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Cancer treatment has been revolutionized by characterizing
the genomic landscape of tumors and developing targeted
therapies through The Cancer Genome Atlas (TCGA)
and comprehensive genomic profiling (CGP). Therapeutic
antibodies against immune checkpoint inhibitors (ICPIs)
cytotoxic T-lymphocyte-associated protein (CTLA-4),
programmed death cell protein 1 (PD-1) and programmed
death-ligand 1 (PD-L1) show considerable promise in
a variety of malignancies, including renal cancer (1);
however, durable clinical benefit is rarely achieved.
Therefore, new avenues to guide immunotherapy-based
treatments are a critical but currently unmet need. The
relationship between tumor genotype and the biology
of the immune microenvironment driving responses to
ICPIs is not completely understood. A key challenge is the
identification of tumor intrinsic/tumor microenvironment
(TME) characteristics that can predict treatment response.
Tumor mutational burden (TMB) is one such emerging
approach in many cancers, including renal cell carcinoma
(RCC). Extensive immunogenomic analysis of 336 clear cell
RCC (CCRCC) patients from TCGA dataset reported by
Zhang et al. in a previous issue of the Annals of Transiational
Medicine provides additional evidence of the relationship
between TMB and immune infiltrates in CCRCC (2).

TMB and tumor neoantigens in RCC

The prevalence of somatic mutations, which include
nucleotide substitutions and small insertions/deletions, is
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highly variable between and within cancer types, ranging
from 0.001 per megabase (Mb) to more than 400 per Mb (3).
On one side of the spectrum are tumors with low TMB,
such as prostate and pancreatic cancer, and certain
childhood tumors. On the other side, are tumors with high
TMB, including genomically unstable tumors related to
chronic mutagenic exposure, such as non-small cell lung
carcinoma (NSCLC) and melanoma, or mismatch repair
deficient tumors, such as microsatellite unstable (MSI)
colorectal and noncolorectal cancer. Certain mutational
signatures are associated with the age of the patient at
cancer diagnosis; in general, TMB increases with patient
age, showing a 2.4-fold difference between age 10 and
90 years (4).

RCC is a tumor with a relatively low TMB, with a
median of 1.1 mutations per Mb (3,5). Within the main
RCC subtypes, chromophobe RCC carries the lowest TMB
(<1 mutation per Mb), while CCRCC and papillary RCC
exhibit a similar range of TMB (3). As compared to more
hypermutated cancers, even the most heavily mutated RCC
shows a relatively low TMB. Within each tumor type,
including RCC, there is a substantial subset of cases with
high TMB (4).

TMB is most commonly estimated based on next
generation sequencing (NGS) of formalin-fixed paraffin-
embedded (FFPE) tissue samples using whole genome
sequencing (WGS), whole exome sequencing (WES),
and various CGP targeted gene panels. Although there is
currently a lack of standardization, TMB is often calculated

Ann Transl Med 2020;8(6):269 | http://dx.doi.org/10.21037/atm.2020.02.81


https://crossmark.crossref.org/dialog/?doi=10.21037/atm.2020.02.81

Page 2 of 5

as the total number of single nucleotide variants (SNVs)
and small insertions and deletions (indels) per one million
bases (Mb) in a tumor based on NGS data. As with many
studies based on WES data, Zhang et al. classified the
CCRCC samples from TCGA dataset into low- and high-
TMB groups according to median cutoft (2). In the clinical
setting, CGP with targeted panels has proved to be suitable
for TMB estimation. Chalmers e 4/. have demonstrated
that a CGP assay targeting approximately 1.1 Mb of
coding genome can accurately assess TMB compared with
WES and used 20 mutations/Mb as a cutoff for high-
TMB (4). However, there is also lack of standardization for
differentiating high- from low-TMB.

The vast majority of mutations in solid tumors included
for calculation of TMB are SN'Vs, while indels account for
approximately 4% in the TCGA pan-cancer cohort (6).
Currently, there is no consensus as to whether gene fusions
should be included in the calculation of TMB. Chalmers
et al. exclude recurrent mutations occurring in tumors
and truncating mutations of tumor suppressor genes from
their TMB calculation to avoid overestimation of TMB,
since gene panels are usually heavily targeted at recurrently
mutated genomic regions (4).

Zhang et al. have shown that SNVs occur more frequently
than insertions or deletions in CCRCC, with C>T being the
most common substitution (2). Based on the predominance
of C>T substitutions, CCRCC are classified as signatures
1B and 6 tumors, with 1B observed in the majority (19 of
30) of cancer types (3). In another report, analysis of TCGA
dataset demonstrates that in sharp contrast to other solid
tumors, RCCs harbor the highest indel rate as a proportion
of their total TMB and the highest overall number of
indels, more than double the median proportion of indel
mutations in all other cancer types (6). This unique feature
is characteristic of clear cell RCC, papillary RCC, and
chromophobe RCC, suggesting a possible tissue-specific
mutational process contributing to the acquisition of indels
in renal cancers. Indels may cause a frameshift, creating a
novel open reading frame and producing a large amount of
highly immunogenic neoantigenic peptides. Compared with
SNV mutations, indels can generate three times more high-
binding affinity neoantigens and nine times more mutant-
specific binders. Immune gene expression analyses in the
RCC cohort have revealed that the presence of mutant-
specific neoantigens is associated with upregulation of
antigen presenting genes, which strongly correlates with
T-cell activation as measured by CD8-positive expression (6).
However, more recent analysis has failed to confirm a
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higher frequency of indels in a larger randomized cohort of
advanced metastatic RCC treated with ICPIs (7). Therefore,
additional mechanisms of immunogenicity in RCC warrant
further investigation. Among them are neoantigens from
endogenous retroviruses (ERVs) integrated into the
genome, which may be reactivated in tumors and contribute
to anti-tumor immunity (8). A human ERV type E was
found to be selectively expressed in most cases of CCRCC
(8,9). Occasional cases of RCC harbor human papilloma
virus (HPV) and hepatitis B virus (HBV) sequences (8,10).
Although viral antigens provide new targets for T-cells, they
do not contribute to high TMB status. Another potential
source of tumor antigens is a unique set of genes, known
as cancer testis (CT) antigens, which are not expressed
in healthy tissues, except germ cells, but are aberrantly
expressed in tumors and are associated with antigen-specific
responses in patients harboring these tumors. One of these
CT antigens, CSAG2, may be involved in anti-tumor
immunity in CCRCC (8).

Predictive and prognostic role of TMB in RCC

Across different tumor types, tumors with high TMB, such
as melanoma, non-small cell lung cancer (NSCLC), and
urothelial cancer, are associated with improved response
to ICPIs (11-13). In contrast, less-mutated tumor types,
such as pancreatic and prostate cancer, are not responsive
to immune blockade and are not considered as candidates
for immunotherapy. Mechanistically, this may be explained
by formation of larger number of neoantigens in tumors
with higher TMB, which elicit T cell immunoreactivity
and sensitivity to ICPIs (14). The latter are referred to
as “hot tumors” (15). RCC is breaking the rule, being a
tumor with a relatively low TMB, approximately ten times
lower than melanoma, but manifesting response to ICPIs
similarly to melanoma. This is why there are now 3 FDA-
approved combination therapies with ICPIs in metastatic
kidney cancer (1). One plausible hypothesis is that despite
low overall TMB in RCC, frequent indel mutations cause
a frameshift to create a large amount of neoantigenic
peptides, which are more potent than those produced by
the same number of SNVs (6). In patients with melanoma
treated with ICPIs, frameshift indel burden appears to be
a better predictor of response as compared with SNVs (6).
Additional studies are needed in order to directly investigate
the relationship between the indel mutation load and
response to ICPIs in RCC, as indel mutation burden may be
a potential biomarker of response to checkpoint blockade.
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Genomic data from the large cohort of patients with
advanced cancers of different types treated with ICPIs
have demonstrated the continuous association between
higher TMB and superior overall survival (OS) (12).
However, the trend of improved survival was observed
only in RCC when high TMB was defined as the top
20% (cutoff 5.9 mutations/Mb in RCC). Decreasing the
cutoff to the top 30% (4.9 mutations/Mb) shifted hazard
ratio to shorter OS. Similarly, Zhang er 4/. have shown
that high TMB correlates with poor survival in TCGA
patients who were not treated with ICPIs, since high
TMB occurs in high-grade advanced stage tumors (2).
When another cohort of metastatic RCC patients who
did not receive ICPIs was analyzed, no prognostic
benefit was observed in the high TMB group (12).
In a phase II clinical trial of atezolizumab (anti-PD-L1)
in patients with metastatic RCC, TMB and neoantigen
burden were not associated with progression free survival (7).
Therefore, higher TMB does not appear to improve OS or
predict benefit from ICPIs in patients with metastatic RCC.

Immune signatures of RCC

RCC, along with other tumors, such as melanoma,
NSCLC, and head and neck carcinoma, contain high
levels of tumor infiltrating lymphocytes and are therefore
considered immunologically hot tumors, which are more
likely to trigger a strong immune response (15). Based on
the analysis of a T-cell-inflamed gene expression signature,
CCRCC was found to be the most T-cell inflamed cancer
across 31 solid tumor types from the TCGA dataset (16).
Immune cytolytic activity as defined by transcript levels of 2
key cytotoxic effectors of activated CD8+ T-cells, granzyme
A and perforin, was the highest in CCRCC among 18 solid
tumor types (8).

Historically, immune infiltrates in RCC were evaluated
by immunohistochemical or flow cytometry analyses of
the tumor tissues. The type (CD8+ cells), density, and
location (intratumoral versus peritumoral) are considered
critical factors in the assessment of immune infiltrates
and in the determination of their prognostic impact.
The TME in RCC is different from that of other tumor
types. In most cancers, the increased number of cytotoxic
CD8+ tumor-infiltrating lymphocytes is associated with
improved prognosis (17). Paradoxically, both intratumoral
and peritumoral CD8+ T-cell density in RCC is associated
with poor outcome, possibly due to a positive association
between the number of lymphocytes and tumor grade
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(18,19). High expression of B-cell signatures and decreased
B-cell receptor (BCR) diversity predicts poor survival as
well (20).

While immunohistochemistry or flow cytometry suffer
from limitations in phenotypic markers, computational
methods for quantifying cell fractions from bulk tissue
gene expression profiles can accurately estimate the
immune composition of tumor tissue. Zhang et 4/. utilized
CIBERSORT, a newly developed in silico algorithm for
estimation of specific cell types in a mixed cell population
using RNA-seq or microarray gene expression data (21). In
contrast to previous studies (18,19), lower levels of CD8+
T cells and macrophages correlated with poor survival
outcomes in CCRCC in the Zhang ez /. study (2). These
differences may be explained in part by transcriptomic
analysis of the entire tumor sample versus protein
expression analysis within different tumor compartments
(intratumoral, peritumoral).

TMB and immune signatures in RCC

Data provided by Zhang ez 4/. indicate that TMB may be
closely related with the TME. Based on the expression
levels of immune-related genes and gene sets, Zhang
et al. compared 22 immune fractions between low- and
high-TMB groups. Paradoxically, higher mutation rates
in RCC are associated with immunologically cold (non-
T-cell inflamed) phenotype. The infiltration levels of
CD8+ T cells, CD4+ memory resting T cells, M1 and M2
macrophages, as well as dendritic resting cells in the high-
TMB group were lower compared with that in the low-
TMB group. In addition, the high-TMB group showed
lower levels of immune genes mainly involved in neutrophil
mediated immunity (2).

In another study of 32 cancer types from TCGA dataset,
Wang and Li compared expression levels of immune-
related genes and gene-sets between high- and low-TMB
groups in each cancer type using a different arbitrary
cutoff for high TMB (scores higher than the third quartile
value) (22). They found that association between TMB
and infiltration densities of 16 different immune cell
subpopulations was cancer-type dependent. In 12 cancer
types, including CCRCC, expression levels of the immune
cell subpopulation gene set were significantly higher in the
lower-TMB group, as opposed to one cancer type in which
expression levels of this gene-set were significantly higher
in the higher-TMB group (22). The expression levels of
the tumor-infiltrating lymphocytes (TILs) gene-set were
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significantly higher in the higher-TMB group in 9 cancer
types, including CCRCC, while significantly higher in the
lower-TMB group of 2 cancer types. Moreover, expression
levels of immune checkpoint, cytokine and cytokine
receptors, and pro-inflammatory genes were significantly
higher in the lower-TMB group as opposed to higher-
TMB group in CCRCC and several other cancer types (22).
Therefore, the association between TMB and the immune
signature is cancer-type dependent. In CCRCC and
several other cancer types, high TMB appears to inhibit
immune cell infiltration, creating immunologically
cold phenotype, consistent with the findings of Zhang
et al. (2). However, in a group of CCRCC with low TMB,
an upregulated immune signature can potentially mediate
anti-tumor immune response even with a limited number
of neoantigens. One possible therapeutic strategy for
high-TMB tumors that are immunologically cold may be
improving ICPI blockage by promotion of intratumoral
T-cell infiltration via oncolytic virotherapy (23).

The mechanisms governing exclusion of T-cells from
TME are under intense study. Tumor-intrinsic WN'T/
B-catenin signalling mediates immune exclusion in
melanoma and across other human cancers with high
TMB (16). Among 31 tumor types, differences in
percentages of Wnt/B-catenin-activated patients between
immunologically cold and hot tumors were most striking in
CCRCC and reached 81% (16). MAPK signaling is another
pathway associated with cancer cell immune evasion. In
triple-negative breast cancer, potential activating mutations
of MAPK signaling have been correlated with lower
density of TILs in residual disease following neoadjuvant
therapy (24). As reported by Zhang et 4l., the higher TMB
RCC group correlated with Wnt/B-catenin and MAPK
signaling, supporting this mechanism of immune exclusion
in high-TMB RCC group. These data provide a strong
rationale for the development of pharmacologic inhibitors
of these pathways with the aim of restoring immune cell
infiltration and augmenting immunotherapy.

Conclusions and future perspectives

There is accumulating evidence that higher TMB in RCC
is associated with immune cell exclusion and creation of an
immunologically cold phenotype. Therefore, the search for
predictive biomarkers for immunotherapy may include a
combination of TMB and immune signatures. Modulation
of TME may be a reasonable therapeutic strategy in
order to orchestrate genomic and immunophenotypic
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status. It is still to be determined whether CGP panels for
clinical specimens should be expanded to evaluate immune
signatures in addition to genomic analysis of tumor-intrinsic
alterations. Integration of RNA- and DNA-sequencing
is emerging; the addition of immuno-oncology analyses
in assays such as Tempus xT' (including TMB, PD-1/PD-
L1 expression, microsatellite instability, and research-use
only gene expression analysis of the TME and neoantigen
prediction) may help to clarify this question (25). The role
of TMB and TME in identifying patient groups who may
benefit from immunotherapy should be determined in
future randomized control trials. Combination strategies
may ultimately emerge to convert high TMB non-T cell-
inflamed tumors into T cell-inflamed tumors as a means to
sensitize tumors to therapies dependent on T-cell killing.
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