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Short report

Wilms tumor reveals DNA repair gene
hyperexpression is linked to lack of
tumor immune infiltration

Emily F Higgs © ," Riyue Bao

ABSTRACT

Background AT cell-rich tumor microenvironment has
been associated with improved clinical outcome and
response to immune checkpoint blockade therapies in
several adult cancers. Understanding the mechanisms
for lack of immune cell infiltration in tumors is critical for
expanding immunotherapy efficacy. To gain new insights
into the mechanisms of poor tumor immunogenicity,

we turned to pediatric cancers, which are generally
unresponsive to checkpoint blockade.

Methods RNA sequencing and clinical data were
obtained for Wilms tumor, rhabdoid tumor, osteosarcoma,
and neuroblastoma from the Therapeutically Applicable
Research to Generate Effective Treatments (TARGET)
database, and adult cancers from The Cancer Genome
Atlas (TCGA). Using an 18-gene tumor inflammation
signature (TIS) representing activated CD8* T cells, we
identified genes inversely correlated with the signature.
Based on these results, adult tumors were also analyzed,
and immunofluorescence was performed on metastatic
melanoma samples to assess the MSH2 relationship to
anti-programmed cell death protein-1 (PD-1) efficacy.
Results Among the four pediatric cancers, we observed
the lowest TIS scores in Wilms tumor. TIS scores were
lower in Wilms tumors compared with matched normal
kidney tissues, arguing for loss of endogenous T cell
infiltration. Pathway analysis of genes upregulated in
Wilms tumor and anti-correlated with TIS revealed
activated pathways involved DNA repair. The majority

of adult tumors in TCGA also showed high DNA repair
scores associated with low TIS. Melanoma samples from
an independent cohort revealed an inverse correlation
between MSH2* tumor cells and CD8" T cells. Additionally,
melanomas with high MSH2* tumor cell numbers were
largely non-responders to anti-PD-1 therapy.
Conclusions Increased tumor expression of DNA repair
genes is associated with a less robust immune response
in Wilms tumor and the majority of TCGA tumor types.
Surprisingly, the negative relationship between DNA
repair score and TIS remained strong across TCGA when
correcting for mutation count, indicating a potential role for
DNA repair genes outside of preventing the accumulation
of mutations. While loss of DNA repair machinery has been
associated with carcinogenesis and mutational antigen
generation, our results suggest that hyperexpression

of DNA repair genes might be prohibitive for antitumor
immunity, arguing for pharmacologic targeting of DNA
repair as a potential therapeutic strategy.

.23 Ken Hatogai,' Thomas F Gajewski’

Key messages

= This study focused on the relatively non-T cell-
inflamed Wilms tumor and identified differentially
expressed genes in Wilms tumors compared with
other pediatric tumor types, adult kidney tumor
types, and genes that anti-correlated with T-cell in-
flammation signature within Wilms tumors.

= Pathway analysis of these genes revealed high ex-
pression of DNA repair factors in non-T cell-inflamed
Wilms tumors.

= This observation was also seen across many of the
adult tumors in TCGA (The Cancer Genome Atlas),
and in metastatic melanoma samples stained for
CD8, MSH2, and SOX10, there was a negative asso-
ciation between CD8" (T cell) numbers and MSH2*
S0X10" (MSH2-expressing tumor cell) numbers.

= This suggests that high levels of the DNA repair pro-
tein MSH2 are anti-correlated with T cells in these
samples, and we also found that patients with high
MSH2* SOX10* tumor cell counts tended to be non-
responders to anti-programmed cell death protein-1
therapy.

= Loss of DNA repair factors has been associated with
increased tumor immunogenicity, but to our knowl-
edge this is the first implication of high DNA repair
levels with the non-T cell-inflamed phenotype.

BACKGROUND

Wilms tumor is the most common pediatric
kidney malignancy and affects approximately
1 in 10,000 children.! While the characteri-
zation of endogenous immune responses to
adult tumors has led to the development of
successful immunotherapeutic strategies,
knowledge of pediatric antitumor immu-
nity remains limited. Compared with adult
tumors, pediatric tumors tend to have sparse
neoantigens as well as an increased degree
of stemness, which have been associated
with resistance to immune-mediated elimi-
nation.” Wilms tumors in particular have a
limited number of genetic aberrations and
patients demonstrate a reduced autoanti-
body responses compared with patients with
neuroblastoma, which indicates that fewer
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immunogenic antigens are present.?’ In the three major
adult kidney cancer types, tumor inflammation signature
(TIS) scores predict response to checkpoint blockade
immunotherapy, while tumor mutational burden (TMB)
does not.* Renal clear cell carcinoma (KIRC) has the
second highest TIS among all The Cancer Genome Atlas
(TCGA) adult tumor types and is relatively responsive
to immunotherapy without having a particularly high
mutation load.” On the other hand, chromophobe renal
cell carcinoma (KICH) and kidney renal papillary cell
carcinoma (KIRP) have similar mutation loads to KIRC,
but lower TIS scores and demonstrate early evidence of
low responsiveness to programmed cell death protein-1
(PD-1) blockade.®

The most commonly mutated gene in Wilms tumor is
CTNNBI, and other recurring mutations also promote
Wnt pathway activation.” Interestingly, active B-catenin
signaling associates with immune exclusion across adult
tumors and mechanistically promotes T cell exclusion
in mouse melanoma models.”? Due to these and other
factors, one might expect Wilms tumors to be relatively
non-inflamed. While some studies with limited numbers
of patients have reported on the presence of T and natural
killer cells in Wilms tumors,10 others have observed low
programmed death-ligand 1 (PD-L1) expression, which
may indicate sparse T cell infiltration."’ Additionally,
Wilms tumors with lower CD8" TIL scores are associated
with larger size, increased invasiveness and metastasis, and
shorter overall patient survival."* These results suggest that
when T cell inflammation does occur in Wilms tumors,
it can be associated with improved prognosis. A deeper
characterization of pediatric tumors, especially those with
low TMB and low T cell inflammation, may shed light on
tumor-intrinsic mechanisms of immune evasion relevant
to adult tumors as well.

METHODS

RNA sequencing and TIS

RNA sequencing data were downloaded from the
Genomic Data Commons (Data Release 13.0) for TCGA
samples and the Therapeutically Applicable Research to
Generate Effective Treatments (TARGET) database for
pediatric samples. Raw read counts were processed by
trimmed mean of M values normalization followed by
log, transformation. TIS were calculated as the median
of normalized log,-expression of the following 18 genes:
PSMB10, HLA-DQA1l, HLA-DRB1, CMKLRI1, HLA-E,
NKG7, CD8A, CCL5, CXCL9, CD27, CXCR6, IDOI,
STAT1, TIGIT, LAG3, CD274, PDCD1LG2, and CD276.
CD8' T cell percentages from single-cell RNA sequencing
data” were calculated as the percentage of cells in CD8-
specific clusters (IN10, IT2, IT3, IT18) per total cells in
each sample that passed quality control (excluding those
classified as indistinct).

Correlation between gene signatures and adjustment for TMB
Correlations were performed between TIS and DNA
repair gene signatures in each tumor type. TCGA TMB

data from whole exome sequencing analyzed with MutSig
V.2.0 were downloaded from https://gdac.broadinstitute.
org/, and TMB was taken as the total number of muta-
tions in each tumor sample. One patient with outlier
melanoma with 24,930 mutations was excluded from
analysis. To remove the effects of TMB from the analysis
of DNA repair score and TIS, the following linear regres-
sion models were fit: DNA repair score~log,(TMB) and
TIS~log,(TMB). The residuals between these two models
were correlated to adjust for the TMB effect.

Patient samples

Immunofluorescence staining was performed on
pretreatment tumor samples from a cohort of 26 patients
with metastatic melanoma treated with anti-PD-1 therapy
(either nivolumab or pembrolizumab). The study
Protocol was reviewed and approved by the institutional
review board at the University of Chicago. We conducted
the study in accordance with the Protocol with subse-
quent amendments and with the Declaration of Helsinki.
All patients provided written informed consent for use of
their samples and clinical data.

Multiplex immunohistochemistry

Sections of 5 pm from formalin-fixed paraftin embedded
blocks were stained using Opal multiplex kit (AKOYA
Bioscience). Primary antibodies for MSH2 (D24B5,
1:200), CD8 (M7103, 1:200), and SOX10 (20B7, 1:200)
were used. Slides were counterstained with DAPI and
mounted before imaging with the Vectra Polaris Imaging
System (AKOYA Bioscience) at 20x resolution. On each
image, five tumor regions of interest (ROI) that had
the most abundant CD8" cell infiltration were selected.
ROIs were analyzed using inForm Cell Analysis software
2.4.6781.17769 (AKOYA Bioscience). Tissue segmen-
tation, cell segmentation, and cell phenotyping were
performed using a random forest machine learning
approach. Cell phenotypes were determined by building
a training set of manually annotated positive and nega-
tive cells for SOX10, CD8, and MSH2. Trained classifiers
were expanded for all images using batch analysis. The
numbers of each cell phenotype were calculated as the
total number in tumor areas of each 20x ROI.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism (GraphPad) V.9.0.0 with the exception of RNA
sequencing data which was performed in R V.4.0.2 using
RStudio. Significance unless described otherwise was
determined by Student’s t-test and expressed as p values,
shown as asterisks (*, p<0.05; **, p<0.01; ***, p<0.001;
wHREE p<0.0001).

RESULTS

We first aimed to characterize the T-cell inflammation
status of Wilms tumor samples in the TARGET database
using gene expression profiling. To do so, we calculated
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Figure 1 Wilms tumors have lower TIS than other pediatric cancer types, adult kidney cancer types, and matched normal
kidney samples. (A) TIS scores in Wilms tumor and the other pediatric tumor types osteosarcoma, neuroblastoma, and rhabdoid
tumor. (B) TIS scores in Wilms tumors and the other adult kidney tumor types chromophobe, papillary cell, and clear cell renal
carcinoma. Two-way analysis of variance test. ***, p<0.0001. (C) TIS scores in Wilms tumor versus matched normal kidney
samples. (D) Percentage of CD8" T cells in Wilms tumor samples by single-cell RNA sequencing versus matched normal tissue.
Two-sided paired t-test. *, p<0.05. seq, sequencing; TIS, tumor inflammation signature

the TIS score for each Wilms tumor sample using a previ-
ously defined 18-gene signature designed to measure
adaptive antitumor immune responses." We then
compared TIS scores from 120 Wilms tumor samples to
149 neuroblastoma samples, 84 osteosarcoma samples,
and 65 rhabdoid tumor samples present in the TARGET
database. Compared with the other pediatric cancer
types tested, Wilms tumor samples had significantly lower
TIS scores (p<0.0001) (figure 1A), suggesting reduced
endogenous antitumor immune responses. We also exam-
ined Wilms TIS in relation to adult kidney tumors from
TCGA, including 538 KIRC samples, 288 KIRP samples,
and 65 KICH samples. Among the adult kidney tumor
types, KIRC had the highest TIS scores, while KICH
had the lowest (figure 1B), which has been previously
reported.* However, Wilms tumor samples demonstrated
significantly lower TIS scores than any of the adult tumor
samples including KICH (p<0.0001), which is one of the
least inflamed tumor types across adult tumors.

To evaluate whether this was a characteristic of pedi-
atric kidneys being non-T cell-inflamed rather than a
feature of Wilms tumors, we analyzed the four patients
in the TARGET database with paired RNA sequencing
for Wilms tumor and adjacent normal kidney tissue. In
these patients, the Wilms tumor samples had significantly
lower TIS scores than matched normal samples (p=0.013)
(figure 1C). Additionally, in a published single-cell RNA
sequencing data set,”” Wilms tumors demonstrated
reduced CD8" T cell percentages when compared with

paired normal kidney samples (p=0.10) (figure 1D).
Taken together, Wilms tumors exhibited lower TIS scores
than other pediatric tumor types, other adult kidney
tumor types, and matched normal samples, as well as
having fewer CD8" T cells by single-cell RNA sequencing.

To better understand the non-T cell-inflamed Wilms
tumor phenotype by gene expression profiling, we used
three separate approaches to identify genes that are
both upregulated in Wilms tumor and anti-correlated
with TIS. We first identified genes that were differ-
entially expressed and upregulated in Wilms tumor
compared with adult kidney cancers. Next, we identified
the genes most significantly upregulated in Wilms tumor
compared with matched normal tissue. We then deter-
mined which genes were most strongly anti-correlated
with TIS scores in Wilms tumor samples (online supple-
mental file 1A). The intersection of these three methods
identified 496 genes that met our criteria of being over-
expressed in Wilms tumor and negatively associated
with T cell inflammation (online supplemental table
1). The top pathways for these genes revealed by Inge-
nuity Pathway Analysis included several related to DNA
damage, cell cycle checkpoint, and DNA repair (online
supplemental figure 1B). The candidate genes were not
limited to one type of DNA repair and instead repre-
sented multiple pathways including mismatch repair,
nucleotide excision repair, and homologous recom-
bination (online supplemental table 2). This suggests
that genes related to the DNA damage response are
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Figure 2 Wilms tumors have higher DNA repair scores than other pediatric cancer types, adult kidney cancer types, and
matched normal kidney samples. (A) DNA repair scores in Wilms tumor and the other pediatric tumor types osteosarcoma,
neuroblastoma, and rhabdoid tumor. (B) DNA repair scores in Wilms tumor and the other adult kidney tumor types
chromophobe, papillary cell, and clear cell renal carcinoma. Two-way analysis of variance test. **, p<0.01; ****, p<0.0001.

(C) Correlation between TIS and DNA repair score in Wilms tumor samples. Pearson’s correlation r=—0.389, p<0.0001. (D) DNA
repair scores in Wilms tumor versus matched normal kidney samples. Two-sided paired t-test. ****, p<0.0001. TIS, tumor

inflammation signature

upregulated and associated with the non-T cell-inflamed
phenotype in Wilms tumor.

To test this hypothesis, we curated a list of DNA repair
genes by filtering the 496 genes previously identified by
the 480 genes present in the MSigDB GO DNA Repair
gene signature (online supplemental file 2, online supple-
mental table 3). This resulted in a list of 50 genes that were
related to DNA repair, upregulated in Wilms tumor, and
anti-correlated with TIS in Wilms tumor (online supple-
mental table 4). This 50-gene DNA repair signature was
then used to calculate DNA repair expression scores for
Wilms tumor as well as other tumor types. Wilms tumor
samples had significantly higher DNA repair scores
than the other pediatric tumor types tested (p=0.0032)
(figure 2A) and the other adult kidney cancer types tested
(p<0.0001) (figure 2B). Additionally, there was a signifi-
cant negative correlation between TIS and DNA repair
scores within Wilms tumor samples (r=-0.389, p<0.0001)
(figure 2C). Wilms tumors also had significantly higher
DNA repair scores than the matched normal kidney
samples (p<0.0001) (figure 2D), suggesting this was not
merely a property of pediatric kidneys.

The significant negative association between DNA repair
score and TIS in Wilms tumor led us to test whether the
same observation could be detected in adult tumor types.
Computing the correlation coefficient between DNA
repair score and TIS across TCGA showed that most adult
tumor types (24/31, 77%) displayed a negative association

between these two gene signatures (figure 3A). Since mela-
noma samples are relatively more accessible for further
study, we looked more specifically within the TCGA meta-
static melanoma samples and observed a significant nega-
tive correlation between TIS and both the 50-gene DNA
repair score (r=-0.235, p<0.0001) (figure 3B) and a score
generated from all 480 genes in the MSigDB GO DNA
Repair gene signature (r=—0.397, p<0.0001) (figure 3C).
This result suggested that adult melanoma displayed the
same anti-correlation between DNA repair gene expres-
sion and TIS that was seen in Wilms tumor. Interestingly,
this finding was not limited to tumor types that are gener-
ally immunotherapy-responsive, such as melanoma, and
the strongest anti-correlation was actually observed in
the poorly immunogenic glioblastoma multiforme tumor
type.

It is well-established that loss of MSH2 and other DNA
repair genes can rapidly promote the accumulation of
mutations in cancer. However, the result of overexpres-
sion is not clear. We therefore examined whether high
DNA repair gene expression was associated with a low
TMB. In the TCGA melanoma samples, there was a mild
association between DNA repair gene expression and total
TMB (r=0.1416, p=0.016) (online supplemental file 3A).
The negative association between DNA repair score and
TIS in melanoma remained significant after correcting
for effects of TMB (r=-0.271, p<0.0001) (online supple-
mental file 3B). Furthermore, when mutation effects
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Figure 3 TIS significantly anti-correlates with DNA repair score in most TCGA tumor types, including melanoma. (A)
Correlation coefficients for the correlation between TIS and DNA repair score in each TCGA tumor type. (B) Correlation between
TIS and DNA repair score in TCGA metastatic melanoma samples. Pearson’s correlation r=—0.235, p<0.0001. (C) Correlation
between TIS and GO_DNA repair gene score in TCGA metastatic melanoma samples. Pearson’s correlation r=-0.397,
p<0.0001. TCGA, The Cancer Genome Atlas; TIS, tumor inflammation signature. SKCM: skin cancer, melanoma.

were regressed out of all adult tumors with mutation
data, the majority of tumor types (25/29, 86%) retained
a negative correlation between DNA repair score and TIS
(online supplemental figure 3C). These results suggest
that high expression of DNA repair pathway machinery
restricts tumor immunogenicity by mechanisms other
than preventing neoantigen accumulation. In contrast,
there was a significant positive correlation in TCGA mela-
noma between TIS and a signature of type I interferon
(IFN)-induced genes (IFI44, LY6E, MX1, OAS3) (online
supplemental file 3d) and a signature of conventional
dendritic cell type 1 (¢cDC1) genes (BATI3, IRFS, THBD,
CDIc) (online supplemental figure 3E).'> This supports
the notion that the presence of type I IFN signaling and
cDC1 cells is associated with CD8" T cell inflammation,
and raises the possibility that high DNA repair gene
expression may be interfering with that process at some
level.

The relationship between DNA repair expression and
T cell inflammation was examined more closely in mela-
noma tissue samples. MSH2 was one of the top DNA
repair genes identified from the Wilms tumor analysis
and was confirmed to have a significant anti-correlation
with TIS in melanoma (online supplemental figure 4).
MSH2 protein was therefore chosen as a DNA repair
marker in these samples for validation, and there was a
detectable range of both MSH2" tumor cells and CD8"
T cells in melanoma samples (figure 4A). We performed
immunofluorescence staining on pretreatment tumor

samples from a cohort of 26 patients with metastatic
melanoma treated with anti-PD-1 therapy. Response was
determined using RECIST V.1.1 Criteria,16 and the cohort
contained 21 responders (6 complete responders (CR), 7
partial responders (PR), and 8 with stable disease (SD))
as well as 5 non-responders (progressive disease (PD)).
Tumor cells and CD8" T cells were identified by the tran-
scription factor SOX10 and surface marker CD8, respec-
tively. A significant negative correlation between CD8" T
cell numbers and MSH2" SOX10" tumor cell numbers
was observed per ROI (r=-0.255) (figure 4B). In fact,
there were no ROI quantified with both above-median
numbers of MSH2" SOX10" tumor cells and above-
median numbers of CDS8" T cells. Additionally, non-
responders to anti-PD-1 therapy had significantly higher
numbers of MSH2" SOX10" tumor cells than responders
(p<0.0001), whereas non-responders had significantly
lower numbers of CD8" T cells (p=0.0059) (figure 4C).
These results indicate that high MSH2 expression is asso-
ciated with diminished CD8" T cell infiltration and lack of
response to anti-PD-1 therapy.

DISCUSSION

Compared with adult tumor types, relatively little is
known about the immune landscape of pediatric tumors
and their associated mechanisms of immune resistance.
Using RNA sequencing data, we showed that Wilms
tumors demonstrate significantly lower TIS than matched
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Figure 4 MSH2* tumorcell numbers significantly anti-correlate with CD8* T cells in patients with melanoma and are
significantly higher in non-responders to anti-PD-1 immunotherapy. (A) Example images from immunofluorescence staining of
melanoma tissues. MSH2 is shown in red, CD8 is green, SOX10 is yellow, and DAPI is blue. (B) Correlation of CD8" cells and
MSH2*SOX10" in each 40x melanoma slide image, five images taken per sample. Pearson’s correlation r=—0.255, p<0.0018.
(C) Quantification of MSH2*SOX10" and CD8" cells by ICB response category. Two-sided unpaired t-test. **, p<0.01; ****,
p<0.0001. CR, complete responders; PD, progressive disease; PD-1, programmed cell death protein-1; PR, partial responders;

ROI, regions of interest; SD, stable disease.

normal kidney samples, other pediatric tumor samples,
and adult kidney tumor samples. Pathway analysis identi-
fied multiple types of DNA repair genes are upregulated
in Wilms tumor and anti-correlated with TIS scores.
Surprisingly, we did not observe a strong association
between DNA repair gene expression scores and total
mutation numbers in melanoma, and the negative rela-
tionship between DNA repair score and TIS remained
strong across TCGA when correcting for mutation count.
This indicates a potential role for DNA repair genes
outside of preventing the accumulation of somatic muta-
tions and warrants further investigation. These data are
consistent with our previously published results demon-
strating lack of correlation between mutation load and
immune gene signature among tumors in TCGA,'"
arguing that cancer cell antigenicity and immunogenicity
are independent events. It seems likely that upregula-
tion of DNA repair pathways maintains cellular fitness,
which in turn could lead to diminished immunoge-
nicity. Rapidly proliferating cells experience high levels
of replicative and oxidative stress that can lead to DNA
damage.'” Disruption of specific DNA polymerases as well
as repair enzymes such as BLM, BRCA2, and RNAseH?2
promote genome instability and the formation of micro-
nuclei, which can then be detected by the enzyme cGAS
to trigger an innate immune response.'*** For example,
polymerase (-deficient cells accumulated micronuclei
and induced expression of IFN-stimulated genes in a

cGAS- and STING-dependent manner.” In response to
acute BRCA2 abrogation, tumor cells accumulated micro-
nuclei and limited proliferation by G1 cell cycle arrest.
As the cells adapted to chronic BRCA2 loss, they re-en-
tered the cell cycle with a concomitant upregulation of
IFN-stimulated genes that was dependent on STING and
STAT1.** Additionally, the upregulation of IFN genes
following loss of EXO1 or BLM could be reversed by
knocking out TREX1, an enzyme that degrades cytosolic
DNA." Taken together these data support the notion
that DNA repair disruption can trigger innate immune
activation through induction of IFN signaling following
micronuclei sensing.

Our observations in Wilms tumor suggest the converse
may also be true, and that increased tumor expression of
DNA repair genes is associated with a less robust immune
response, perhaps due to reduced cGAS-STING pathway
activation. Previous work from our laboratory and others
showed that type I IFN signaling is correlated with acti-
vated T cell gene signatures in human tumors and
required for tumor-specific T-cell priming in mice." By
creating a DNA repair score from the DNA repair genes
identified in Wilms tumor, we were able to test whether
DNA repair gene expression is negatively associated with
T-cell inflammation in adult tumor types as well. It is
known that high levels of tumor microsatellite instability
are associated in adult tumors with increased lymphocyte
infiltration, reduced metastasis, and improved survival

6

Higgs EF, et al. J Immunother Cancer 2022;10:¢004797. doi:10.1136/jitc-2022-004797



as well as response to checkpoint blockade immuno-
therapy.”’*'

Some tumors have been shown to upregulate DNA
repair genes, such as MGMT, RRM2, POLE2, and TTK,
which associated with increased invasiveness and metas-
tasis, poor outcomes, and resistance to therapy.”® **
These observations led to the hypothesis that overexpres-
sion of MMR genes could improve cellular resistance to
DNA lesions as well as survival following DNA damage.”’
In support of this hypothesis, overexpression of the base
excision repair enzyme NTHL1 promoted oncogenic
transformation of HBEC lung cells.”” We believe high
DNA repair gene expression could also promote tumor
immune evasion, as we identified a significant negative
correlation between DNA repair and activated T-cell signa-
tures in the majority of TCGA tumor types. Additionally,
we identified significantly higher numbers of cells posi-
tive for the DNA repair protein MSH2 in patients with
melanoma with diminished CD8" T-cell infiltration and
lack of response to anti-PD-1 therapy.

While this work is limited by the correlative nature of
examining human tissues, future studies will be required
to develop novel mouse models to investigate a causative
relationship between high DNA repair gene expression
and tumor immune evasion. The large collection of
DNA repair genes we observed to be coordinately over-
expressed suggests that the phenotype is unlikely to be
explained by mutations in a single gene. Rather, it is
likely that a more complex mechanism affecting multiple
DNA repair genes through shared transcription factors or
epigenetic modifications drives their coordinated upreg-
ulation. DNA repair pathways are known to be regulated
in a complex network, as impairment in one pathway
can lead to dependence on others and deleterious
mutations in multiple pathways leads to higher immune
gene expression in tumors.” In the future, DNA repair
pathway inhibitors may be worth pursuing as a potential
strategy to improve host immune system activation. This
notion is supported by the observation that PARP inhibi-
tors can improve immunotherapy efficacy in vivo, in part
by promoting STING pathway activation in host immune
cells.”

Twitter Riyue Bao @RiyueSunnyBao
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