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Abstract: Background: Immune checkpoint inhibitors (ICls) can be problematic, including a lack of sustained clini-
cal response, in the treatment of skin cutaneous melanoma (SKCM) patients; therefore, predictive biomarkers are
urgently needed. Recently, gene mutations identified by melanoma genomic analysis have shown great predictive
potential. Methods: We collected an immunotherapy cohort and The Cancer Genome Atlas (TCGA)-SKCM cohort
from published studies and tested the predictive function of the CARD11 mutation. We then further studied the
association between the CARD11 mutation and tumor immunogenicity by studying related genes and pathways in
the tumor microenvironment (TME). Results: In the immunotherapy and TCGA-SKCM cohorts, patients with CARD11-
mutant (MT) tumors had longer overall survival (OS) and a better prognosis than those with CARD11-wild-type
(WT) tumors. CARD11-MT tumors had higher immunogenicity, and gene expression related to immunosuppression
was significantly downregulated in CARD11-MT tumors. We found that immunosuppression-related pathways were
significantly downregulated in CARD11-MT tumors, while immune activation-related pathways were significantly up-
regulated. Additionally, CARD11-MT tumors had more DNA damage response and repair (DDR) pathway mutations.
Conclusions: CARD11 mutation is associated with longer OS and a better prognosis after ICI treatment. Therefore,

the CARD11 gene can be used as a biomarker for predicting the efficacy of ICls in SKCM patients.
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Introduction

Skin cutaneous melanoma (SKCM) is an ex-
tremely aggressive malignancy, with approxi-
mately 200,000 new cases diagnosed each
year worldwide [1]. The 5-year overall survival
(OS) rate of patients with advanced melanoma
is only 10-29%, and the overall response rate
(ORR) of traditional chemotherapy is less than
20%. BRAF inhibitors, interleukin (IL)-2, adop-
tive T cell therapy, etc. are not widely used clini-
cally due to adverse reactions or poor efficacy
[2, 3]. In contrast, immunotherapy, especially
immune checkpoint inhibitors (ICls), can signifi-
cantly prolong OS and improve patient pro-
gnosis. However, in clinical practice, only a few
patients have achieved a lasting response wi-
th ICls. As a consequence, to reduce adverse
reactions and the cost of treatment, reliable
predictive biomarkers are needed to guide the
clinical diagnosis and treatment processes.

At present, predictive markers for immuno-
therapy in melanoma include lactate dehydro-
genase (LDH), tumor-infiltrating lymphocytes
(TILs), PD-L1 expression, and the tumor muta-
tional burden (TMB), among others, but these
markers are not sufficient for predicting out-
comes. In addition, melanoma genomics-based
gene mutation research is a popular approach
for biomarker discovery. For example, NRAS
(10-25%) and NF1 (14%) are commonly mutat-
ed in melanoma, and some studies have sh-
own that patients with NRAS mutations have a
higher response rate (28% vs. 16%, P = 0.04) to
first-line immunotherapy with IL-2, ipilimumab
or an anti-PD-L1 antibody than patients with
wild-type NRAS [4]. Moreover, NF1-mutant mel-
anoma is associated with UV damage, a high
TMB, and a high response rate to anti-PD-1
immunotherapy [5]. These results suggest that
certain gene mutations can predict the thera-
peutic effect of immunotherapy and may be reli-
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able predictive markers of immunotherapeutic
efficacy.

Caspase Recruitment Domain Family Member
11 (CARD11) is a protein-coding gene whose
product transmits an essential costimulatory
signal for T cell activation mediated by T cell
receptors (TCRs) that plays important roles
in NF-kB activation and lymphocyte signaling
[6]. Recent studies have shown that CARD11-
BCL10-MALT1 (CBM) signaling can mediate
TCR-induced NF-kB activation in regulatory T
cells (Tregs) and control the conversion of rest-
ing Tregs into effector Tregs under steady-state
conditions. Selective inhibition of BCL10 signal-
ing in Tregs can enhance the body’s antitumor
response in a mouse melanoma model [7]. This
suggests that changes in the CARD11 gene and
its pathway can affect antitumor immunity by
affecting the function of infiltrating T cells and
the content of related cytokines in the tumor
immune microenvironment, thus improving or
worsening the prognosis of patients.

In this article, we analyzed CARD11-related ge-
nes and pathways in the tumor immune mi-
croenvironment in an SKCM immunotherapy
cohort and The Cancer Genome Atlas (TCGA)-
SKCM cohort and explored the feasibility and
validity of the following hypothesis: CARD11
gene mutation may be a good independent pre-
dictive marker of SKCM outcomes, which may
help to identify patients with a relatively good
response and prognosis after ICl treatment.

Methods
Acquisition and screening of clinical data

First, we used an immunotherapy cohort (re-
ported by Rizvi et al. [8]) containing clinical
data and targeted sequencing (Panel) data to
assess whether CARD11 mutations could pre-
dict the prognosis of SKCM patients treated
with ICls. Based on their CARD11 gene status,
SKCM patients (n = 183) with CARD11 gene
mutation data in the immunotherapy cohort
(anti-CTLA-4 and anti-PD-1/PD-L1 therapies;
146 anti-CTLA-4 antibody-treated patients,
1,256 anti-PD-1 or anti-PD-L1 antibody-treat-
ed patients, and 260 combination therapy pa-
tients) were divided into CARD11-mutant (MT)
and CARD11-wild-type (WT) groups. Kaplan-
Meier (KM) analysis was used for survival anal-
ysis. We screened the data of CANCER TYPE =

287

“melanoma” & histology = “cutaneous” (n =
187) for analysis. Additionally, we downloaded
the somatic mutation data and OS data for the
cohort TCGA-SKCM from the Genomic Data
Commons (https://portal.gdc.cancer.gov/) us-
ing the R package TCGAbiolinks [9]. We used
cBioportal [10] to download the disease-free
survival (DFS) data of the patients in the cohort
TCGA-SKCM and used the KM method to ana-
lyze survival for different groups in the cohort
TCGA-SKCM.

Tumor immunogenicity analysis and identifica-
tion of CARD11 gene mutation characteristics

First, we obtained and screened the somatic
mutation data (reported by Rizvi et al.) of 183
SKCM samples from the immunotherapy co-
hort generated by targeted next-generation
sequencing (NGS; MSK-IMPACT) for the pur-
pose of tumor immunogenicity analysis. In a
previous study, Thorsson V et al. [11] reported
data on the neoantigen load (NAL) for the
cohort TCGA-SKCM. Whole-exome sequencing
(WES) data for SKCM cell line analysis were
downloaded from Genomics of Drug Sensitivity
in Cancer (GDSC) [12]. Consistent with reports
from related articles [13], the method that we
used to quantify the TMB in the SKCM immuno-
therapy cohort (Rizvi et al.), TCGA-SKCM cohort
and GDSC-SKCM cohort used nonsynonymous
MTations in these cohorts as the raw MTation
count, which was divided by 38 Mb. Next, we
described the mutation characteristics of the
CARD11 gene using R software. The visual ana-
lytics of the top 20 genes with the highest
mutation frequencies and related clinical fea-
tures in the immunotherapy cohort and TCGA-
SKCM cohort were performed using the R pack-
age ComplexHeatmap [14]. The visual analytics
of CARD11 mutation sites in the immunothera-
py cohort and TCGA-SKCM cohort were per-
formed using the R package Maftools [15].

Identification of tumor immune microenvi-
ronment characteristics and drug sensitivity
analysis of tumor cells

The gene expression data (lllumina HiSeq, RNA-
Seq) used to analyze TCGA-SKCM tumor im-
mune microenvironment characteristics were
obtained from TCGAbiolinks, and we also per-
formed CIBERSORT [16] (http://cibersort.stan-
ford.edu/) analysis to compare the differences
in infiltrating immune cells between CARD11-
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WT and CARD11-MT tumors. In addition, we
compared and analyzed the mRNA expression
levels of immune-related genes in TCGA-SKCM.
Specifically, we extracted immune cell marker
genes from a previously published study by Hao
D et al. [17]. In addition, we also used the meth-
od of immune gene functional classification
previously reported by Thorsson et al. [11] to
classify immune-related genes and used the
log2 (FPKM + 1) method to quantify the expres-
sion of these genes. The cut-off value of logFC
was *+ 1. In a susceptibility analysis of SKCM
tumor cells, we downloaded SKCM cell line
drug sensitivity data from GDSC and then
compared the sensitivities of CARD11-WT and
CARD11-MT tumors.

Copy number alteration (CNV) analysis

When analyzing copy number variations in the
CARD11 gene, we used Broad GDAC Firehose
(http://gdac.broadinstitute.org/) to download
TCGA-SKCM’s Affymetrix SNP arrays 6.0 data
(hgl9; germline/potential false-positive calls
removed), and then GISTIC 2.0 analysis was
performed on the obtained CNV segments
using GenePattern 2.0[18] (https://cloud.ge-
nepattern.org/gp/pages/index.jsf). In the pro-
cess of GISTIC 2.0 analysis, except for individu-
al parameters that were specific (such as the
confidence level set to 0.99; X-chromosome
may be included before analysis), the parame-
ters were set to the default parameters. Finally,
we used the R package Maftools [15] to visual-
ize the CNV, which was the result of the GISTIC
2.0 analysis.

Analysis of gene set pathway enrichment and
the DNA damage response and repair (DDR)
pathway

The gene expression data (raw count) required
for pathway enrichment analysis were normal-
ized and subsequently analyzed using the R
package edgeR [19]. Next, we used the cluster-
Profiler R package [20] for gene annotation
enrichment analysis. It should be emphasized
that in Gene Ontology (GO), Kyoto Encyclopedia
of Genes and Genomes (KEGG) and Reactome
analyses, statistical significance was defined
as P < 0.05. In addition, to evaluate the number
of nonsynonymous mutations in DDR pathway
components in the immunotherapy cohort and
TCGA-SKCM cohort, we downloaded the gene
set related to the DDR pathways in the MSigDB
database of Broad Institute [21] (Additional
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File: Table S1). Then, we completed the evalua-
tion using this DDR gene set. Additionally, we
compared the difference between CARD11-WT
tumors and CARD11-MT tumors in regard to the
number of nonsynonymous mutations in the
DDR pathway.

Statistical analysis

We used the Mann-Whitney U test to compare
and analyze the TMB, NAL, immune cell con-
tent, immune-related gene expression, age,
microsatellite instability (MSI) score, and num-
ber of DDR pathway mutations in CARD11-WT
and CARD11-MT tumors. Fisher’'s exact test
was used to analyze CARD11-WT and CARD11-
MT tumors for differences in the top 20 gene
mutation rates, sex and immunotherapy re-
sponses in the immunotherapy cohort. Addi-
tionally, the differences between CARD11-WT
and CARD11-MT tumors in terms of the gene
mutation status for the top 20 mutation rat-
es in the cohort TCGA-SKCM were also deter-
mined. Fisher’s exact test was used to compare
the differences in sex, race, ethnicity, and clini-
cal stage between CARD11-WT and CARD11-
MT patients in TCGA-SKCM. The KM method
and log-rank test were used to analyze the pro-
gression-free survival and OS of patients with
CARD11-MT or CARD11-WT tumors. In our data
analysis, statistical significance was defined as
P < 0.05, and all statistical analyses were per-
formed using a two-sided test. Finally, we used
R software (version 3.6.1) to test all the statisti-
cal results and completed the visualization. In
the process of visual analysis, we used the R
package ggpurb to draw boxplots [22]. The
false discovery rate (FDR) of the CNV visualiza-
tion was defined as 0.05.

Results

Associations between the CARD11 status and
clinical characteristics of patients

In the SKCM immunotherapy cohort, a total of
183 patients were obtained after data filtering,
of which 26 patients had mutations in the CA-
RD11 gene (CARD11-MT), and the remaining
157 patients did not have mutations (CARD11-
WT). As hypothesized, the CARD11-MT patients
had a better prognosis after immunotherapy
than the CARD11-WT patients (Figure 1A, P =
0.026, hazard ratio (HR) = 0.29, 95% confi-
dence interval (Cl): 0.15-0.59). In addition, we
performed a survival analysis on the cohort of
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Figure 1. Associations between the CARD11 gene status and patient clinical characteristics. (A) Kaplan-Meier analy-
sis was used to compare the overall survival (OS) of CARD11-MT patients with that of CARD11-WT patients in the ICI
treatment cohort (N = 183). (B) Kaplan-Meier analysis was used to compare the overall survival (0S) of CARD11-MT
patients with that of CARD11-WT patients in the cohort TCGA-SKCM (N = 457). (C) Kaplan-Meier analysis was used
to compare the disease-free survival (DFS) of CARD11-MT patients with that of CARD11-WT patients in the cohort
TCGA-SKCM (N = 400). (D) The pie chart shows the drug types used in the cohort TCGA-SKCM. The CARD11 gene
status was obtained from MSKCC; n (CARD11-MT) = 25, n (CARD11-WT) = 158. Green: monotherapy, orange: com-
bination therapy. (E, F) The Mann-Whitney U test was used to compare the ages of CARD11-WT and CARD11-MT pa-
tients. The data were obtained from the MSKCC (E) and TCGA (F) databases. *P < 0.05; **P < 0.01; ***P < 0.001.

SKCM patients without immunotherapy in TCGA
and found that the CARD11-MT patients had
better OS than the CARD11-WT patients (Figure
1B, P = 0.035, HR = 0.59, 95% Cl = 0.4-0.88).
There was no significant difference in DFS
(Figure 1C). To better describe the clinical char-
acteristics of CARD11-MT patients, we per-
formed a clinical variable test. In the SKCM
cohort, there were 25 CARD11-MT patients
and 158 CARD11-WT patients. Most of these
patients received monotherapy (Figure 1D), but
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the CARD11-WT patients were more likely to be
treated with combination therapy. In addition,
we analyzed the differences in patient age
between the CARD11-MT and CARD11-WT pa-
tients. In the cohort TCGA-SKCM and immuno-
therapy cohort, the CARD11-MT patients were
older, and the difference was statistically sig-
nificant (Figure 1E, 1F). Finally, Figure S1 sh-
ows the statistically significant differences bet-
ween CARD11-MT and CARD11-WT tumor cells
in the GDSC database. It is worth noting that for
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FH535 (a Wnt/B-catenin and PPAR inhibitor)
and tipifarnib (@ CXCL12/CXCR4 pathway in-
hibitor), the CARD11-MT cell line was more
resistant than the CARD11-WT cell line.

Characteristics of CARD11 gene mutation

To understand the effect of CARD11 gene mu-
tation at the gene level, we performed a CNV
analysis. The most obvious changes in CA-
RD11-MT patients were the expansion of the
3p13 site, deletion of the 2q37.3 site, and
disappearance of 11q13.3 site amplification
(Figure 2A). To further explore the influence of
mutations on CARD11 gene function, we per-
formed a visual analysis and found that muta-
tion sites appeared in the CARD11-like protein-
coding region, the BAR domain, the PDZ do-
main, the SH3 domain superfamily, and the
P-loop-nucleoside triphosphate hydrolase re-
gion and were especially predominant in the
P-loop-nucleoside triphosphate hydrolase re-
gion and BAR domain (Figure 2B). Finally, to
obtain a general understanding of the charac-
teristics of CARD11 gene mutations, we plotted
gene mutation panoramas for the SKCM immu-
notherapy cohort and TCGA-SKCM cohort se-
parately, which showed significant differences
between the CARD11-MT and CARD11-WT gr-
oups in clinical characteristics such as pa-
tient age, treatment, TMB, NAL, and prognosis
(Figure 2C, 2D). In both cohorts, the CARD11-
MT patients were older and had a higher TMB.
The most frequently occurring mutations in
the CARD11 gene were missense mutations
(96.3% and 94.1%). The difference between
the two cohorts was that the CARD11-MT and
CARD11-WT patients in the immunotherapy
cohort had significant differences in the type
of treatment, 0S, and NF1 (mainly splice site
mutation) and PTPRT (mainly missense muta-
tion) gene mutations. Different groups of pa-
tients in the cohort from TCGA-SKCM had sig-
nificant differences in sex and NAL, and there
were also differences in mutations in DNAH5,
PCLO, LRP1B, ADGRV1 and other genes (mainly
missense mutations).

The CARD11-MT status is associated with
relatively high tumor immunogenicity and a
relatively strong antitumor effect

To characterize the tumor immune microenvi-

ronment of CARD11-MT tumors, we compared
tumor immunogenicity and antitumor immu-
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nity between CARD11-MT and CARD11-WT tu-
mors. In the SKCM immunotherapy cohort and
TCGA-SKCM cohort, the TMB in the CARD11-
MT tumors was significantly higher than that in
the CARD11-WT tumors. Therefore, the NAL in
the CARD11-MT tumors was also significantly
higher (Figure 3A), suggesting that CARD11
mutation is associated with enhanced tumor
immunogenicity. On the other hand, compared
with CARD11-WT tumors, CARD11-MT tumors
had a significant reduction in gene expression
in cells that inhibit antitumor activity in the
immune microenvironment, such as Tregs and
myeloid-derived suppressor cells (MDSCs), whi-
le PROK2 gene expression in neutrophils was
upregulated (Figure 3B). As shown in the cellu-
lar gene heatmap, we found that the expres-
sion levels of some genes in mast cells, such as
SERPINB2, KRT1, and CMA1, were significantly
downregulated in CARD11-MT tumors, while
the expression levels of RGS16 genes were
upregulated. In addition, we also observed a
significant decrease in the expression of T cell
genes, such as GAL, EPHA4, and IL1B, in the
TME. To better characterize immunological
characteristics, we thoroughly examined the
differences in immune-related gene expression
levels between CARD11-MT and CARD11-WT
tumors (Figure 3C). Consistent with the heat-
map of immune cell genes, the expression of
suppressive immunoregulatory genes, such as
ARG1, in CARD11-MT tumors was usually down-
regulated (Figure 3C), and the expression of
certain genes that activate receptors that par-
ticipate in antitumor signaling, such as TNFR-
SF14, was upregulated. In CARD11-MT tumors,
the gene expression of certain antigen-present-
ing factors, such as HLA-DRB1, was also up-
regulated.

Pathway analysis related to CARD11-MT dis-
ease

Gene set enrichment analysis (GSEA) reveals
CARD11-MT tumor-related pathways: By GSEA,
we found that some pathways were enriched in
CARD11-MT tumors. Changes in these path-
ways may explain why CARD11-MT patients
have a better prognosis than CARD11-WT pa-
tients after immunotherapy at the molecular
level. Some pathways that promote tumor pro-
gression were downregulated in CARD11-MT
tumors, which may be one of the reasons for
the improved prognosis. Fatty acid metabolism
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Figure 2. Characteristics of CARD11 gene mutations. A. Copy number variation analysis of the CARD11 gene. Top:
CARD11 copy number variation in the cohort TCGA-SKCM. Middle: CARD11-MT copy number variation in the cohort
TCGA-SKCM. Bottom: CARD11-WT copy number variation in the cohort TCGA-SKCM. Red: copy number increased,
green: copy number decreased. B. Visual analysis of CARD11 gene mutations. CARD11 mutation data were ob-
tained from the data in Samstein et al. (top) and from the cohort TCGA-SKCM (bottom). Yellow: CARD11-like protein-
coding region, orange: BAR domain, green: PDZ domain, purple: SH3 domain superfamily, red: P-loop-nucleoside
triphosphate hydrolase region. C. Panorama of CARD11 mutations in the SKCM immunotherapy cohort. Mutation
types: yellow: splice site; blue: missense; orange: frameshift; green: inframe ins/del; red: nonsense. The patient
notes above show the CARD11 status, type (carcinoma in situ/metastatic cancer), age, sex, type of treatment, and
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is shown on the left.

is important for tumor evolution and progres-
sion, and downregulation of these pathways
may inhibit tumor growth (Figure 4A). The pa-
thways that were upregulated in CARD11-MT
tumors related to the promotion of antitumor
immunity were mainly related to T cell activa-
tion (Figure 4B). In addition, GSEA of GDSC
data revealed that some carcinogenic path-
ways, such as the RAS and MET pathways,
were downregulated in CARD11-MT tumor cells
(Figure 4C). In addition, the pathways that
downregulate the G2/M transition of the cell
cycle were enriched, suggesting that tumor
cells may be arrested in the G2 phase when
proliferating, which could lead to apoptosis
(Figure 4D).
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The number of mutations in the DDR pathway
was significantly upregulated in CARD11-MT
tumors: We analyzed the number of mutations
in DDR pathway genes (SKCM immunotherapy
cohort and TCGA-SKCM cohort, Additional File
Table S1). In the immunotherapy cohort, we
found that most of the DDR pathways (except
FA) had more mutations in the CARD11-MT
group than in the CARD11-WT group (Figure
4E). Similarly, in TCGA-SKCM, we found that the
number of mutations in all DDR pathways in the
CARD11-MT group was also higher than that
in the CARD11-WT groups (Figure 4F). These
results may be the reasons for the increased
TMB and tumor immunogenicity of CARD11-MT
tumors.
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Figure 3. Tumor immunogenicity and gene expression characteristics of CARD11-MT tumors. A. Comparison of the
tumor mutational load between CARD11-MT and CARD11-WT tumors in the SKCM immunotherapy cohort, TCGA-
SKCM cohort, and GDSC-SKCM cell line dataset. Comparison of the neoantigen load between CARD11-MT and
CARD11-WT tumors in the cohort TCGA-SKCM. B. Heatmap depicting the average difference in the mRNA expres-
sion of immune cell marker genes between CARD11-MT and CARD11-WT SKCM tumors. The x-axis of the heatmap
represents the cell type and logFC value, and the y-axis represents the name of the relevant cell line. Each square
represents a fold change or difference in each indicated immune cell marker gene between the CARD11-MT and
CARD11-WT SKCM tumors. Red represents gene upregulation, and blue represents gene downregulation. The cut-
off value of logFC was +* 1. C. Heatmap depicting the average difference in the mRNA expression of immune-related
genes between CARD11-MT and CARD11-WT SKCM tumors. The x-axis of the heatmap represents gene function
and logFC values, and the y-axis represents the names of immune-related genes. Each square represents a fold
change or difference in each of the indicated immune-related genes between CARD11-MT and CARD11-WT SKCM
tumors. White: -1 <logFC <1; gray: P > 0.05; blue: gene expression was downregulated. The cut-off value of logFC

was * 1.

Discussion

In this study, we analyzed the immunotherapy
and TCGA-SKCM cohorts we enrolled and fo-
und that CARD11 mutation could predict the
response to immunotherapy in SKCM patients.
By analyzing immune-related genes, CARD11-
MT tumor-related pathways, DDR pathways and
other factors in the tumor immune microenvi-
ronment, we have explained the reasons why
CARD11-MT patients have a better prognosis
than CARD11-WT patients initially after immu-
notherapy, and the relevant mechanisms will
be discussed in detail in the following sections
(Figure 5).

First, MDSC numbers and immunosuppressive
pathway activity were significantly downregu-
lated in CARD11-MT tumors. In CARD11-MT
tumors, we found the downregulation of the
expression of genes related to MDSCs, such as
ARG1, S100A8, and S100A9, which are essen-
tial for MDSCs to perform immunosuppressive
functions. It is known that the most important
factor that enables MDSCs to perform immuno-
suppressive functions is the expression prod-
ucts of ARG1 [23]. Arginine hydrolase is an
important product of ARG1 gene expression,
which is secreted into the tumor immune micro-
environment and acquired by CD8+ T cells. In T
cells, arginine hydrolase can inhibit prolifera-
tion by consuming L-Arg, which is necessary for
T cell activation, eventually leading to reduced
T cell proliferation and T cell suppression [24].
Arginine hydrolase can also reduce the secre-
tion of antitumor cytokines, such as IFN-y, TNF-
o, and IL-2 [24]. In addition, in the TME, the pro-
teins encoded by the S100A8 and S100A9
genes have autocrine and paracrine functions,
maintaining myeloid cell recruitment, immu-
nosuppression and NF-kB signaling. The cyto-
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kines CXCL1 and CXCL2, which are released by
primary tumors, also promote the recruitment
of myeloid cells to maintain a proinflammatory
environment and promote tumor metastasis
[25]. The ARG1 and S100A8/9 genes are im-
portant genes for achieving MDSC function,
and their downregulation will certainly down-
regulate MDSC function in the TME, which will
eventually lead to the weakening of T cell inhibi-
tion and IFN-y inhibition. Then, ICIs can exert
their antitumor effects.

Second, when performing GSEA, we found that
CARD11-MT tumors had significant downregu-
lation of pathways related to fatty acid metabo-
lism. As early as the 1950s, Medes et al. dis-
covered that the fatty acids required for the
growth and proliferation of malignant tumor
cells are mainly derived from the de novo syn-
thesis pathway [26]; a type of unsaturated fatty
acid, arachidonic acid, is synthesized in tumor
cells, and its metabolism closely related to the
growth of tumor cells. In tumor cells, linoleic
acid generates arachidonic acid via catalysis by
dehydrogenase, and arachidonic acid is fur-
ther catalyzed into prostaglandins, leukotri-
enes, and thromboxane (eicosanoids). Among
these products, PEG2 is closely related to can-
cer development [27]. A large amount of PEG2
synthesized in tumor cells can be secreted into
the microenvironment and induce immunosup-
pression in the following ways [28]: inhibiting
the proliferation and activation of CD8+ T cells,
inhibiting the antitumor activity of natural killer
cells, stimulating the proliferation of Tregs and
MDSCs, and inhibiting the differentiation of
dendritic cells (DCs) and changing their func-
tions to induce T cell tolerance. In addition to
the metabolism of arachidonic acid, enzymes
related to fatty acid metabolism in tumor cells,
such as fatty acid synthase (FAS) and acetyl-
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Figure 4. Analysis of CARD11 mutation-related pathways. A-D. Gene set enrichment analysis related to the improved CARD11-MT prognosis. Enrichment results for
gene pathways that were significantly upregulated or downregulated in CARD11-MT tumors are shown. Significance was defined as P < 0.05. E, F. Comparison of
the number of DDR pathway mutations between CARD11-MT and CARD11-WT tumors in the SKCM immunotherapy cohort and TCGA-SKCM cohort.
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Figure 5. Possible mechanisms for the improved prognosis after immunotherapy of CARD11-MT patients. (1) Mech-
anisms related to fatty acid metabolism: In CARD11-MT tumors, fatty acid metabolism-related pathways are signifi-
cantly downregulated. The secretion of fatty acid metabolites by tumor cells into the immune microenvironment is
reduced, which can relieve the original immunosuppression and activate antitumor immunity in the following ways:
(a) promoting the proliferation and activity of CD8+ T cells; (b) promoting the antitumor activity of natural killer cells;
(c) inhibiting the proliferation of Tregs and MDSCs; and (d) enhancing the ability of tumor cells to present tumor anti-
gens and promoting the differentiation and function of dendritic cells. (2) Downregulation of MDSC gene expression:
ARG1 expression products have immunosuppressive effects. The reduction in ARG1 expression product levels pro-
motes T cell regeneration and activation while increasing the secretion of cytokines such as IFN-y, TNF-o, and IL-2.
ARG1 downregulation also results in weakened MDSC function in the tumor immune microenvironment. Therefore,
the inhibition of T cell activation and IFN-y is attenuated. (3) Upregulation of T cell activation: T cells are important
cells in antitumor immunity. As the number of activated T cells in the TME increases, immune checkpoint inhibitor
treatment becomes more effective. (4) Increase in the number of DDR pathway mutations: Increasing the number
of DDR pathway gene mutations increases the TMB and NAL significantly, which can promote T cell activation and
the recognition of tumor antigens. The expression of some immune factors, such as immune checkpoints (PD-L1
and LAG3) and IFNy, also increases as the number of DDR pathway mutations increases. Therefore, CARD11-MT
tumors are more immunogenic and more sensitive to immunotherapy than CARD11-WT tumors.

CoA (CoA), have recently been shown to be
closely related to tumor development [29].

as well as TCR are essential components of
antigen-induced T cell activation [30]. Corres-
pondingly, we found through GSEA that T cell
activation signaling pathways were significant-
ly upregulated in CARD11-MT tumors, which
may be caused by mutant CARD11 having an
enhanced function. As a consequence, the
number of activated T cells will increase, and
ICI treatment will be more effective.

Additionally, we found that T cell activation sig-
naling pathways were significantly enriched in
CARD11-MT patients. ICls, such as PD-L1 blo-
ckers, exert antitumor effects by binding to
immune checkpoints on the surface of tumor
cells (such as PD-L1); therefore, T cells can
then recognize tumor cells. Thus, ICI treat-

ments require a sufficient number of activat-
ed CD8+ T cells. Existing studies have shown
that CARD11 can activate TCR in the down-
stream pathway of the CARD11 gene, and CBM
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Finally, by analyzing the number of DDR path-
way mutations in the immunotherapy cohort
and TCGA-SKCM cohort, we found that CARD
11-MT tumors had a higher number of muta-
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tions than CARD11-WT tumors. Recent studies
[31] have shown that as the number of DDR
pathway mutations increases, the TMB and
NAL significantly increase. There are potential
interactions between different DDR pathways.
Patients with specific DDR comutations show a
higher TMB and NAL than others, and immuno-
modulatory factors, such as immune check-
points (PD- L1 and LAG3) and IFNy, also show
relatively high mRNA expression levels. These
factors can ultimately activate the antitumor
immune response more effectively and improve
the efficacy of ICls. In addition, IFN-y secreted
by antitumor immune cells can upregulate the
expression of immune checkpoint molecules,
such as PD-L1 and LAG3, on the surface of
tumor cells, which can enhance the efficacy of
ICl therapy in the context of normal T cell func-
tion [32].

Results of previous research indicate that the
expression of CARD11 can predict the progno-
sis of patients with diffuse large B-cell lympho-
ma (DLBCL), and the positive expression of
CARD11 is significantly associated with lower
event-free survival (EFS) in patients with DLBCL
[33]. The activation of the NF-kB pathway in-
duced by antigen receptors requires the expres-
sion product of CARD11 in normal B cells, and
the overexpression of CARD11 can lead to
excessive activation of the NF-kB pathway [34,
35]. NF-kB activation is very common in cancer.
In all malignant tumors, NF-kB acts in a cell-
type specific way: activates pro-inflammatory
genes in tumor microenvironment (TME) com-
ponents, such as IL-1, IL-6, reactive oxygen, etc
[36]. These cytokines form an immunosuppres-
sive microenvironment, thereby promoting tu-
mor growth and metastasis. We speculate that
the CARD11 mutation we detected in SKCM
may be located in an important functional
area. The CARD11 mutation in SKCM inhibits
the original function of CARD11, which has the
opposite effect to the CARD11 mutation in
DLBCL and promotes the development and
invasion of SKCM, leading to a low survival rate
in patients. In the future, we need to conduct
more experiments to test this hypothesis.

At present, there are still some SKCM patients
who experience failed anti-PD1/PDL1 treat-
ment or drug resistance [37]. Several recent
clinical trials have shown that the use of CT-
LA-4 monoclonal antibody [38], immunothera-
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py combined with targeted therapy [39], and
anti-PD-1 combined with T-Vec oncolytic virus
therapy [40] may improve the clinical prognosis
of drug-resistant patients. Therefore, the main
challenge for SKCM immunotherapy is to un-
derstand the immunobiology of tumors with pri-
mary or acquired resistance to immunotherapy
and to develop effective immunotherapy for
specific subtypes as well as strive for long-term
clinical benefits [41]. In the process of immuno-
therapy, cells in the TME (such as activated T
lymphocytes) and cytokines (such as IFN-y) play
a significant role. Therefore, the development
of predictive biomarkers related to the TME can
help us to have a deeper understanding of the
mechanism of SKCM immunotherapy failure.
Previous studies have shown that the targeting
CBM complex can activate Tregs to produce
IFN-y [7], simulating the anti-tumor immunity
for immune checkpoint therapy. This suggests
that drugs targeting CARD11 and its down-
stream pathways may assist immunotherapy
and make ICls produce longer-lasting therapeu-
tic effects. A previous clinical trial showed that
CARD11 mutations may affect the response of
lymphoma patients to ibrutinib. CARD11 may
be used as a biomarker to evaluate the thera-
peutic effect of BTK inhibitors in the treatment
of early lymphoma patients and inform clinical
decisions.

In summary, we found that the CARD11 gene
can be used as a marker for predicting the effi-
cacy of ICl treatments in SKCM patients. By
grouping patients by the CARD11 mutational
status, we can distinguish the prognosis of
SKCM patients after immunotherapy. We ex-
plained the relationship between CARD11 gene
mutation and the tumor immune microenviron-
ment through bioinformatic analysis and fur-
ther discussed and summarized some mole-
cular mechanisms of CARD11 gene mutation
affecting the efficacy of ICI therapy. However,
as a retrospective study, this study has some
limitations. Our sample size is small, and there
is no prospective study to further validate our
conclusions. Moreover, the mechanism of CA-
RD11 gene mutation leading to the downregu-
lation of the fatty acid metabolism pathway and
MDSC gene expression has not been elucidat-
ed. In the future, to improve specificity and sen-
sitivity, we can combine CARD11 gene muta-
tions with other predictive biomarkers of ICI
therapy, such as the TMB and PD-1 expression,
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and ultimately accurately screen patients to
identify those who will have a long-term effec-
tive response to ICI treatment.
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Figure S1. Significant differences in SKCM tumor cell drug sensitivity were analyzed. SKCM cell lines drug sensitivity data were downloaded from GDSC and used to

determine the drug sensitivity differences between CARD11-WT and CARD11-MT tumors.
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Table S1. List of genes included in DNA damage response (DDR) gene set used for comparison analysis (MsiDB)

DNA damage response (DDR) gene set

List of genes

BER(R-HSA-73884_REACTOME_Base_Excision_Repair)
DSB(R-HAS-5696398_REACTOME_Double_Strand_Break_Repair)

FA(R-HAS-6783310_REACTOME_Fanconi_Anemia_Pathway)

HR(hsa03440_KEGG_ Homologous_Recombination)

MMR(hsa03430_KEGG_Mismatch_Repair)

NER(R-HSA-5696398_REACTOME_Nucleotide_Excision_Repair)

NHEJ(hsa03450_KEGG_Non_Homologous_End_Joining)
SSB(G0:0003697_Single_Stranded_DNA_Binding)

DDR(merged)

CCNO, POLD3, FEN1, SMUG1, APEX1, LIG1, LIG3, MPG, MUTYH, NTHL1, OGG1, PCNA, POLB, POLD1, POLD2, POLD4, TDG, XRCC1, MBD4

RAD50, XRCC6, H2AFX, LOC389901, LIG1, LIG4, MRE11A, NBN, ATM, TDP1, PRKDC, RAD51, RAD52, RPA1, RPA2, RPA3, LOC651610,
BRCA1, BRCA2, TP53BP1, XRCC4, XRCC5, BRIP1, MDC1

FANCA, FANCC, FANCD2, FANCE, FANCB, FANCF, FANCG, ZBTB32, UBE2T, ATM, ATR, FANCL, FANCM, RPS27A, LOC648152, LOC651610,
LOC651921, BRCA1, BRCA2, RPS27AP11, UBA52, RPS27AP11, USP1, PALB2, C170rf70, C190rf40

RAD50, H2AFX, LIG1, MRE11A, NBN, ATM, RAD51, RAD52, RPA1, RPA2, RPA3, LOC651610, BRCA1, BRCA2, TP53BP1, BRIP1, MDC1,
RAD50, POLD3, EME1, RAD54B, RPA4, MRE11A, NBN, POLD1, POLD2, POLD4, RAD51, RAD51C, RAD51B, RAD51D, RAD52, RPA1, RPA2,
RPA3, BLM, SSBP1, BRCA2, TOP3A, XRCC2, XRCC3, SHFM1, MUS81, RAD54 L, TOP3B

POLD3, MLH3, MSH6, RPA4, LIG1, MLH1, MSH2, MSH3, PCNA, PMS2, POLD1, POLD2, POLD4, RFC1, RFC2, RFC3, RFC4, RFC5, RPAL,
RPA2, RPA3, SSBP1, EXO1

CDK7, POLD3, ERCC8, DDB1, DDB2, ERCC1, ERCC2, ERCC3, ERCC4, ERCC5, ERCC6, GTF2H1, GTF2H2, GTF2H3, GTF2H4, LIG1, MNAT1,
PCNA, POLD1, POLD2, POLE, POLE2, POLR2A, POLR2B, POLR2C, POLR2D, POLR2E, POLR2F, POLR2G, POLR2H, POLR2I, POLR2J,
POLR2K, POLR2 L, XAB2, POLD4, RAD23B, RFC2, RFC3, RFC4, RFC5, RPA1, RPA2, RPA3, LOC652672, LOC652857, GTF2H2B, TCEA1,
XPA, XPC, CCNH

RADS0, DNTT, FEN1, XRCC6, POLL, POLM, LIG4, MRE11A, PRKDC, DCLRE1C, LOC731751, XRCC4, XRCC5, NHEJ1

ERCC1, ERCC4, ERCC5, FUBP1, HMGB2, HNRNPA1, HNRNPA2B1, HNRPDL, IGHMBP2, MLH1, MSH2, MSH3, MYT2, PCBP1, PMS2, POT1,
PURA, PURB, RAD23A, RAD23B, RAD51, RAD51AP1, RBMS1, RPA1, RPA2, RPA3, RPA4, SUB1, TERF2, TERF2IP, TP53, TREX1, WBP11,
XPC, YBX1

CCNO, POLD3, FEN1, SMUG1, APEX1, LIG1, LIG3, MPG, MUTYH, NTHL1, OGG1, PCNA, POLB, POLD1, POLD2, POLD4, TDG, XRCC1,
MBD4, TCEA1, ERCCS8, LOC652857, RPA3, RPA3, DDB2, POLR2E, POLR2H, RFC2, XPA, RFC3, ERCC1, RPA2, RPA2, CCNH, XAB2, ERCC6,
POLE, ERCC2, RAD23B, POLR2J, POLR2G, DDB1, ERCC5, RPA1, RPA1, LOC652672, GTF2H2, POLR2B, ERCC4, POLR2 L, POLR2A, RFC4,
GTF2H1, ERCC3, RFC5, GTF2H4, GTF2H2B, POLR2D, POLR2I, CDK7, GTF2H3, POLE2, XPC, POLR2C, MNAT1, POLR2K, POLR2F, MSH3,
MSH2, SSBP1, RFC1, EXO1, MLH1, RPA4, PMS2, MSH6, MLH3, PCBP1, PURB, ERCC1, HMGB2, IGHMBP2, RBMS1, RAD23B, HNRN-
PA2B1, TP53, ERCC5, TERF2IP, PURA, TREX1, ERCC4, WBP11, POT1, RAD51AP1, MYT2, RAD23A, HNRPDL, XPC, FUBP1, RAD51, RAD51,
SUB1, HNRNPA1, YBX1, TERF2, RAD50, RAD50, H2AFX, LIG4, PRKDC, XRCC4, LOC651610, NBN, NBN, XRCCG, BRIP1, RAD52, RAD52,
TP53BP1, BRCAL, MRE11A, MRE11A, MDC1, TDP1, LIG1, BRCA2, BRCA2, LOC389901, ATM, XRCC5, RAD54 L, SHFM1, POLD3, TOP3A,
XRCC3, POLD4, RAD51B, SSBP1, TOP3B, RAD51D, MUS81, POLD1, EME1, RPA4, RAD54B, RAD51C, XRCC2, BLM, POLD2, LIG4, PRKDC,
NHEJ1, XRCC4, FEN1, POLM, XRCC6, DNTT, LOC731751, POLL, DCLRE1C, XRCC5, FANCA, FANCC, FANCD2, FANCE, FANCB, FANCF,
FANCG, ZBTB32, UBE2T, ATM, ATR, FANCL, FANCM, RPS27A, LOC648152, LOC651610, LOC651921, BRCA1, BRCA2, RPS27AP11, UBA52,
RPS27AP11, USP1, PALB2, C170rf70, C190rf40




