S. The Interdisciplinary Management of Brain Metastases. Dtsch. Arztebl. Int. 2016, 113,
415–421. [CrossRef] [PubMed]

51. Sittenfeld, S.M.C.; Suh, J.H.; Murphy, E.S.; Yu, J.S.; Chao, S.T. Contemporary Management of 1-4 Brain Metastases. Front. Oncol.
2018, 8, 385. [CrossRef]

52. Xu, W.; Atkins, M.B.; McDermott, D.F. Checkpoint inhibitor immunotherapy in kidney cancer. Nat. Rev. Urol. 2020, 17, 137–150.
[CrossRef] [PubMed]

53. Rappold, P.M.; Silagy, A.W.; Kotecha, R.R.; Hakimi, A.A. Immune checkpoint blockade in renal cell carcinoma. J. Surg. Oncol.
2021, 123, 739–750. [CrossRef] [PubMed]

54. Beckermann, K.E.; Hongo, R.; Ye, X.; Young, K.; Carbonell, K.; Healey, D.C.C.; Siska, P.J.; Barone, S.; Roe, C.E.; Smith, C.C.; et al.
CD28 costimulation drives tumor-infiltrating T cell glycolysis to promote inflammation. JCI Insight 2020, 5, e138729. [CrossRef]

55. Menk, A.V.; Scharping, N.E.; Rivadeneira, D.B.; Calderon, M.J.; Watson, M.J.; Dunstane, D.; Watkins, S.C.; Delgoffe, G.M. 4-1BB
costimulation induces T cell mitochondrial function and biogenesis enabling cancer immunotherapeutic responses. J. Exp. Med.
2018, 215, 1091–1100. [CrossRef]

56. Patsoukis, N.; Bardhan, K.; Chatterjee, P.; Sari, D.; Liu, B.; Bell, L.N.; Karoly, E.D.; Freeman, G.J.; Petkova, V.; Seth, P.; et al. PD-1
alters T-cell metabolic reprogramming by inhibiting glycolysis and promoting lipolysis and fatty acid oxidation. Nat. Commun.
2015, 6, 6692. [CrossRef] [PubMed]

57. Blank, C.U.; Haining, W.N.; Held, W.; Hogan, P.G.; Kallies, A.; Lugli, E.; Lynn, R.C.; Philip, M.; Rao, A.; Restifo, N.P.; et al.
Defining ‘T cell exhaustion’. Nat. Rev. Immunol. 2019, 19, 665–674. [CrossRef]

http://doi.org/10.3390/cancers13091989
http://www.ncbi.nlm.nih.gov/pubmed/33919036
http://doi.org/10.1016/j.cell.2020.09.064
http://doi.org/10.1007/s12609-017-0234-y
http://doi.org/10.1016/j.ajhg.2019.03.013
http://doi.org/10.1016/j.neuron.2020.09.018
http://www.ncbi.nlm.nih.gov/pubmed/33065047
http://doi.org/10.1016/j.cell.2020.05.007
http://doi.org/10.1097/RLI.0b013e318226c427
http://doi.org/10.1016/j.it.2015.08.006
http://doi.org/10.1002/glia.23458
http://doi.org/10.1016/j.cell.2020.04.055
http://doi.org/10.1371/journal.pone.0165118
http://doi.org/10.1158/1078-0432.CCR-12-2130
http://doi.org/10.18632/oncotarget.5696
http://doi.org/10.1038/nrclinonc.2016.217
http://doi.org/10.1080/13543784.2020.1836154
http://www.ncbi.nlm.nih.gov/pubmed/33040640
http://doi.org/10.1016/j.addr.2020.12.002
http://www.ncbi.nlm.nih.gov/pubmed/33321154
http://doi.org/10.1093/neuonc/now241
http://doi.org/10.3238/arztebl.2016.0415
http://www.ncbi.nlm.nih.gov/pubmed/27380757
http://doi.org/10.3389/fonc.2018.00385
http://doi.org/10.1038/s41585-020-0282-3
http://www.ncbi.nlm.nih.gov/pubmed/32020040
http://doi.org/10.1002/jso.26339
http://www.ncbi.nlm.nih.gov/pubmed/33595892
http://doi.org/10.1172/jci.insight.138729
http://doi.org/10.1084/jem.20171068
http://doi.org/10.1038/ncomms7692
http://www.ncbi.nlm.nih.gov/pubmed/25809635
http://doi.org/10.1038/s41577-019-0221-9


Int. J. Mol. Sci. 2021, 22, 6290 17 of 23

58. Wherry, E.J.; Kurachi, M. Molecular and cellular insights into T cell exhaustion. Nat. Rev. Immunol. 2015, 15, 486–499. [CrossRef]
59. Thommen, D.S.; Schumacher, T.N. T Cell Dysfunction in Cancer. Cancer Cell 2018, 33, 547–562. [CrossRef]
60. Giraldo, N.A.; Becht, E.; Vano, Y.; Petitprez, F.; Lacroix, L.; Validire, P.; Sanchez-Salas, R.; Ingels, A.; Oudard, S.; Moatti, A.; et al.

Tumor-Infiltrating and Peripheral Blood T-cell Immunophenotypes Predict Early Relapse in Localized Clear Cell Renal Cell
Carcinoma. Clin. Cancer Res. 2017, 23, 4416–4428. [CrossRef]

61. Qi, Y.; Xia, Y.; Lin, Z.; Qu, Y.; Qi, Y.; Chen, Y.; Zhou, Q.; Zeng, H.; Wang, J.; Chang, Y.; et al. Tumor-infiltrating CD39(+)CD8(+) T
cells determine poor prognosis and immune evasion in clear cell renal cell carcinoma patients. Cancer Immunol. Immunother. 2020,
69, 1565–1576. [CrossRef]

62. Giraldo, N.A.; Becht, E.; Pages, F.; Skliris, G.; Verkarre, V.; Vano, Y.; Mejean, A.; Saint-Aubert, N.; Lacroix, L.; Natario, I.; et al.
Orchestration and Prognostic Significance of Immune Checkpoints in the Microenvironment of Primary and Metastatic Renal
Cell Cancer. Clin. Cancer Res. 2015, 21, 3031–3040. [CrossRef] [PubMed]

63. Du, B.; Zhou, Y.; Yi, X.; Zhao, T.; Tang, C.; Shen, T.; Zhou, K.; Wei, H.; Xu, S.; Dong, J.; et al. Identification of Immune-Related Cells
and Genes in Tumor Microenvironment of Clear Cell Renal Cell Carcinoma. Front. Oncol. 2020, 10, 1770. [CrossRef] [PubMed]

64. Chevrier, S.; Levine, J.H.; Zanotelli, V.R.T.; Silina, K.; Schulz, D.; Bacac, M.; Ries, C.H.; Ailles, L.; Jewett, M.A.S.; Moch, H.; et al.
An Immune Atlas of Clear Cell Renal Cell Carcinoma. Cell 2017, 169, 736–749.e18. [CrossRef]

65. Zhang, S.; Zhang, E.; Long, J.; Hu, Z.; Peng, J.; Liu, L.; Tang, F.; Li, L.; Ouyang, Y.; Zeng, Z. Immune infiltration in renal cell
carcinoma. Cancer Sci. 2019, 110, 1564–1572. [CrossRef]

66. Clark, D.J.; Dhanasekaran, S.M.; Petralia, F.; Pan, J.; Song, X.; Hu, Y.; da Veiga Leprevost, F.; Reva, B.; Lih, T.M.; Chang, H.Y.; et al.
Integrated Proteogenomic Characterization of Clear Cell Renal Cell Carcinoma. Cell 2019, 179, 964–983.e31. [CrossRef]

67. Dai, S.; Zeng, H.; Liu, Z.; Jin, K.; Jiang, W.; Wang, Z.; Lin, Z.; Xiong, Y.; Wang, J.; Chang, Y.; et al. Intratumoral CXCL13(+)CD8(+)T
cell infiltration determines poor clinical outcomes and immunoevasive contexture in patients with clear cell renal cell carcinoma.
J. Immunother Cancer 2021, 9, e001823. [CrossRef]

68. Granier, C.; Dariane, C.; Combe, P.; Verkarre, V.; Urien, S.; Badoual, C.; Roussel, H.; Mandavit, M.; Ravel, P.; Sibony, M.; et al.
Tim-3 Expression on Tumor-Infiltrating PD-1(+)CD8(+) T Cells Correlates with Poor Clinical Outcome in Renal Cell Carcinoma.
Cancer Res. 2017, 77, 1075–1082. [CrossRef] [PubMed]

69. Braun, D.A.; Hou, Y.; Bakouny, Z.; Ficial, M.; Sant’Angelo, M.; Forman, J.; Ross-Macdonald, P.; Berger, A.C.; Jegede, O.A.; Elagina,
L.; et al. Interplay of somatic alterations and immune infiltration modulates response to PD-1 blockade in advanced clear cell
renal cell carcinoma. Nat. Med. 2020, 26, 909–918. [CrossRef]

70. Kawashima, A.; Kanazawa, T.; Kidani, Y.; Yoshida, T.; Hirata, M.; Nishida, K.; Nojima, S.; Yamamoto, Y.; Kato, T.; Hatano, K.; et al.
Tumour grade significantly correlates with total dysfunction of tumour tissue-infiltrating lymphocytes in renal cell carcinoma.
Sci. Rep. 2020, 10, 6220. [CrossRef] [PubMed]

71. Zheng, Z.; Cai, Y.; Chen, H.; Chen, Z.; Zhu, D.; Zhong, Q.; Xie, W. CXCL13/CXCR5 Axis Predicts Poor Prognosis and Promotes
Progression Through PI3K/AKT/mTOR Pathway in Clear Cell Renal Cell Carcinoma. Front. Oncol. 2018, 8, 682. [CrossRef]

72. Workel, H.H.; Lubbers, J.M.; Arnold, R.; Prins, T.M.; van der Vlies, P.; de Lange, K.; Bosse, T.; van Gool, I.C.; Eggink, F.A.; Wouters,
M.C.A.; et al. A Transcriptionally Distinct CXCL13(+)CD103(+)CD8(+) T-cell Population Is Associated with B-cell Recruitment
and Neoantigen Load in Human Cancer. Cancer Immunol. Res. 2019, 7, 784–796. [CrossRef] [PubMed]

73. Kobayashi, S.; Watanabe, T.; Suzuki, R.; Furu, M.; Ito, H.; Ito, J.; Matsuda, S.; Yoshitomi, H. TGF-beta induces the differentiation of
human CXCL13-producing CD4(+) T cells. Eur. J. Immunol. 2016, 46, 360–371. [CrossRef] [PubMed]

74. Xu, T.; Ruan, H.; Song, Z.; Cao, Q.; Wang, K.; Bao, L.; Liu, D.; Tong, J.; Yang, H.; Chen, K.; et al. Identification of CXCL13 as a
potential biomarker in clear cell renal cell carcinoma via comprehensive bioinformatics analysis. Biomed. Pharmacother. 2019, 118,
109264. [CrossRef] [PubMed]

75. Ghorani, E.; Reading, J.L.; Henry, J.Y.; de Massy, M.R.; Rosenthal, R.; Turati, V.; Joshi, K.; Furness, A.J.S.; Aissa, A.B.; Saini, S.K.;
et al. The T cell differentiation landscape is shaped by tumour mutations in lung cancer. Nat. Cancer 2020, 1, 546–561. [CrossRef]

76. Luchtel, R.A.; Bhagat, T.; Pradhan, K.; Jacobs, W.R., Jr.; Levine, M.; Verma, A.; Shenoy, N. High-dose ascorbic acid synergizes with
anti-PD1 in a lymphoma mouse model. Proc. Natl. Acad. Sci. USA 2020, 117, 1666–1677. [CrossRef]

77. Helmink, B.A.; Reddy, S.M.; Gao, J.; Zhang, S.; Basar, R.; Thakur, R.; Yizhak, K.; Sade-Feldman, M.; Blando, J.; Han, G.; et al. B
cells and tertiary lymphoid structures promote immunotherapy response. Nature 2020, 577, 549–555. [CrossRef] [PubMed]

78. Mayes, P.A.; Hance, K.W.; Hoos, A. The promise and challenges of immune agonist antibody development in cancer. Nat. Rev.
Drug Discov. 2018, 17, 509–527. [CrossRef]

79. Li, Y.; Wang, Z.; Jiang, W.; Zeng, H.; Liu, Z.; Lin, Z.; Qu, Y.; Xiong, Y.; Wang, J.; Chang, Y.; et al. Tumor-infiltrating TNFRSF9(+)
CD8(+) T cells define different subsets of clear cell renal cell carcinoma with prognosis and immunotherapeutic response.
Oncoimmunology 2020, 9, 1838141. [CrossRef] [PubMed]

80. Vinay, D.S.; Kwon, B.S. 4-1BB signaling beyond T cells. Cell Mol. Immunol. 2011, 8, 281–284. [CrossRef]
81. Lucarelli, G.; Loizzo, D.; Franzin, R.; Battaglia, S.; Ferro, M.; Cantiello, F.; Castellano, G.; Bettocchi, C.; Ditonno, P.; Battaglia, M.

Metabolomic insights into pathophysiological mechanisms and biomarker discovery in clear cell renal cell carcinoma. Expert Rev.
Mol. Diagn. 2019, 19, 397–407. [CrossRef] [PubMed]

82. Bianchi, C.; Meregalli, C.; Bombelli, S.; Di Stefano, V.; Salerno, F.; Torsello, B.; De Marco, S.; Bovo, G.; Cifola, I.; Mangano, E.; et al.
The glucose and lipid metabolism reprogramming is grade-dependent in clear cell renal cell carcinoma primary cultures and is
targetable to modulate cell viability and proliferation. Oncotarget 2017, 8, 113502–113515. [CrossRef] [PubMed]

http://doi.org/10.1038/nri3862
http://doi.org/10.1016/j.ccell.2018.03.012
http://doi.org/10.1158/1078-0432.CCR-16-2848
http://doi.org/10.1007/s00262-020-02563-2
http://doi.org/10.1158/1078-0432.CCR-14-2926
http://www.ncbi.nlm.nih.gov/pubmed/25688160
http://doi.org/10.3389/fonc.2020.01770
http://www.ncbi.nlm.nih.gov/pubmed/33014871
http://doi.org/10.1016/j.cell.2017.04.016
http://doi.org/10.1111/cas.13996
http://doi.org/10.1016/j.cell.2019.10.007
http://doi.org/10.1136/jitc-2020-001823
http://doi.org/10.1158/0008-5472.CAN-16-0274
http://www.ncbi.nlm.nih.gov/pubmed/27872087
http://doi.org/10.1038/s41591-020-0839-y
http://doi.org/10.1038/s41598-020-63060-1
http://www.ncbi.nlm.nih.gov/pubmed/32277125
http://doi.org/10.3389/fonc.2018.00682
http://doi.org/10.1158/2326-6066.CIR-18-0517
http://www.ncbi.nlm.nih.gov/pubmed/30872264
http://doi.org/10.1002/eji.201546043
http://www.ncbi.nlm.nih.gov/pubmed/26541894
http://doi.org/10.1016/j.biopha.2019.109264
http://www.ncbi.nlm.nih.gov/pubmed/31390578
http://doi.org/10.1038/s43018-020-0066-y
http://doi.org/10.1073/pnas.1908158117
http://doi.org/10.1038/s41586-019-1922-8
http://www.ncbi.nlm.nih.gov/pubmed/31942075
http://doi.org/10.1038/nrd.2018.75
http://doi.org/10.1080/2162402X.2020.1838141
http://www.ncbi.nlm.nih.gov/pubmed/33178496
http://doi.org/10.1038/cmi.2010.82
http://doi.org/10.1080/14737159.2019.1607729
http://www.ncbi.nlm.nih.gov/pubmed/30983433
http://doi.org/10.18632/oncotarget.23056
http://www.ncbi.nlm.nih.gov/pubmed/29371925


Int. J. Mol. Sci. 2021, 22, 6290 18 of 23

83. Ragone, R.; Sallustio, F.; Piccinonna, S.; Rutigliano, M.; Vanessa, G.; Palazzo, S.; Lucarelli, G.; Ditonno, P.; Battaglia, M.; Fanizzi,
F.P.; et al. Renal Cell Carcinoma: A Study through NMR-Based Metabolomics Combined with Transcriptomics. Diseases 2016, 4, 7.
[CrossRef] [PubMed]

84. Lucarelli, G.; Galleggiante, V.; Rutigliano, M.; Sanguedolce, F.; Cagiano, S.; Bufo, P.; Lastilla, G.; Maiorano, E.; Ribatti, D.; Giglio,
A.; et al. Metabolomic profile of glycolysis and the pentose phosphate pathway identifies the central role of glucose-6-phosphate
dehydrogenase in clear cell-renal cell carcinoma. Oncotarget 2015, 6, 13371–13386. [CrossRef] [PubMed]

85. Lucarelli, G.; Rutigliano, M.; Sallustio, F.; Ribatti, D.; Giglio, A.; Lepore Signorile, M.; Grossi, V.; Sanese, P.; Napoli, A.; Maiorano,
E.; et al. Integrated multi-omics characterization reveals a distinctive metabolic signature and the role of NDUFA4L2 in promoting
angiogenesis, chemoresistance, and mitochondrial dysfunction in clear cell renal cell carcinoma. Aging 2018, 10, 3957–3985.
[CrossRef] [PubMed]

86. Bombelli, S.; Torsello, B.; De Marco, S.; Lucarelli, G.; Cifola, I.; Grasselli, C.; Strada, G.; Bovo, G.; Perego, R.A.; Bianchi, C. 36-kDa
Annexin A3 Isoform Negatively Modulates Lipid Storage in Clear Cell Renal Cell Carcinoma Cells. Am. J. Pathol. 2020, 190,
2317–2326. [CrossRef]

87. Vuong, L.; Kotecha, R.R.; Voss, M.H.; Hakimi, A.A. Tumor Microenvironment Dynamics in Clear-Cell Renal Cell Carcinoma.
Cancer Discov. 2019, 9, 1349–1357. [CrossRef] [PubMed]

88. Tamma, R.; Rutigliano, M.; Lucarelli, G.; Annese, T.; Ruggieri, S.; Cascardi, E.; Napoli, A.; Battaglia, M.; Ribatti, D. Microvascular
density, macrophages, and mast cells in human clear cell renal carcinoma with and without bevacizumab treatment. Urol. Oncol.
2019, 37, 355.e11–355.e19. [CrossRef]

89. Netti, G.S.; Lucarelli, G.; Spadaccino, F.; Castellano, G.; Gigante, M.; Divella, C.; Rocchetti, M.T.; Rascio, F.; Mancini, V.; Stallone,
G.; et al. PTX3 modulates the immunoflogosis in tumor microenvironment and is a prognostic factor for patients with clear cell
renal cell carcinoma. Aging 2020, 12, 7585–7602. [CrossRef]

90. Lucarelli, G.; Rutigliano, M.; Ferro, M.; Giglio, A.; Intini, A.; Triggiano, F.; Palazzo, S.; Gigante, M.; Castellano, G.; Ranieri, E.; et al.
Activation of the kynurenine pathway predicts poor outcome in patients with clear cell renal cell carcinoma. Urol. Oncol. 2017, 35,
461.e15–461.e27. [CrossRef]

91. Ghini, V.; Laera, L.; Fantechi, B.; Monte, F.D.; Benelli, M.; McCartney, A.; Leonardo, T.; Luchinat, C.; Pozzessere, D. Metabolomics
to Assess Response to Immune Checkpoint Inhibitors in Patients with Non-Small-Cell Lung Cancer. Cancers 2020, 12, 3574.
[CrossRef] [PubMed]

92. Fukumura, K.; Malgulwar, P.B.; Fischer, G.M.; Hu, X.; Mao, X.; Song, X.; Hernandez, S.D.; Zhang, X.H.; Zhang, J.; Parra, E.R.; et al.
Multi-omic molecular profiling reveals potentially targetable abnormalities shared across multiple histologies of brain metastasis.
Acta Neuropathol. 2021, 141, 303–321. [CrossRef]

93. Artyomov, M.N.; Van den Bossche, J. Immunometabolism in the Single-Cell Era. Cell Metab. 2020, 32, 710–725. [CrossRef]
[PubMed]

94. Zheng, Y.; Delgoffe, G.M.; Meyer, C.F.; Chan, W.; Powell, J.D. Anergic T cells are metabolically anergic. J. Immunol. 2009, 183,
6095–6101. [CrossRef] [PubMed]

95. Klein Geltink, R.I.; O’Sullivan, D.; Corrado, M.; Bremser, A.; Buck, M.D.; Buescher, J.M.; Firat, E.; Zhu, X.; Niedermann, G.;
Caputa, G.; et al. Mitochondrial Priming by CD28. Cell 2017, 171, 385–397.e11. [CrossRef]

96. Thommen, D.S.; Koelzer, V.H.; Herzig, P.; Roller, A.; Trefny, M.; Dimeloe, S.; Kiialainen, A.; Hanhart, J.; Schill, C.; Hess, C.; et al. A
transcriptionally and functionally distinct PD-1(+) CD8(+) T cell pool with predictive potential in non-small-cell lung cancer
treated with PD-1 blockade. Nat. Med. 2018, 24, 994–1004. [CrossRef]

97. Scharping, N.E.; Menk, A.V.; Moreci, R.S.; Whetstone, R.D.; Dadey, R.E.; Watkins, S.C.; Ferris, R.L.; Delgoffe, G.M. The
Tumor Microenvironment Represses T Cell Mitochondrial Biogenesis to Drive Intratumoral T Cell Metabolic Insufficiency and
Dysfunction. Immunity 2016, 45, 374–388. [CrossRef]

98. Jacobs, S.R.; Herman, C.E.; Maciver, N.J.; Wofford, J.A.; Wieman, H.L.; Hammen, J.J.; Rathmell, J.C. Glucose uptake is limiting in T
cell activation and requires CD28-mediated Akt-dependent and independent pathways. J. Immunol. 2008, 180, 4476–4486. [CrossRef]

99. Siska, P.J.; Rathmell, J.C. T cell metabolic fitness in antitumor immunity. Trends Immunol. 2015, 36, 257–264. [CrossRef]
100. Michalek, R.D.; Gerriets, V.A.; Jacobs, S.R.; Macintyre, A.N.; MacIver, N.J.; Mason, E.F.; Sullivan, S.A.; Nichols, A.G.; Rathmell,

J.C. Cutting edge: Distinct glycolytic and lipid oxidative metabolic programs are essential for effector and regulatory CD4+ T cell
subsets. J. Immunol. 2011, 186, 3299–3303. [CrossRef]

101. Wang, R.; Dillon, C.P.; Shi, L.Z.; Milasta, S.; Carter, R.; Finkelstein, D.; McCormick, L.L.; Fitzgerald, P.; Chi, H.; Munger, J.; et al.
The transcription factor Myc controls metabolic reprogramming upon T lymphocyte activation. Immunity 2011, 35, 871–882.
[CrossRef] [PubMed]

102. Geltink, R.I.K.; Kyle, R.L.; Pearce, E.L. Unraveling the Complex Interplay Between T Cell Metabolism and Function. Annu. Rev.
Immunol. 2018, 36, 461–488. [CrossRef] [PubMed]

103. Qiu, J.; Villa, M.; Sanin, D.E.; Buck, M.D.; O’Sullivan, D.; Ching, R.; Matsushita, M.; Grzes, K.M.; Winkler, F.; Chang, C.H.; et al.
Acetate Promotes T Cell Effector Function during Glucose Restriction. Cell Rep. 2019, 27, 2063–2074.e5. [CrossRef] [PubMed]

104. Mock, A.; Zschabitz, S.; Kirsten, R.; Scheffler, M.; Wolf, B.; Herold-Mende, C.; Kramer, R.; Busch, E.; Jenzer, M.; Jager, D.; et al.
Serum very long-chain fatty acid-containing lipids predict response to immune checkpoint inhibitors in urological cancers. Cancer
Immunol. Immunother. 2019, 68, 2005–2014. [CrossRef]

http://doi.org/10.3390/diseases4010007
http://www.ncbi.nlm.nih.gov/pubmed/28933387
http://doi.org/10.18632/oncotarget.3823
http://www.ncbi.nlm.nih.gov/pubmed/25945836
http://doi.org/10.18632/aging.101685
http://www.ncbi.nlm.nih.gov/pubmed/30538212
http://doi.org/10.1016/j.ajpath.2020.08.008
http://doi.org/10.1158/2159-8290.CD-19-0499
http://www.ncbi.nlm.nih.gov/pubmed/31527133
http://doi.org/10.1016/j.urolonc.2019.01.025
http://doi.org/10.18632/aging.103169
http://doi.org/10.1016/j.urolonc.2017.02.011
http://doi.org/10.3390/cancers12123574
http://www.ncbi.nlm.nih.gov/pubmed/33265926
http://doi.org/10.1007/s00401-020-02256-1
http://doi.org/10.1016/j.cmet.2020.09.013
http://www.ncbi.nlm.nih.gov/pubmed/33027638
http://doi.org/10.4049/jimmunol.0803510
http://www.ncbi.nlm.nih.gov/pubmed/19841171
http://doi.org/10.1016/j.cell.2017.08.018
http://doi.org/10.1038/s41591-018-0057-z
http://doi.org/10.1016/j.immuni.2016.07.009
http://doi.org/10.4049/jimmunol.180.7.4476
http://doi.org/10.1016/j.it.2015.02.007
http://doi.org/10.4049/jimmunol.1003613
http://doi.org/10.1016/j.immuni.2011.09.021
http://www.ncbi.nlm.nih.gov/pubmed/22195744
http://doi.org/10.1146/annurev-immunol-042617-053019
http://www.ncbi.nlm.nih.gov/pubmed/29677474
http://doi.org/10.1016/j.celrep.2019.04.022
http://www.ncbi.nlm.nih.gov/pubmed/31091446
http://doi.org/10.1007/s00262-019-02428-3


Int. J. Mol. Sci. 2021, 22, 6290 19 of 23

105. Sumitomo, M.; Takahara, K.; Zennami, K.; Nagakawa, T.; Maeda, Y.; Shiogama, K.; Yamamoto, Y.; Muto, Y.; Nukaya, T.; Takenaka,
M.; et al. Tryptophan 2,3-dioxygenase in tumor cells is associated with resistance to immunotherapy in renal cell carcinoma.
Cancer Sci. 2021, 112, 1038–1047. [CrossRef] [PubMed]

106. Diaz-Montero, C.M.; Rini, B.I.; Finke, J.H. The immunology of renal cell carcinoma. Nat. Rev. Nephrol. 2020, 16, 721–735.
[CrossRef]

107. Motzer, R.J.; Rini, B.I.; McDermott, D.F.; Redman, B.G.; Kuzel, T.M.; Harrison, M.R.; Vaishampayan, U.N.; Drabkin, H.A.; George,
S.; Logan, T.F.; et al. Nivolumab for Metastatic Renal Cell Carcinoma: Results of a Randomized Phase II Trial. J. Clin. Oncol. 2015,
33, 1430–1437. [CrossRef] [PubMed]

108. Motzer, R.J.; Escudier, B.; McDermott, D.F.; George, S.; Hammers, H.J.; Srinivas, S.; Tykodi, S.S.; Sosman, J.A.; Procopio, G.; Plimack,
E.R.; et al. Nivolumab versus Everolimus in Advanced Renal-Cell Carcinoma. N. Engl. J. Med. 2015, 373, 1803–1813. [CrossRef]

109. Topalian, S.L.; Hodi, F.S.; Brahmer, J.R.; Gettinger, S.N.; Smith, D.C.; McDermott, D.F.; Powderly, J.D.; Carvajal, R.D.; Sosman, J.A.;
Atkins, M.B.; et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N. Engl. J. Med. 2012, 366, 2443–2454.
[CrossRef] [PubMed]

110. Joseph, R.W.; Chatta, G.; Vaishampayan, U. Nivolumab treatment for advanced renal cell carcinoma: Considerations for clinical
practice. Urol. Oncol. 2017, 35, 142–148. [CrossRef] [PubMed]

111. George, S.; Motzer, R.J.; Hammers, H.J.; Redman, B.G.; Kuzel, T.M.; Tykodi, S.S.; Plimack, E.R.; Jiang, J.; Waxman, I.M.; Rini, B.I.
Safety and Efficacy of Nivolumab in Patients With Metastatic Renal Cell Carcinoma Treated Beyond Progression: A Subgroup
Analysis of a Randomized Clinical Trial. JAMA Oncol. 2016, 2, 1179–1186. [CrossRef]

112. Flippot, R.; Dalban, C.; Laguerre, B.; Borchiellini, D.; Gravis, G.; Negrier, S.; Chevreau, C.; Joly, F.; Geoffrois, L.; Ladoire, S.; et al.
Safety and Efficacy of Nivolumab in Brain Metastases From Renal Cell Carcinoma: Results of the GETUG-AFU 26 NIVOREN
Multicenter Phase II Study. J. Clin. Oncol. 2019, 37, 2008–2016. [CrossRef] [PubMed]

113. McDermott, D.F.; Lee, J.L.; Bjarnason, G.A.; Larkin, J.M.G.; Gafanov, R.A.; Kochenderfer, M.D.; Jensen, N.V.; Donskov, F.; Malik, J.;
Poprach, A.; et al. Open-Label, Single-Arm Phase II Study of Pembrolizumab Monotherapy as First-Line Therapy in Patients
With Advanced Clear Cell Renal Cell Carcinoma. J. Clin. Oncol. 2021, 39, 1020–1028. [CrossRef]

114. Donskov, F.; McDermott, D.F.; Lee, J.L.; Szczylik, C.; Malik, J.; Alekseev, B.Y.; Larkin, J.M.G.; Matveev, V.B.; Gafanov, R.A.;
Tomczak, P.; et al. KEYNOTE-427 cohort A: Pembrolizumab monotherapy as first-line therapy in advanced clear cell renal cell
carcinoma (ccRCC). Ann. Oncol. 2018, 29, viii307. [CrossRef]

115. Pal, S.K.; McDermott, D.F.; Atkins, M.B.; Escudier, B.; Rini, B.I.; Motzer, R.J.; Fong, L.; Joseph, R.W.; Oudard, S.; Ravaud, A.; et al.
Patient-reported outcomes in a phase 2 study comparing atezolizumab alone or with bevacizumab vs sunitinib in previously
untreated metastatic renal cell carcinoma. BJU Int. 2020, 126, 73–82. [CrossRef]

116. Vaishampayan, U.; Schoffski, P.; Ravaud, A.; Borel, C.; Peguero, J.; Chaves, J.; Morris, J.C.; Kotecki, N.; Smakal, M.; Zhou, D.; et al.
Avelumab monotherapy as first-line or second-line treatment in patients with metastatic renal cell carcinoma: Phase Ib results
from the JAVELIN Solid Tumor trial. J. Immunother. Cancer 2019, 7, 275. [CrossRef]

117. McDermott, D.F.; Huseni, M.A.; Atkins, M.B.; Motzer, R.J.; Rini, B.I.; Escudier, B.; Fong, L.; Joseph, R.W.; Pal, S.K.; Reeves, J.A.;
et al. Clinical activity and molecular correlates of response to atezolizumab alone or in combination with bevacizumab versus
sunitinib in renal cell carcinoma. Nat. Med. 2018, 24, 749–757. [CrossRef] [PubMed]

118. McDermott, D.F.; Sosman, J.A.; Sznol, M.; Massard, C.; Gordon, M.S.; Hamid, O.; Powderly, J.D.; Infante, J.R.; Fasso, M.; Wang,
Y.V.; et al. Atezolizumab, an Anti-Programmed Death-Ligand 1 Antibody, in Metastatic Renal Cell Carcinoma: Long-Term Safety,
Clinical Activity, and Immune Correlates From a Phase Ia Study. J. Clin. Oncol. 2016, 34, 833–842. [CrossRef] [PubMed]

119. Topalian, S.L.; Taube, J.M.; Anders, R.A.; Pardoll, D.M. Mechanism-driven biomarkers to guide immune checkpoint blockade in
cancer therapy. Nat. Rev. Cancer 2016, 16, 275–287. [CrossRef]

120. Liu, S.; Wang, F.; Tan, W.; Zhang, L.; Dai, F.; Wang, Y.; Fan, Y.; Yuan, M.; Yang, D.; Zheng, Y.; et al. CTLA4 has a profound impact
on the landscape of tumor-infiltrating lymphocytes with a high prognosis value in clear cell renal cell carcinoma (ccRCC). Cancer
Cell Int. 2020, 20, 519. [CrossRef]

121. Yang, J.C.; Hughes, M.; Kammula, U.; Royal, R.; Sherry, R.M.; Topalian, S.L.; Suri, K.B.; Levy, C.; Allen, T.; Mavroukakis, S.; et al.
Ipilimumab (anti-CTLA4 antibody) causes regression of metastatic renal cell cancer associated with enteritis and hypophysitis. J.
Immunother. 2007, 30, 825–830. [CrossRef]

122. Miyake, M.; Hori, S.; Owari, T.; Oda, Y.; Tatsumi, Y.; Nakai, Y.; Fujii, T.; Fujimoto, K. Clinical Impact of Tumor-Infiltrating
Lymphocytes and PD-L1-Positive Cells as Prognostic and Predictive Biomarkers in Urological Malignancies and Retroperitoneal
Sarcoma. Cancers 2020, 12, 3153. [CrossRef] [PubMed]

123. Sharma, P.; Allison, J.P. Immune checkpoint targeting in cancer therapy: Toward combination strategies with curative potential.
Cell 2015, 161, 205–214. [CrossRef]

124. Chen, W.; Pan, X.; Cui, X. RCC Immune Microenvironment Subsequent to Targeted Therapy: A Friend or a Foe? Front. Oncol.
2020, 10, 573690. [CrossRef] [PubMed]

125. Choueiri, T.K.; Escudier, B.; Powles, T.; Mainwaring, P.N.; Rini, B.I.; Donskov, F.; Hammers, H.; Hutson, T.E.; Lee, J.L.; Peltola, K.;
et al. Cabozantinib versus Everolimus in Advanced Renal-Cell Carcinoma. N. Engl. J. Med. 2015, 373, 1814–1823. [CrossRef]

126. Motzer, R.J.; Penkov, K.; Haanen, J.; Rini, B.; Albiges, L.; Campbell, M.T.; Venugopal, B.; Kollmannsberger, C.; Negrier, S.; Uemura, M.;
et al. Avelumab plus Axitinib versus Sunitinib for Advanced Renal-Cell Carcinoma. N. Engl. J. Med. 2019, 380, 1103–1115. [CrossRef]

http://doi.org/10.1111/cas.14797
http://www.ncbi.nlm.nih.gov/pubmed/33410234
http://doi.org/10.1038/s41581-020-0316-3
http://doi.org/10.1200/JCO.2014.59.0703
http://www.ncbi.nlm.nih.gov/pubmed/25452452
http://doi.org/10.1056/NEJMoa1510665
http://doi.org/10.1056/NEJMoa1200690
http://www.ncbi.nlm.nih.gov/pubmed/22658127
http://doi.org/10.1016/j.urolonc.2017.01.017
http://www.ncbi.nlm.nih.gov/pubmed/28259541
http://doi.org/10.1001/jamaoncol.2016.0775
http://doi.org/10.1200/JCO.18.02218
http://www.ncbi.nlm.nih.gov/pubmed/31194611
http://doi.org/10.1200/JCO.20.02363
http://doi.org/10.1093/annonc/mdy283.080
http://doi.org/10.1111/bju.15058
http://doi.org/10.1186/s40425-019-0746-2
http://doi.org/10.1038/s41591-018-0053-3
http://www.ncbi.nlm.nih.gov/pubmed/29867230
http://doi.org/10.1200/JCO.2015.63.7421
http://www.ncbi.nlm.nih.gov/pubmed/26755520
http://doi.org/10.1038/nrc.2016.36
http://doi.org/10.1186/s12935-020-01603-2
http://doi.org/10.1097/CJI.0b013e318156e47e
http://doi.org/10.3390/cancers12113153
http://www.ncbi.nlm.nih.gov/pubmed/33121123
http://doi.org/10.1016/j.cell.2015.03.030
http://doi.org/10.3389/fonc.2020.573690
http://www.ncbi.nlm.nih.gov/pubmed/33117708
http://doi.org/10.1056/NEJMoa1510016
http://doi.org/10.1056/NEJMoa1816047


Int. J. Mol. Sci. 2021, 22, 6290 20 of 23

127. Qin, S.; Xu, L.; Yi, M.; Yu, S.; Wu, K.; Luo, S. Novel immune checkpoint targets: Moving beyond PD-1 and CTLA-4. Mol. Cancer
2019, 18, 155. [CrossRef] [PubMed]

128. Bewersdorf, J.P.; Shallis, R.M.; Zeidan, A.M. Immune checkpoint inhibition in myeloid malignancies: Moving beyond the
PD-1/PD-L1 and CTLA-4 pathways. Blood Rev. 2021, 45, 100709. [CrossRef] [PubMed]

129. Mahoney, K.M.; Rennert, P.D.; Freeman, G.J. Combination cancer immunotherapy and new immunomodulatory targets. Nat. Rev.
Drug Discov. 2015, 14, 561–584. [CrossRef] [PubMed]

130. Postow, M.A.; Callahan, M.K.; Wolchok, J.D. Immune Checkpoint Blockade in Cancer Therapy. J. Clin. Oncol. 2015, 33, 1974–1982.
[CrossRef]

131. Das, R.; Verma, R.; Sznol, M.; Boddupalli, C.S.; Gettinger, S.N.; Kluger, H.; Callahan, M.; Wolchok, J.D.; Halaban, R.; Dhodapkar,
M.V.; et al. Combination therapy with anti-CTLA-4 and anti-PD-1 leads to distinct immunologic changes in vivo. J. Immunol.
2015, 194, 950–959. [CrossRef]

132. Hammers, H.J.; Plimack, E.R.; Infante, J.R.; Rini, B.I.; McDermott, D.F.; Lewis, L.D.; Voss, M.H.; Sharma, P.; Pal, S.K.; Razak,
A.R.A.; et al. Safety and Efficacy of Nivolumab in Combination With Ipilimumab in Metastatic Renal Cell Carcinoma: The
CheckMate 016 Study. J. Clin. Oncol. 2017, 35, 3851–3858. [CrossRef] [PubMed]

133. Motzer, R.J.; Tannir, N.M.; McDermott, D.F.; Aren Frontera, O.; Melichar, B.; Choueiri, T.K.; Plimack, E.R.; Barthelemy, P.; Porta,
C.; George, S.; et al. Nivolumab plus Ipilimumab versus Sunitinib in Advanced Renal-Cell Carcinoma. N. Engl. J. Med. 2018, 378,
1277–1290. [CrossRef] [PubMed]

134. Andrews, L.P.; Marciscano, A.E.; Drake, C.G.; Vignali, D.A. LAG3 (CD223) as a cancer immunotherapy target. Immunol. Rev.
2017, 276, 80–96. [CrossRef]

135. Braun, D.A.; Bakouny, Z.; Hirsch, L.; Flippot, R.; Van Allen, E.M.; Wu, C.J.; Choueiri, T.K. Beyond conventional immune-checkpoint
inhibition—novel immunotherapies for renal cell carcinoma. Nat. Rev. Clin. Oncol. 2021, 18, 199–214. [CrossRef] [PubMed]

136. Santoni, M.; Massari, F.; Aurilio, G.; Mollica, V.; Cimadamore, A.; Lopez-Beltran, A.; Cheng, L.; Battelli, N.; Nole, F.; Montironi, R.
Designing novel immunocombinations in metastatic renal cell carcinoma. Immunotherapy 2020, 12, 1257–1268. [CrossRef]

137. Iqbal, R.; Zahoor, T.; Huma, N.; Jamil, A.; Unlu, G. In-vitro GIT Tolerance of Microencapsulated Bifidobacterium bifidum ATCC
35914 Using Polysaccharide-Protein Matrix. Probiotics Antimicrob. Proteins 2019, 11, 830–839. [CrossRef]

138. Kamli, H.; Li, L.; Gobe, G.C. Limitations to the Therapeutic Potential of Tyrosine Kinase Inhibitors and Alternative Therapies for
Kidney Cancer. Ochsner. J. 2019, 19, 138–151. [CrossRef]

139. Chevreau, C.; Ravaud, A.; Escudier, B.; Amela, E.; Delva, R.; Rolland, F.; Tosi, D.; Oudard, S.; Blanc, E.; Ferlay, C.; et al. A phase II trial
of sunitinib in patients with renal cell cancer and untreated brain metastases. Clin. Genitourin. Cancer 2014, 12, 50–54. [CrossRef]

140. Gore, M.E.; Hariharan, S.; Porta, C.; Bracarda, S.; Hawkins, R.; Bjarnason, G.A.; Oudard, S.; Lee, S.H.; Carteni, G.; Nieto, A.; et al.
Sunitinib in metastatic renal cell carcinoma patients with brain metastases. Cancer 2011, 117, 501–509. [CrossRef]

141. Pouessel, D.; Culine, S. High frequency of intracerebral hemorrhage in metastatic renal carcinoma patients with brain metastases
treated with tyrosine kinase inhibitors targeting the vascular endothelial growth factor receptor. Eur. Urol. 2008, 53, 376–381.
[CrossRef] [PubMed]

142. Hu, S.; Chen, Z.; Franke, R.; Orwick, S.; Zhao, M.; Rudek, M.A.; Sparreboom, A.; Baker, S.D. Interaction of the multikinase
inhibitors sorafenib and sunitinib with solute carriers and ATP-binding cassette transporters. Clin. Cancer Res. 2009, 15, 6062–6069.
[CrossRef] [PubMed]

143. Jacobs, C.; Kim, D.W.; Straka, C.; Timmerman, R.D.; Brugarolas, J. Prolonged survival of a patient with papillary renal cell
carcinoma and brain metastases using pazopanib. J. Clin. Oncol. 2013, 31, e114–e117. [CrossRef] [PubMed]

144. Santoni, M.; Conti, A.; Porta, C.; Procopio, G.; Sternberg, C.N.; Basso, U.; De Giorgi, U.; Bracarda, S.; Rizzo, M.; Ortega, C.; et al.
Sunitinib, pazopanib or sorafenib for the treatment of patients with late relapsing metastatic renal cell carcinoma. J. Urol. 2015,
193, 41–47. [CrossRef] [PubMed]

145. Gooch, M.E.; Nader, K.; Kubicek, G.J.; Somer, R.A. Brain Metastasis Responsive to Pazopanib in Renal Cell Carcinoma: A Case
Report and Review of the Literature. Clin. Genitourin. Cancer 2016, 14, e401–e404. [CrossRef] [PubMed]

146. Gore, M.E.; Szczylik, C.; Porta, C.; Bracarda, S.; Bjarnason, G.A.; Oudard, S.; Hariharan, S.; Lee, S.H.; Haanen, J.; Castellano, D.;
et al. Safety and efficacy of sunitinib for metastatic renal-cell carcinoma: An expanded-access trial. Lancet Oncol. 2009, 10, 757–763.
[CrossRef]

147. Grunwald, V.; Karakiewicz, P.I.; Bavbek, S.E.; Miller, K.; Machiels, J.P.; Lee, S.H.; Larkin, J.; Bono, P.; Rha, S.Y.; Castellano, D.; et al.
An international expanded-access programme of everolimus: Addressing safety and efficacy in patients with metastatic renal cell
carcinoma who progress after initial vascular endothelial growth factor receptor-tyrosine kinase inhibitor therapy. Eur. J. Cancer
2012, 48, 324–332. [CrossRef]

148. Motzer, R.J.; Escudier, B.; Oudard, S.; Hutson, T.E.; Porta, C.; Bracarda, S.; Grunwald, V.; Thompson, J.A.; Figlin, R.A.; Hollaender,
N.; et al. Phase 3 trial of everolimus for metastatic renal cell carcinoma: Final results and analysis of prognostic factors. Cancer
2010, 116, 4256–4265. [CrossRef]

149. Hudes, G.; Carducci, M.; Tomczak, P.; Dutcher, J.; Figlin, R.; Kapoor, A.; Staroslawska, E.; Sosman, J.; McDermott, D.; Bodrogi, I.;
et al. Temsirolimus, interferon alfa, or both for advanced renal-cell carcinoma. N. Engl. J. Med. 2007, 356, 2271–2281. [CrossRef]

150. Hack, S.P.; Zhu, A.X.; Wang, Y. Augmenting Anticancer Immunity Through Combined Targeting of Angiogenic and PD-1/PD-L1
Pathways: Challenges and Opportunities. Front. Immunol. 2020, 11, 598877. [CrossRef]

http://doi.org/10.1186/s12943-019-1091-2
http://www.ncbi.nlm.nih.gov/pubmed/31690319
http://doi.org/10.1016/j.blre.2020.100709
http://www.ncbi.nlm.nih.gov/pubmed/32487480
http://doi.org/10.1038/nrd4591
http://www.ncbi.nlm.nih.gov/pubmed/26228759
http://doi.org/10.1200/JCO.2014.59.4358
http://doi.org/10.4049/jimmunol.1401686
http://doi.org/10.1200/JCO.2016.72.1985
http://www.ncbi.nlm.nih.gov/pubmed/28678668
http://doi.org/10.1056/NEJMoa1712126
http://www.ncbi.nlm.nih.gov/pubmed/29562145
http://doi.org/10.1111/imr.12519
http://doi.org/10.1038/s41571-020-00455-z
http://www.ncbi.nlm.nih.gov/pubmed/33437048
http://doi.org/10.2217/imt-2020-0144
http://doi.org/10.1007/s12602-017-9384-5
http://doi.org/10.31486/toj.18.0015
http://doi.org/10.1016/j.clgc.2013.09.008
http://doi.org/10.1002/cncr.25452
http://doi.org/10.1016/j.eururo.2007.08.053
http://www.ncbi.nlm.nih.gov/pubmed/17825982
http://doi.org/10.1158/1078-0432.CCR-09-0048
http://www.ncbi.nlm.nih.gov/pubmed/19773380
http://doi.org/10.1200/JCO.2012.46.0501
http://www.ncbi.nlm.nih.gov/pubmed/23319695
http://doi.org/10.1016/j.juro.2014.07.011
http://www.ncbi.nlm.nih.gov/pubmed/25046616
http://doi.org/10.1016/j.clgc.2016.01.005
http://www.ncbi.nlm.nih.gov/pubmed/26873436
http://doi.org/10.1016/S1470-2045(09)70162-7
http://doi.org/10.1016/j.ejca.2011.06.054
http://doi.org/10.1002/cncr.25219
http://doi.org/10.1056/NEJMoa066838
http://doi.org/10.3389/fimmu.2020.598877


Int. J. Mol. Sci. 2021, 22, 6290 21 of 23

151. Yang, J.; Yan, J.; Liu, B. Targeting VEGF/VEGFR to Modulate Antitumor Immunity. Front. Immunol. 2018, 9, 978. [CrossRef]
[PubMed]

152. Rini, B.I.; Plimack, E.R.; Stus, V.; Gafanov, R.; Hawkins, R.; Nosov, D.; Pouliot, F.; Alekseev, B.; Soulieres, D.; Melichar, B.; et al.
Pembrolizumab plus Axitinib versus Sunitinib for Advanced Renal-Cell Carcinoma. N. Engl. J. Med. 2019, 380, 1116–1127. [CrossRef]

153. Bedke, J.; Albiges, L.; Capitanio, U.; Giles, R.H.; Hora, M.; Lam, T.B.; Ljungberg, B.; Marconi, L.; Klatte, T.; Volpe, A.; et al.
Updated European Association of Urology Guidelines on Renal Cell Carcinoma: Nivolumab plus Cabozantinib Joins Immune
Checkpoint Inhibition Combination Therapies for Treatment-naive Metastatic Clear-Cell Renal Cell Carcinoma. Eur. Urol. 2021,
79, 339–342. [CrossRef] [PubMed]

154. Atkins, M.B.; Plimack, E.R.; Puzanov, I.; Fishman, M.N.; McDermott, D.F.; Cho, D.C.; Vaishampayan, U.; George, S.; Olencki, T.E.;
Tarazi, J.C.; et al. Axitinib in combination with pembrolizumab in patients with advanced renal cell cancer: A non-randomised,
open-label, dose-finding, and dose-expansion phase 1b trial. Lancet Oncol. 2018, 19, 405–415. [CrossRef]

155. Plimack, E.R.; Rini, B.I.; Stus, V.; Gafanov, R.; Waddell, T.; Nosov, D.; Pouliot, F.; Soulieres, D.; Melichar, B.; Vynnychenko, I.; et al.
Pembrolizumab plus axitinib versus sunitinib as first-line therapy for advanced renal cell carcinoma (RCC): Updated analysis of
KEYNOTE-426. J. Clin. Oncol. 2020, 38, 5001. [CrossRef]

156. Choueiri, T.K.; Powles, T.; Burotto, M.; Escudier, B.; Bourlon, M.T.; Zurawski, B.; Oyervides Juarez, V.M.; Hsieh, J.J.; Basso, U.;
Shah, A.Y.; et al. Nivolumab plus Cabozantinib versus Sunitinib for Advanced Renal-Cell Carcinoma. N. Engl. J. Med. 2021, 384,
829–841. [CrossRef]

157. Motzer, R.; Alekseev, B.; Rha, S.Y.; Porta, C.; Eto, M.; Powles, T.; Grunwald, V.; Hutson, T.E.; Kopyltsov, E.; Mendez-Vidal, M.J.; et al.
Lenvatinib plus Pembrolizumab or Everolimus for Advanced Renal Cell Carcinoma. N. Engl. J. Med. 2021, 384, 1289–1300. [CrossRef]

158. Dewan, M.Z.; Galloway, A.E.; Kawashima, N.; Dewyngaert, J.K.; Babb, J.S.; Formenti, S.C.; Demaria, S. Fractionated but not
single-dose radiotherapy induces an immune-mediated abscopal effect when combined with anti-CTLA-4 antibody. Clin. Cancer
Res. 2009, 15, 5379–5388. [CrossRef]

159. Formenti, S.C.; Demaria, S. Combining radiotherapy and cancer immunotherapy: A paradigm shift. J. Natl. Cancer Inst. 2013, 105,
256–265. [CrossRef]

160. Kalbasi, A.; June, C.H.; Haas, N.; Vapiwala, N. Radiation and immunotherapy: A synergistic combination. J. Clin. Investig. 2013,
123, 2756–2763. [CrossRef] [PubMed]

161. Vatner, R.E.; Cooper, B.T.; Vanpouille-Box, C.; Demaria, S.; Formenti, S.C. Combinations of immunotherapy and radiation in
cancer therapy. Front. Oncol. 2014, 4, 325. [CrossRef]

162. Golden, E.B.; Apetoh, L. Radiotherapy and immunogenic cell death. Semin. Radiat. Oncol. 2015, 25, 11–17. [CrossRef]
163. Rodriguez-Ruiz, M.E.; Vanpouille-Box, C.; Melero, I.; Formenti, S.C.; Demaria, S. Immunological Mechanisms Responsible for

Radiation-Induced Abscopal Effect. Trends Immunol. 2018, 39, 644–655. [CrossRef] [PubMed]
164. Shabason, J.E.; Minn, A.J. Radiation and Immune Checkpoint Blockade: From Bench to Clinic. Semin. Radiat. Oncol. 2017, 27,

289–298. [CrossRef]
165. Demaria, S.; Ng, B.; Devitt, M.L.; Babb, J.S.; Kawashima, N.; Liebes, L.; Formenti, S.C. Ionizing radiation inhibition of distant

untreated tumors (abscopal effect) is immune mediated. Int. J. Radiat. Oncol. Biol. Phys. 2004, 58, 862–870. [CrossRef] [PubMed]
166. Tesniere, A.; Panaretakis, T.; Kepp, O.; Apetoh, L.; Ghiringhelli, F.; Zitvogel, L.; Kroemer, G. Molecular characteristics of

immunogenic cancer cell death. Cell Death Differ. 2008, 15, 3–12. [CrossRef] [PubMed]
167. Brown, J.S.; Sundar, R.; Lopez, J. Combining DNA damaging therapeutics with immunotherapy: More haste, less speed. Br. J.

Cancer 2018, 118, 312–324. [CrossRef] [PubMed]
168. Reits, E.A.; Hodge, J.W.; Herberts, C.A.; Groothuis, T.A.; Chakraborty, M.; Wansley, E.K.; Camphausen, K.; Luiten, R.M.; de Ru,

A.H.; Neijssen, J.; et al. Radiation modulates the peptide repertoire, enhances MHC class I expression, and induces successful
antitumor immunotherapy. J. Exp. Med. 2006, 203, 1259–1271. [CrossRef] [PubMed]

169. Sharabi, A.B.; Tran, P.T.; Lim, M.; Drake, C.G.; Deweese, T.L. Stereotactic radiation therapy combined with immunotherapy:
Augmenting the role of radiation in local and systemic treatment. Oncology 2015, 29, 331–340.

170. Jiang, W.; Chan, C.K.; Weissman, I.L.; Kim, B.Y.S.; Hahn, S.M. Immune Priming of the Tumor Microenvironment by Radiation.
Trends Cancer 2016, 2, 638–645. [CrossRef] [PubMed]

171. Behjati, S.; Gundem, G.; Wedge, D.C.; Roberts, N.D.; Tarpey, P.S.; Cooke, S.L.; Van Loo, P.; Alexandrov, L.B.; Ramakrishna, M.; Davies,
H.; et al. Mutational signatures of ionizing radiation in second malignancies. Nat. Commun. 2016, 7, 12605. [CrossRef] [PubMed]

172. Lauss, M.; Donia, M.; Harbst, K.; Andersen, R.; Mitra, S.; Rosengren, F.; Salim, M.; Vallon-Christersson, J.; Torngren, T.; Kvist, A.;
et al. Mutational and putative neoantigen load predict clinical benefit of adoptive T cell therapy in melanoma. Nat. Commun.
2017, 8, 1738. [CrossRef] [PubMed]

173. Barber, G.N. STING: Infection, inflammation and cancer. Nat. Rev. Immunol. 2015, 15, 760–770. [CrossRef]
174. Chen, Q.; Sun, L.; Chen, Z.J. Regulation and function of the cGAS-STING pathway of cytosolic DNA sensing. Nat. Immunol. 2016,

17, 1142–1149. [CrossRef] [PubMed]
175. Schaue, D.; Kachikwu, E.L.; McBride, W.H. Cytokines in radiobiological responses: A review. Radiat. Res. 2012, 178, 505–523.

[CrossRef]
176. Metso, S.; Auvinen, A.; Salmi, J.; Huhtala, H.; Jaatinen, P. Increased long-term cardiovascular morbidity among patients treated

with radioactive iodine for hyperthyroidism. Clin. Endocrinol. 2008, 68, 450–457. [CrossRef]

http://doi.org/10.3389/fimmu.2018.00978
http://www.ncbi.nlm.nih.gov/pubmed/29774034
http://doi.org/10.1056/NEJMoa1816714
http://doi.org/10.1016/j.eururo.2020.12.005
http://www.ncbi.nlm.nih.gov/pubmed/33357997
http://doi.org/10.1016/S1470-2045(18)30081-0
http://doi.org/10.1200/JCO.2020.38.15_suppl.5001
http://doi.org/10.1056/NEJMoa2026982
http://doi.org/10.1056/NEJMoa2035716
http://doi.org/10.1158/1078-0432.CCR-09-0265
http://doi.org/10.1093/jnci/djs629
http://doi.org/10.1172/JCI69219
http://www.ncbi.nlm.nih.gov/pubmed/23863633
http://doi.org/10.3389/fonc.2014.00325
http://doi.org/10.1016/j.semradonc.2014.07.005
http://doi.org/10.1016/j.it.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/30001871
http://doi.org/10.1016/j.semradonc.2017.03.002
http://doi.org/10.1016/j.ijrobp.2003.09.012
http://www.ncbi.nlm.nih.gov/pubmed/14967443
http://doi.org/10.1038/sj.cdd.4402269
http://www.ncbi.nlm.nih.gov/pubmed/18007663
http://doi.org/10.1038/bjc.2017.376
http://www.ncbi.nlm.nih.gov/pubmed/29123260
http://doi.org/10.1084/jem.20052494
http://www.ncbi.nlm.nih.gov/pubmed/16636135
http://doi.org/10.1016/j.trecan.2016.09.007
http://www.ncbi.nlm.nih.gov/pubmed/28741502
http://doi.org/10.1038/ncomms12605
http://www.ncbi.nlm.nih.gov/pubmed/27615322
http://doi.org/10.1038/s41467-017-01460-0
http://www.ncbi.nlm.nih.gov/pubmed/29170503
http://doi.org/10.1038/nri3921
http://doi.org/10.1038/ni.3558
http://www.ncbi.nlm.nih.gov/pubmed/27648547
http://doi.org/10.1667/RR3031.1
http://doi.org/10.1111/j.1365-2265.2007.03064.x


Int. J. Mol. Sci. 2021, 22, 6290 22 of 23

177. Klug, F.; Prakash, H.; Huber, P.E.; Seibel, T.; Bender, N.; Halama, N.; Pfirschke, C.; Voss, R.H.; Timke, C.; Umansky, L.; et al.
Low-dose irradiation programs macrophage differentiation to an iNOS(+)/M1 phenotype that orchestrates effective T cell
immunotherapy. Cancer Cell 2013, 24, 589–602. [CrossRef]

178. Teresa Pinto, A.; Laranjeiro Pinto, M.; Patricia Cardoso, A.; Monteiro, C.; Teixeira Pinto, M.; Filipe Maia, A.; Castro, P.; Figueira,
R.; Monteiro, A.; Marques, M.; et al. Ionizing radiation modulates human macrophages towards a pro-inflammatory phenotype
preserving their pro-invasive and pro-angiogenic capacities. Sci. Rep. 2016, 6, 18765. [CrossRef]

179. Nabors, L.B.; Portnow, J.; Ammirati, M.; Brem, H.; Brown, P.; Butowski, N.; Chamberlain, M.C.; DeAngelis, L.M.; Fenstermaker,
R.A.; Friedman, A.; et al. Central nervous system cancers, version 2.2014. Featured updates to the NCCN Guidelines. J. Natl.
Compr. Cancer Netw. 2014, 12, 1517–1523. [CrossRef]

180. Yamamoto, M.; Serizawa, T.; Shuto, T.; Akabane, A.; Higuchi, Y.; Kawagishi, J.; Yamanaka, K.; Sato, Y.; Jokura, H. Stereotactic
radiosurgery for patients with brain metastases—authors’ reply. Lancet Oncol. 2014, 15, e248. [CrossRef]

181. Borius, P.Y.; Regis, J.; Carpentier, A.; Kalamarides, M.; Valery, C.A.; Latorzeff, I. Safety of radiosurgery concurrent with systemic
therapy (chemotherapy, targeted therapy, and/or immunotherapy) in brain metastases: A systematic review. Cancer Metastasis
Rev. 2021, 40, 341–354. [CrossRef] [PubMed]

182. Rades, D.; Huttenlocher, S.; Rudat, V.; Hornung, D.; Blanck, O.; Phuong, P.C.; Khoa, M.T.; Schild, S.E.; Fischer, D. Radiosurgery with
20 Gy provides better local contol of 1-3 brain metastases from breast cancer than with lower doses. Anticancer Res. 2015, 35, 333–336.

183. Chow, J.; Hoffend, N.C.; Abrams, S.I.; Schwaab, T.; Singh, A.K.; Muhitch, J.B. Radiation induces dynamic changes to the T cell
repertoire in renal cell carcinoma patients. Proc. Natl. Acad. Sci. USA 2020, 117, 23721–23729. [CrossRef]

184. Kroeze, S.G.C.; Fritz, C.; Schaule, J.; Siva, S.; Kahl, K.H.; Sundahl, N.; Blanck, O.; Kaul, D.; Adebahr, S.; Verhoeff, J.J.C.; et al.
Stereotactic radiotherapy combined with immunotherapy or targeted therapy for metastatic renal cell carcinoma. BJU Int. 2020,
127, 703–711. [CrossRef]

185. Ahmed, K.A.; Stallworth, D.G.; Kim, Y.; Johnstone, P.A.; Harrison, L.B.; Caudell, J.J.; Yu, H.H.; Etame, A.B.; Weber, J.S.; Gibney,
G.T. Clinical outcomes of melanoma brain metastases treated with stereotactic radiation and anti-PD-1 therapy. Ann. Oncol. 2016,
27, 434–441. [CrossRef]

186. Qian, J.M.; Yu, J.B.; Kluger, H.M.; Chiang, V.L. Timing and type of immune checkpoint therapy affect the early radiographic
response of melanoma brain metastases to stereotactic radiosurgery. Cancer 2016, 122, 3051–3058. [CrossRef] [PubMed]

187. Anderson, E.S.; Postow, M.A.; Wolchok, J.D.; Young, R.J.; Ballangrud, A.; Chan, T.A.; Yamada, Y.; Beal, K. Melanoma brain
metastases treated with stereotactic radiosurgery and concurrent pembrolizumab display marked regression; efficacy and safety
of combined treatment. J. Immunother. Cancer 2017, 5, 76. [CrossRef]

188. Hubbeling, H.G.; Schapira, E.F.; Horick, N.K.; Goodwin, K.E.H.; Lin, J.J.; Oh, K.S.; Shaw, A.T.; Mehan, W.A.; Shih, H.A.; Gainor,
J.F. Safety of Combined PD-1 Pathway Inhibition and Intracranial Radiation Therapy in Non-Small Cell Lung Cancer. J. Thorac.
Oncol. 2018, 13, 550–558. [CrossRef] [PubMed]

189. Kotecha, R.; Kim, J.M.; Miller, J.A.; Juloori, A.; Chao, S.T.; Murphy, E.S.; Peereboom, D.M.; Mohammadi, A.M.; Barnett, G.H.;
Vogelbaum, M.A.; et al. The impact of sequencing PD-1/PD-L1 inhibitors and stereotactic radiosurgery for patients with brain
metastasis. Neuro Oncol. 2019, 21, 1060–1068. [CrossRef] [PubMed]

190. Nardin, C.; Mateus, C.; Texier, M.; Lanoy, E.; Hibat-Allah, S.; Ammari, S.; Robert, C.; Dhermain, F. Tolerance and outcomes
of stereotactic radiosurgery combined with anti-programmed cell death-1 (pembrolizumab) for melanoma brain metastases.
Melanoma Res. 2018, 28, 111–119. [CrossRef]

191. Schapira, E.; Hubbeling, H.; Yeap, B.Y.; Mehan, W.A., Jr.; Shaw, A.T.; Oh, K.; Gainor, J.F.; Shih, H.A. Improved Overall Survival
and Locoregional Disease Control With Concurrent PD-1 Pathway Inhibitors and Stereotactic Radiosurgery for Lung Cancer
Patients With Brain Metastases. Int. J. Radiat. Oncol. Biol. Phys. 2018, 101, 624–629. [CrossRef]

192. Trommer-Nestler, M.; Marnitz, S.; Kocher, M.; Ruess, D.; Schlaak, M.; Theurich, S.; von Bergwelt-Baildon, M.; Morgenthaler, J.;
Jablonska, K.; Celik, E.; et al. Robotic Stereotactic Radiosurgery in Melanoma Patients with Brain Metastases under Simultaneous
Anti-PD-1 Treatment. Int. J. Mol. Sci. 2018, 19, 2653. [CrossRef]

193. Gandhi, S.J.; Minn, A.J.; Vonderheide, R.H.; Wherry, E.J.; Hahn, S.M.; Maity, A. Awakening the immune system with radiation:
Optimal dose and fractionation. Cancer Lett. 2015, 368, 185–190. [CrossRef] [PubMed]

194. Haikerwal, S.J.; Hagekyriakou, J.; MacManus, M.; Martin, O.A.; Haynes, N.M. Building immunity to cancer with radiation
therapy. Cancer Lett. 2015, 368, 198–208. [CrossRef] [PubMed]

195. Wang, Y.; Deng, W.; Li, N.; Neri, S.; Sharma, A.; Jiang, W.; Lin, S.H. Combining Immunotherapy and Radiotherapy for Cancer
Treatment: Current Challenges and Future Directions. Front. Pharmacol. 2018, 9, 185. [CrossRef]

196. Lehrer, E.J.; Peterson, J.; Brown, P.D.; Sheehan, J.P.; Quinones-Hinojosa, A.; Zaorsky, N.G.; Trifiletti, D.M. Treatment of brain
metastases with stereotactic radiosurgery and immune checkpoint inhibitors: An international meta-analysis of individual patient
data. Radiother. Oncol. 2019, 130, 104–112. [CrossRef]

197. Voronova, V.; Lebedeva, S.; Sekacheva, M.; Helmlinger, G.; Peskov, K. Quantification of Scheduling Impact on Safety and Efficacy
Outcomes of Brain Metastasis Radio- and Immuno-Therapies: A Systematic Review and Meta-Analysis. Front. Oncol. 2020, 10, 1609.
[CrossRef] [PubMed]

198. Chen, L.; Douglass, J.; Kleinberg, L.; Ye, X.; Marciscano, A.E.; Forde, P.M.; Brahmer, J.; Lipson, E.; Sharfman, W.; Hammers, H.;
et al. Concurrent Immune Checkpoint Inhibitors and Stereotactic Radiosurgery for Brain Metastases in Non-Small Cell Lung
Cancer, Melanoma, and Renal Cell Carcinoma. Int. J. Radiat. Oncol. Biol. Phys. 2018, 100, 916–925. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ccr.2013.09.014
http://doi.org/10.1038/srep18765
http://doi.org/10.6004/jnccn.2014.0151
http://doi.org/10.1016/S1470-2045(14)70221-9
http://doi.org/10.1007/s10555-020-09949-9
http://www.ncbi.nlm.nih.gov/pubmed/33392851
http://doi.org/10.1073/pnas.2001933117
http://doi.org/10.1111/bju.15284
http://doi.org/10.1093/annonc/mdv622
http://doi.org/10.1002/cncr.30138
http://www.ncbi.nlm.nih.gov/pubmed/27285122
http://doi.org/10.1186/s40425-017-0282-x
http://doi.org/10.1016/j.jtho.2018.01.012
http://www.ncbi.nlm.nih.gov/pubmed/29378267
http://doi.org/10.1093/neuonc/noz046
http://www.ncbi.nlm.nih.gov/pubmed/30796838
http://doi.org/10.1097/CMR.0000000000000413
http://doi.org/10.1016/j.ijrobp.2018.02.175
http://doi.org/10.3390/ijms19092653
http://doi.org/10.1016/j.canlet.2015.03.024
http://www.ncbi.nlm.nih.gov/pubmed/25799953
http://doi.org/10.1016/j.canlet.2015.01.009
http://www.ncbi.nlm.nih.gov/pubmed/25592036
http://doi.org/10.3389/fphar.2018.00185
http://doi.org/10.1016/j.radonc.2018.08.025
http://doi.org/10.3389/fonc.2020.01609
http://www.ncbi.nlm.nih.gov/pubmed/32984027
http://doi.org/10.1016/j.ijrobp.2017.11.041
http://www.ncbi.nlm.nih.gov/pubmed/29485071


Int. J. Mol. Sci. 2021, 22, 6290 23 of 23

199. Rioja, J.; Soria, F.; Rodriguez-Rubio Cortadellas, F. Author Reply. Urology 2017, 99, 129–130. [CrossRef] [PubMed]
200. Deschavanne, P.J.; Fertil, B. A review of human cell radiosensitivity in vitro. Int. J. Radiat. Oncol. Biol. Phys. 1996, 34, 251–266.

[CrossRef]
201. Nieblas-Bedolla, E.; Nayyar, N.; Singh, M.; Sullivan, R.J.; Brastianos, P.K. Emerging Immunotherapies in the Treatment of Brain

Metastases. Oncologist 2021, 26, 231–241. [CrossRef]
202. Rini, B.I.; Powles, T.; Atkins, M.B.; Escudier, B.; McDermott, D.F.; Suarez, C.; Bracarda, S.; Stadler, W.M.; Donskov, F.; Lee, J.L.;

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, 2404–2415. [CrossRef]

203. Parvez, K.; Parvez, A.; Zadeh, G. The diagnosis and treatment of pseudoprogression, radiation necrosis and brain tumor
recurrence. Int. J. Mol. Sci. 2014, 15, 11832–11846. [CrossRef] [PubMed]

204. Kobari, Y.; Kondo, T.; Takagi, T.; Omae, K.; Nakazawa, H.; Tanabe, K. Rapid Progressive Disease After Nivolumab Therapy in
Three Patients with Metastatic Renal Cell Carcinoma. In Vivo 2017, 31, 769–771. [PubMed]

205. Soria, F.; Beleni, A.I.; D’Andrea, D.; Resch, I.; Gust, K.M.; Gontero, P.; Shariat, S.F. Pseudoprogression and hyperprogression
during immune checkpoint inhibitor therapy for urothelial and kidney cancer. World J. Urol. 2018, 36, 1703–1709. [CrossRef]

206. Sugihara, A.Q.; Rolle, C.E.; Lesniak, M.S. Regulatory T cells actively infiltrate metastatic brain tumors. Int. J. Oncol. 2009, 34,
1533–1540.

207. Hussaini, S.; Chehade, R.; Boldt, R.G.; Raphael, J.; Blanchette, P.; Maleki Vareki, S.; Fernandes, R. Association between immune-
related side effects and efficacy and benefit of immune checkpoint inhibitors—A systematic review and meta-analysis. Cancer
Treat. Rev. 2021, 92, 102134. [CrossRef]

208. Hasan Ali, O.; Diem, S.; Markert, E.; Jochum, W.; Kerl, K.; French, L.E.; Speiser, D.E.; Fruh, M.; Flatz, L. Characterization of
nivolumab-associated skin reactions in patients with metastatic non-small cell lung cancer. Oncoimmunology 2016, 5, e1231292.
[CrossRef]

209. Horvat, T.Z.; Adel, N.G.; Dang, T.O.; Momtaz, P.; Postow, M.A.; Callahan, M.K.; Carvajal, R.D.; Dickson, M.A.; D’Angelo, S.P.;
Woo, K.M.; et al. Immune-Related Adverse Events, Need for Systemic Immunosuppression, and Effects on Survival and Time to
Treatment Failure in Patients With Melanoma Treated With Ipilimumab at Memorial Sloan Kettering Cancer Center. J. Clin. Oncol.
2015, 33, 3193–3198. [CrossRef]

210. Labadie, B.W.; Liu, P.; Bao, R.; Crist, M.; Fernandes, R.; Ferreira, L.; Graupner, S.; Poklepovic, A.S.; Duran, I.; Maleki Vareki, S.;
et al. BMI, irAE, and gene expression signatures associate with resistance to immune-checkpoint inhibition and outcomes in renal
cell carcinoma. J. Transl. Med. 2019, 17, 386. [CrossRef]

211. Ishihara, H.; Takagi, T.; Kondo, T.; Homma, C.; Tachibana, H.; Fukuda, H.; Yoshida, K.; Iizuka, J.; Kobayashi, H.; Okumi, M.; et al.
Association between immune-related adverse events and prognosis in patients with metastatic renal cell carcinoma treated with
nivolumab. Urol Oncol 2019, 37, 355.e21–355.e29. [CrossRef] [PubMed]

212. Topalian, S.L.; Hodi, F.S.; Brahmer, J.R.; Gettinger, S.N.; Smith, D.C.; McDermott, D.F.; Powderly, J.D.; Sosman, J.A.; Atkins, M.B.;
Leming, P.D.; et al. Five-Year Survival and Correlates Among Patients With Advanced Melanoma, Renal Cell Carcinoma, or
Non-Small Cell Lung Cancer Treated With Nivolumab. JAMA Oncol. 2019, 5, 1411–1420. [CrossRef] [PubMed]

213. Judd, J.; Zibelman, M.; Handorf, E.; O’Neill, J.; Ramamurthy, C.; Bentota, S.; Doyle, J.; Uzzo, R.G.; Bauman, J.; Borghaei, H.; et al.
Immune-Related Adverse Events as a Biomarker in Non-Melanoma Patients Treated with Programmed Cell Death 1 Inhibitors.
Oncologist 2017, 22, 1232–1237. [CrossRef] [PubMed]

214. Rubio-Perez, C.; Planas-Rigol, E.; Trincado, J.L.; Bonfill-Teixidor, E.; Arias, A.; Marchese, D.; Moutinho, C.; Serna, G.; Pedrosa,
L.; Iurlaro, R.; et al. Immune cell profiling of the cerebrospinal fluid enables the characterization of the brain metastasis
microenvironment. Nat. Commun. 2021, 12, 1503. [CrossRef] [PubMed]

215. Posadas, E.M.; Limvorasak, S.; Figlin, R.A. Targeted therapies for renal cell carcinoma. Nat. Rev. Nephrol. 2017, 13, 496–511.
[CrossRef] [PubMed]

216. Hui, L.; Chen, Y. Tumor microenvironment: Sanctuary of the devil. Cancer Lett. 2015, 368, 7–13. [CrossRef]
217. Jacobs, J.F.; Idema, A.J.; Bol, K.F.; Grotenhuis, J.A.; de Vries, I.J.; Wesseling, P.; Adema, G.J. Prognostic significance and mechanism

of Treg infiltration in human brain tumors. J. Neuroimmunol. 2010, 225, 195. [CrossRef]
218. Bienkowski, M.; Preusser, M. Prognostic role of tumour-infiltrating inflammatory cells in brain tumours: Literature review. Curr.

Opin. Neurol. 2015, 28, 647–658. [CrossRef]
219. Lee, S.J.; Jun, S.Y.; Lee, I.H.; Kang, B.W.; Park, S.Y.; Kim, H.J.; Park, J.S.; Choi, G.S.; Yoon, G.; Kim, J.G. CD274, LAG3, and IDO1

expressions in tumor-infiltrating immune cells as prognostic biomarker for patients with MSI-high colon cancer. J. Cancer Res.
Clin. Oncol. 2018, 144, 1005–1014. [CrossRef]

220. Hao, Y.; Yan, M.; Heath, B.R.; Lei, Y.L.; Xie, Y. Fast and robust deconvolution of tumor infiltrating lymphocyte from expression
profiles using least trimmed squares. PLoS Comput. Biol. 2019, 15, e1006976. [CrossRef]

http://doi.org/10.1016/j.urology.2016.03.048
http://www.ncbi.nlm.nih.gov/pubmed/27816274
http://doi.org/10.1016/0360-3016(95)02029-2
http://doi.org/10.1002/onco.13575
http://doi.org/10.1016/S0140-6736(19)30723-8
http://doi.org/10.3390/ijms150711832
http://www.ncbi.nlm.nih.gov/pubmed/24995696
http://www.ncbi.nlm.nih.gov/pubmed/28652455
http://doi.org/10.1007/s00345-018-2264-0
http://doi.org/10.1016/j.ctrv.2020.102134
http://doi.org/10.1080/2162402X.2016.1231292
http://doi.org/10.1200/JCO.2015.60.8448
http://doi.org/10.1186/s12967-019-02144-7
http://doi.org/10.1016/j.urolonc.2019.03.003
http://www.ncbi.nlm.nih.gov/pubmed/30935847
http://doi.org/10.1001/jamaoncol.2019.2187
http://www.ncbi.nlm.nih.gov/pubmed/31343665
http://doi.org/10.1634/theoncologist.2017-0133
http://www.ncbi.nlm.nih.gov/pubmed/28652280
http://doi.org/10.1038/s41467-021-21789-x
http://www.ncbi.nlm.nih.gov/pubmed/33686071
http://doi.org/10.1038/nrneph.2017.82
http://www.ncbi.nlm.nih.gov/pubmed/28691713
http://doi.org/10.1016/j.canlet.2015.07.039
http://doi.org/10.1016/j.jneuroim.2010.05.020
http://doi.org/10.1097/WCO.0000000000000251
http://doi.org/10.1007/s00432-018-2620-x
http://doi.org/10.1371/journal.pcbi.1006976

	Introduction 
	Clinical Implications and Unmet Needs of Brain Metastases from RCC 
	Immunosuppressive Pro-Metastatic Brain-Specific Tumor Microenvironment (TME) 
	Multimodal ICI-Based Therapeutic Strategies for RCC-BM 
	ICIs Based on T Cell Exhaustion in RCC-BM 
	ICIs Based on Targeting Immunometabolomics in RCC-BM 

	ICI Monotherapy for mRCC 
	Nivolumab 
	Avelumab, Atezolizumab, and Durvalumab 
	Ipilimumab 

	Combined Regimens Based on ICIs against RCC-BM 
	Combination Strategies: ICI + ICI 
	Combination Strategies: ICI + TKI 
	Combination Strategies: ICI + Radiotherapy 

	Future Perspective 
	References

