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Background: Ovarian cancer (OV) is a serious threat to women’s health. Immunotherapy is
a new approach. Alternative splicing (AS) of messenger RNA (mMRNA) and its regulation are
highly relevant for understanding every cancer hallmark and may offer a broadened target
space.

Methods: We downloaded the clinical information and mRNA expression profiles of 587 tu-
mor tissues from The Cancer Genome Atlas (TCGA) database. We constructed a risk score
model to predict the prognosis of OV patients. The association between AS-based clusters
and tumor-immune microenvironment features was further explored. The ESTIMATE algo-
rithm was also carried out on each OV sample depending on the risk score groups. A total
of three immune checkpoint genes that have a significant correlation with risk scores were
screened.

Results: The AS-events were a reliable and stable independent risk predictor in the OV
cohort. Patients in the high-risk score group had a poor prognosis (P<0.001). Mast cells
activated, NK cells resting, and Neutrophils positively correlated with the risk score. The
number of Macrophages M1 was also more numerous in the low-risk score group (P<0.05).
Checkpoint genes CD274, CTLA-4, and PDCD1LG2, showed a negative correlation with the
risk score of AS in OV.

Conclusions: The proposed AS signature is a promising biomarker for estimating overall
survival (OS) in OV. The AS-events signature combined with tumor-immune microenviron-
ment enabled a deeper understanding of the immune status of OV patients, and also pro-
vided new insights for exploring novel prognostic predictors and precise therapy methods.

Introduction

Ovarian cancer (OV) is the leading cause of female reproductive system-related cancer deaths and the
fifth leading cause of cancer-related deaths among all women in the United States [1]. Due to the in-
timate site of OV, there is no simple and reliable screening method, and the symptoms are incon-
spicuous. More than 70% of OV patients have already reached stage III or IV at the time of diagno-
sis, at which point the survival time and quality of life are not ideal. Moreover, this kind of tumor
presents primary or secondary drug resistance to chemotherapy drugs [2,3], posing a serious threat
to women’s health. The immune system plays an important role in the pathogenesis and disease pro-
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death protein 1 (PD-1) by the Food and Drug Administration (FDA), which is used for the treatment of solid tumors,
including OV, with high microsatellite instability and mismatch repair defects [4]. Although various immunotherapy
methods have shown certain effects in the treatment of OV, the improvement of prognosis of advanced-stage OV by
immunotherapy is still relatively limited, and new therapeutic targets and drugs need to be discovered through basic
research and clinical studies.

Messenger RNAs (mRNAs) are the molecular templates for the synthesis of proteins. In eukaryotic organisms,
the primary gene transcripts, premessenger RNA (pre-mRNA), are typically non-functional for protein synthesis
until internal sequences (introns) are removed, and the remaining fragments (exons) are spliced together to generate
mature mRNAs. In the late 1970s, it was firstly reported that viral pre-mRNAs and, soon after, those of the k chain
of immunoglobulins underwent a process called alternative splicing (AS) [5-8]. From the very beginning, AS was
proposed as a powerful mechanism to amplify the genetic information of an essentially linear genome [9]. The splicing
process and its regulation are highly relevant for understanding every hallmark of cancer, to the point that splicing
alterations constitute another cancer hallmark [10-13].

Some researchers have suggested that evaluating the expression of circulating CA-125 and/or HE4-specific spliced
forms could help to define a better assay for early epithelial ovarian cancer (EOC) detection [14-17]. Systematic tran-
scriptome analyses of normal and ovarian cancer via RNA-Seq revealed that cancer-specific mRNA isoforms exist
and could be used for improving diagnosis and/or selecting new targeted therapies [18]. The evaluation of splic-
ing events in selected genes has also been used better to predict the prognosis of EOC patients [19]. Using the top
20 survival-associated splicing events, it was demonstrated that they could predict patients’ survival with an area
under the curve (AUC) of 0.93 in receiver operating characteristic (ROC) analyses [19]. Similarly, AS events have
been used to predict chemoresistance in OV [20], overall suggesting that AS deregulation could be explored as a
biomarker at different stages of EOC disease. Although progress made to expand the immunotherapy target space
using tumor-specific mRNA processing events has been significant, much work is needed [21].

To the best of our knowledge, there is a scarcity of studies providing a comprehensive analysis of AS and its clinical
significance in a tumor-immune environment of OV. In the present study, based on the newest RNA sequencing
data of The Cancer Genome Atlas ovarian serous cystadenocarcinoma (TCGA OV) cohort, we conducted systematic
profiling of genome-wide AS events in OV and identified OV-related AS events. In addition, the integration of clinical
information and RNA-Seq data provided an insight into the prognostic value of AS events. We further explored
the association between AS-based clusters and tumor-immune microenvironment features. A total of three immune
checkpoint genes that have a significant correlation with risk scores had been screened. These findings help us better
assess the prognosis of OV patients and provide assistance for immunotherapy.

Methods

Data collection and processing

The mRNA expression profiles and corresponding clinical data for the OV cohort were downloaded from the TCGA
database (July 2021, https://portal.gdc.cancer.gov/). The AS event data for OV were obtained from the MD Anderson
Center (https://bioinformatics.mdanderson.org/TCGASpliceSeq/) [22]. We fully assessed the availability of clinical
information. A few patients were excluded because they met the following criteria: lack of complete clinical features
(e.g., age, grade, International Federation of Gynecology and Obstetrics [FIGO] stage, and survival data). The percent
spliced in (PSI) value was used to quantify each AS event, which is the ratio of normalized reads indicating the
presence of a transcript element versus the total normalized reads for that event, with a rating from 0 to 1. The equation
was as follows: PSI = splice in/splice in+splice out. We screened the AS data for PSI value > 0.75, representing the
association of gene expression and AS events. We merged the gene expression and clinical profiles using the software
Perl v5.30.0 (https://www.perl.org/get.html), thereby establishing genomics and clinical database for further research.
A total of 410 patients with complete AS event data and clinical data were included in our analysis. The clinical features
of the participants are summarized in Table 1.

Screening for prognostic AS events in OV

The database of TCGA SpliceSeq is based on TCGA RNA-Seq data. It includes seven types of selective splicing events,
Alternate Acceptor site (AA), Alternate Donor site (AD), Alternate Promoter (AP), Alternate Terminator (AT), Exon
Skip (ES), Mutually Exclusive Exons (ME), and Retained Intron (RI). We analyzed the distributions of all encoded
genes using the UpSet.R package in each of the seven different types of AS events and survival-related AS events in
OV.
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Table 1 Demographic and clinical characteristics for 410 OV patients

«. 2 PORTLAND
09 press

Characteristics

Count

Percentage (%)

Age (mean + SD)

59 (61.88 + 11.43)

>65 (y) 280 68.29
<65 (y) 130 31.71
Follow-up (mean + SD) (y) 3.28 + 2.61

Status

Alive 157 38.29
Dead 253 61.71
Histological type

Cystic, mucinous, and serous neoplasms 410 100.00
FIGO stage

| 1 0.24
I 24 5.85
Il 319 77.80
vV 64 15.61
Unknown 2 0.49
Grade

G1 1 0.24
G2 46 11.22
G3 353 86.10
Unknown 10 2.44

Abbreviation: SD, standard deviation.

Construction of prognostic models and survival analysis

Different AS events in genes led to diversity in outcomes, and changes in gene expression affected survival time. To
further understand the prognostic value of AS events in OV patients, univariate Cox regression analysis was per-
formed with R package ‘survival’ to determine survival-related differentially expressed alternative splicing (DEAS)
events, including overall survival (OS)-related DEAS events. Next, the least absolute shrinkage and selection operator
(LASSO) regression was applied to identify the final elimination of potential predictors with non-zero coefficients us-
ing the R package ‘glmnet,” which can avoid model overfitting to obtain a better fitting model. Furthermore, according
to the results of LASSO Cox regression, predictive models were constructed using multivariate Cox regression analy-
sis. Based on PSI values and multivariate Cox analysis, we calculated the risk scores of each participant and obtained
the corresponding coefficients, respectively. The following formula can obtain the risk score:

Risk score = Z PSI x B
(i=0)

where 3 is the regression coefficient of the AS events. A total of 410 OV patients were divided into high- and low-risk
groups bound by the median risk score, and Kaplan—Meier survival analysis was performed to determine whether
they had completely different prognoses. Furthermore, ROC curves of 1, 3, and 5 years were generated to show the
discrimination of predictive signatures using the survival ROC package in R [23].

Establishment and validation of a predictive nomogram

All clinical factors, including risk score, age, FIGO stage, and grade, were incorporated to construct a nomogram to
evaluate the probability of 1-, 3-, and 5-OS of OV in the entire set. Validation of the nomogram was evaluated by the
calibration plot with the ‘rms’ package. The calibration curve of the nomogram was plotted to assess the nomogram
predicted probabilities against the actual rates.

Immunescore estimate, immune cell infiltrating proportion inference

Normalized RNA expression data were used to infer the immunescore by the estimate package [24] and quantify the
infiltrating proportions of 22 types of immune cells by the ‘CIBERSORT” package [25]. The infiltrating percentage
of 22 types of immune cells was equal to 100%. Single-sample Gene Set Enrichment Analysis (ssGSEA) was used to
quantify and classify the immunity stage based on immune-related gene (IRG) sets [26]. Next, the differences of 16
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hub immune checkpoints among the high- and low-risk groups were analyzed, and the correlations among the 6 most
important immune checkpoint genes (CD274, PDCD1, PDCDILG2, CTLA4, HAVCR2, IDO1) and risk score of
AS events were further conducted. Relationships between the risk score of AS events and the number of immune cells
were also evaluated by R.

Analysis of the relationship between stromal/immune scores of OV

tumor-immune microenvironment
The ESTIMATE algorithm was applied to analyze the Stromal Score, Immune Score, ESTIMATE Score, and Tumor
Purity based on transcriptome profiles of OV to testify the effect of ssGSEA grouping.

Statistical analysis

Statistical analyses were performed using R version 4.1.0 (http://www.cran.r-project.org). The P-values were
two-sided and P<0.05 was considered statistically significant. If appropriate, the P-values were adjusted using the
R package ‘qvalue.’

Results

Overview of AS events in TCGA OV cohort

A total of 587 clinical samples and 412 AS samples were downloaded from the TCGA database. Finally, a total of 410
OV patients were identified, and the baseline characteristics of these patients are summarized in Table 1. The mRNA
splicing data enrolled in the present study contains 48049 AS events in 10212 genes, including 19251 Exon Skip (ES),
9689 Alternate Promoter (AP), 8453 Alternate Terminator (AT), 4006 Alternate Acceptor (AA), 3497 Alternate Donor
(AD), 2946 Retained Intron (RI), and 207 Mutually Exclusive Exons (ME). Given the possibility of multiple splicing
modes for a single gene, we created UpSet plots to analyze interactive sets of seven types of AS events quantitatively.
As shown in Figure 1A, a single gene could have up to six different splicing modes, and most genes had more than
one AS event. The ES was the most frequent splice type among the seven AS types (40%), followed by AP (20.1%)
and AT (17.5%), and ME was the least (0.4%).

Prognostic index models featured by AS events for OV

To explore the prognostic utility of AS signatures in OV, AS events associated with OS were identified by
fitting univariate Cox proportional hazard regression models. Consequently, 1130 AS events were determined
with adjusted P<0.05, including 530 high-risk survival-associated AS events (hazard ratio [HR] > 1) and 550
low-risk survival-associated AS events (HR < 1) (Figures 1A and 2). Figures 2B-H show the top 20 significant
prognosis-associated AS events of the seven types. The UpSet plot was generated to visualize the intersecting sets
between different genes and survival-associated AS events (Figure 1A), indicating that one gene might have more
than one survival-associated AS event. Notably, the three highest frequency survival-associated AS events were still
ES, AP, and AT in the OV cohort.

After conducting univariate regression analysis, LASSO regression was performed to select the optimal
survival-related AS events to construct the prediction models to avoid model overfitting based on OS (Figure 1B).
Finally, an 11-AS event signature was identified as a predictor of survival in OV through the Cox proportional hazards
regression model (Table 2). Meanwhile, the risk scores of each OV patient were calculated, and all participants were
divided into low- and high-risk groups bound by the median risk score. The distribution diagram shows the survival
risk score (top), survival status of OV patients (middle), and clustering heatmap of the PSI levels of 11-AS markers
(bottom). The horizontal axis indicates the patients’ order of risk scores from low to high (Figure 1D).

Kaplan-Meier curves and log-rank tests were plotted to explore the relationship between risk score and survival
status. The survival probability of low-risk patients was higher than that of high-risk patients; in other words, high-risk
patients had a higher mortality rate, as illustrated in Figure 3D (P<0.001). We then applied ROC analysis to compare
the predictive power of these prognostic models, which showed a robust and significantly improved performance,
with an ROC curve (AUC) in the third year greater than 0.700. Moreover, the AUC of risk score model predicting the
3-year survival rate was larger than that of the age, grade, and FIGO stage (Figure 1C).

Construction and evaluation of the nomogram
Univariate and multivariate Cox regression methods were used and combined patient clinical characteristics (age,
grade, and FIGO stage) to analyze whether the 11-AS event signatures could be an independent predictor of survival
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Figure 1. Identification and prognostic value of the AS markers in OV
(A) UpSet plot of intersections and aggregates among diverse types of AS and survival-associated AS events in OV. (B) LASSO
coefficient profiles of survival-associated AS events and ten-times cross-validation for tuning parameter selection in the LASSO
model. (C) ROC curve in the predicted groups (high- and low-risk groups) by the signature of the 11-AS event in the OV cohort.
(D) Risk score distribution of 11-AS events signature in the TCGA cohort including risk scores, survival status, and heatmap of the

11-AS events PSI profiles.

ECd e
o

PIGV]1 Z99(AP + ."P‘
KETBED318560(ES H
FLTILG|50841jAP »
DCLRETCI108380AT |
NDUFA3|S1TS2IES
COLIAT4060THES
ZNFB21[3T406|AP
DMKN|49198ES

PAM[TZI0IES

KIFC3|36605|AF

OQL!AIDBNGHES

(©) 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution 5

License 4.0 (CC BY).



o = PORTLAND
09 rress

Table 2 Eleven-

Bioscience Reports (2022) 42 BSR20212090
https://doi.org/10.1042/BSR20212090

B L
0
. )( L L
\ ! 5. = s
| ) ] ™ o o
§ noes . oo
i Sqpican . I - . I o
=, * S . 008
F Py — . ™
e — “tog10tpreshsn}
L .
LE L EH
. .o
- P - - - .
]
o- el L] o . M&:“
.. o . e
& HE
g1 igabin) gt ot
a2 .
LD LD
.o .
o .

Figure 2. Forest plots analysis of survival-related AS events
(A) The Volcano plot depicts the P-values from the univariate Cox analysis of 48049 AS events. (B-H) Forest plots of z-score of the
top 20 significantly survival-related AS events for seven splicing types (ME has only seven events).

AS events associated with the OS of patients with OV

ID Coefficient HR HR.95L HR.95H P-value
PIGV|1299|AP 1.4581 4.2978 1.8518 9.9750 0.0007
KBTBD3|18560|ES 1.1740 3.2348 1.0761 9.7235 0.0366
FLT3LG|50941|AP —2.1388 0.1178 0.0347 0.4000 0.0006
DCLRE1C|10838|AT —4.4337 0.0119 0.0011 0.1249 0.0002
NDUFA3|51782|ES 3.4926 32.8697 2.2322 484.0158 0.0109
COL1A1]|406079|ES 2.3950 10.9686 1.6206 74.2367 0.0141
ZNF821|37496|AP —1.4838 0.2268 0.0752 0.6835 0.0084
DMKN|49198|ES 1.8773 6.5356 2.0156 21.1914 0.0018
PAM|72903|ES 1.6082 4.9941 1.3106 19.0298 0.0185
KIFC3|36605|AP 1.2874 3.6234 1.4552 9.0219 0.0057
COL1A1]267697|ES 1.4661 4.3322 1.4409 13.0253 0.0090

in patients with OV. The results showed that the risk score could still be used as a reliable and stable independent risk
predictor in the OV cohort (P<0.001; Figure 3E,F). We constructed a predictive nomogram based on the multivariate
analysis (Figure 4A) that included risk scores and clinical characteristics. As the red lines in the pictures are almost
overlap with the 45° dashed lines, the calibration curve revealed that the predicted values are effective in the prediction
of the 1-, 3-, and 5-year OS (Figure 4B). The results demonstrated that the risk score had satisfactory diagnostic ability
and clinical characteristics (P<0.05). The 11 genes involved in the model construction by multivariate analysis are
shown in Table 2. However, the risk score was found to have no differences in age, grade, and stage groups (Figure
3A-C, P>0.05).

The risk score and AS events are associated with the infiltration of

immune cells in the OV tumor microenvironment

First, the immune score in 29 types of infiltrating immune cells and immune function was assessed by the ssGSEA
method [26]. Figure 5C,D show the immune score difference of each immune cell in the low-risk score group and
high-risk score group. We further explored the impact of risk score on the infiltration of 22 types of immune cells
in the tumor microenvironment (TME) by the CIBERSORT algorithm. The landscape of 22 types of immune cells
infiltrating in the low-risk and high-risk scores groups is shown in Figure 5A. Correlation analysis results showed

(© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution

License 4.0 (CC BY).



Bioscience Reports (2022) 42 BSR20212090
https://doi.org/10.1042/BSR20212090

(A} Age (51 <=65 B3 >65 (B) Grade [+] 61 3] 62 5] 63 (c) Stage £+ Stge! (=) Stagell 5] Stageml £ Stage WV
& 052 045 023
| —— | e | —
oo v o7 015
y ’ [
3 067 s
: an & 75 ) 075
049
4 1 vl 04
- - o . e
§ LY aslo :
3 et 3 fne
) Ly 3 e,
2 . "o lgee o,
-l o
t bt 25 .‘!5!'.' 13,
—_— wirer $ e o
_— e et —
K . %
e '77:— [ ] a’nﬁ
B K3 o0 .
Gl G2 G3 Stage | Stage Il Stage Il Stage IV
Grado
D) . (F)
ot Hazaed ratio ' - R i
z !
g oom ' !
' '
g 050 age 0001 1010121034} h ™ QOO 1IN BH-1 09 [
2 '
3 : :
' i
@ o Grade Q48T 11EKDTII-1066) l—i-l-—cl Grate 038 LNOMT-1LTIT) I—I—I—|.
' '
o0 ' ' " \
001 2 3 4 5 6 7T B 9 10111213 14 15 S OAT  LMA1ON-TH) —— Stage 0186 1TIN0A-183) —a—
Time(years) [ N
' '
! '
HMonhrax{ 20516191975 40 22 10 5 1 1 0 0 0 0 © O FakScore  ABO01  1AAL1ES1-2050) R . . waSoors <0001 1AINLENI-ZE) ' i
& mr.nims:&smnssa 64433322 1810 5 4 1 1 1 o0 os 10 18 20 op o5 10 15 20
0 1 2 3 4 5 6 T 8 9 1011 1213 415
Time(years) Hazasd ratio Hazaed rato

Figure 3. The risk score based on AS events are associated with survival and clinical parameters of OV patients

(A-C) Differences in the risk score in age, grade, and FIGO stage groups. (D) The Kaplan-Meier survival curve of high-risk score
group and low-risk score group. Univariate analysis (E) and multivariate analysis (F) of risk score and clinical characteristics that
were simultaneously associated with OS. The bottom and top of the boxes are the 25th and 75th percentiles (interquartile range).

that three types of immune cells (Mast cells activated, NK cells resting, Neutrophils) had a positive correlation with
the risk score, but Macrophages M1 showed a negative correlation with risk score (P<0.05) (Figure 5B).

The risk score is associated with the key immune checkpoint genes in

the tumor-immune microenvironment of OV

The difference in the expression level of 47 immune checkpoint genes in the low-risk and high-risk groups was as-
sessed, and 14 genes had significant differences (Figure 6A). Next, R packages (limma, corrplot, ggpubr, ggExtra) were
used for screening the risk score related to the six most important checkpoint genes (CD274, PDCD1, PDCDILG2,
CTLA4, HAVCR2,IDO1). With the absolute threshold value of P<0.001, three immune checkpoint genes CTLA4,
CD274,and PDCDILG2 were identified (Figure 6B). The scatter plot displaying the correlation of those three genes
and risk scores were plotted separately. Though three of the correlation coefficients did not reach 0.3, the scatter plot
showed a negative correlation (Figure 6C).

The stromal/immune scores in the OV microenvironment

The violin plot assessed the differences in Tumor Purity, ESTIMATE Score, Immune Score, and Stromal Score calcu-
lated using ESTIMATE algorithm between the two groups. No differences were found in the four groups (P>0.05)
(Figure 6D).

Discussion
The current view is that a tumor is a disease of uncontrolled cell proliferation and one caused by a disorder of the
microenvironment. The TME provides the material basis for tumor proliferation, metastasis, and invasion as the
basis of tumor survival. The TME consists of complex components, including fibroblasts, immune cells, adipocytes,
vascular endothelial cells, and extracellular matrix. Current therapies targeting the TME include targeting tumor
neovascularization, TME stromal cells, and inhibiting tumor immune escape [27].

Immunotherapy has shown high clinical value in the treatment of OV in recent years. Both active and passive im-
munotherapy can exert a tumor-suppressive effect and improve the prognosis of patients [28-31]. However, the im-
provement of the prognosis of advanced OV by immunotherapy is still relatively limited. An important factor limiting
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Figure 4. The establishment and validation of the nomogram

(A) The nomogram consisted of age, gender, FIGO stage, and risk score was used to predict the 1-, 3-, and 5-year survival probability
of OV patients. (B) Calibration plots of the AS-clinic nomograms are in agreement between nomogram-predicted and observed 1-,
3-, and 5-year outcomes of the OV cohort. Nomogram-predicted probability of survival is plotted on the x-axis; actual survival is
plotted on the y-axis. The 45° dashed line represents the ideal performance. The red lines represent the actual performances of
the model, and the figures from left to right show the 1-, 3-, and 5-year results.

the immunotherapeutic response and disease progression of OV is that the TME of OV is in an immunosuppressive
state [32]. Our research showed that the AS-events signature combined with tumor-immune microenvironment al-
lowed a deeper insight into the immune status of OV patients and also provided a new perspective for exploring novel
prognostic predictors and precise therapy methods.

We discovered that Tumor Purity, ESTIMATE Score, Immune Score, and Stromal Score had no differences in high-
and low-risk score groups. However, Macrophages M1 showed a negative correlation with a risk score, and the number
of Macrophages M1 was also more numerous in the low-risk score group.

Macrophages are the most abundant immune cells in the TME, located in the tumor stromal solid region, and play
a promoting or inhibiting role in tumor progression [33]. They are generally classified into two polarized phenotypes:
M1 and M2 [34]. We found that the number of Macrophages M1 was also more numerous in the low-risk score group.
The prognosis of low-risk score group is better than that of high-risk score group. So, we speculate that the aggregation
of Macrophages M1 in TME may be related to the better prognosis of OV. Studies have shown that M1 is considered to
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Figure 5. The relationship of the risk score and immune cells infiltrating in the OV tumor-immune microenvironment

(A) The landscape of 22 types of infiltrating immune cells in the low-risk score and high-risk score groups. (B) The correlation
analysis between immune cells and risk score. (C) The landscape of 29 types of infiltrating immune cells and immune function in
two groups. The bottom and top of the boxes are the 25th and 75th percentiles (interquartile range). Blue: low risk, red: high risk.
**P<0.01, *P<0.05. (D) The heatmap showed the difference in infiltrating immune cells in the two groups in an OV tumor-immune

microenvironment.
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Figure 6. The key immune checkpoint genes and tumor-immune microenvironment are related to risk score in OV
tumor-immune microenvironment

(A) The landscape of 26 types of immune checkpoint genes in low-risk score and high-risk score groups. **P<0.01, *P<0.05. (B)
The correlation of the risk score and the six most important checkpoint genes (CD274, PDCD1, PDCD1LG2, CTLA4, HAVCR2,
IDO1). (C) The correlation analysis between immune cells and risk score. (D) Differences in Tumor Purity, ESTIMATE Score, Immune
Score, and Stromal Score calculated between the two groups. The bottom and top of the boxes are the 25th and 75th percentiles
(interquartile range). *: statistically significant; red: positive correlation, blue: negative correlation.
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have antitumor effects, while tumor-associated macrophages (TAMs) belong to the M2 macrophage phenotype [35].
It has been reported that macrophage polarization of OV affects tumor formation, growth, and metastasis through
interaction with cancer cells [36]. A high M1/M2 ratio in ovarian tumors was associated with prolonged survival [37],
while a low M1/M2 ratio was associated with poor OS [38]. The infiltration of M2 macrophages in ovarian serous
carcinoma indicates a poor prognosis [39-40].

Inhibiting the transformation of TAMs to M2 type or the reversal of M2 phenotype to M1-type macrophage may
restore macrophages’ immune activity and cytotoxicity, and inhibit angiogenesis and lymphangiogenesis, then subse-
quently achieve the purpose of inhibiting tumor growth, invasion, and metastasis. Experimental reports have shown
that drugs regulating the transition from M2-type to M1-type can prolong the antitumor activity of macrophages
[41]. We found that in the immune microenvironment of ovarian tumors, the higher the risk score of AS-events,
the higher the content of M1, and the better the prognosis. Some studies have shown that drugs that regulate the
polarization of macrophages can control the growth of OV cells. Paclitaxel is an antineoplastic drug used to treat
OV and can reduce tumor growth by polarizing M2 into M1 macrophages in a TLR4-dependent manner [42]. It has
been reported that the relationship between macrophage polarization and OV is affected by platinum. It was found
that macrophages induced epithelial-mesenchymal transformation (EMT), but not in cisplatin-resistant cancer cells
[43]. At present, there are some therapeutic drugs for TAMs that can be used in clinical and experimental treatment
[44-46]. Furthermore, an abundance of work implicates the altered expression of genes encoding splicing factors in
the widespread dysregulation of AS in cancer [47-49]. Several studies have shown that altered expression of such fac-
tors occurs in numerous different cancers and can be linked to malignant transformation [50-53]. How the change in
AS leads to the transformation of M2 to M1, thus increasing the antitumor effect of tumor stromal cells, may become
a new concept of immunotherapy.

Immune checkpoint inhibitors are the most widely used immunotherapy in cancer. The 2018 National Comprehen-
sive Cancer Network (NCCN) Clinical Practice Guidelines for cervical cancer, endometrial cancer, and OV all rec-
ommend pemumumab for use with microsatellite instability-high (MSI-H) or different mismatch repair ({MMR) in
recurrent cervical, endometrial, and ovarian cancer. This means that the era of immunotherapy in gynecological on-
cology has officially arrived. Immune checkpoint inhibitors have achieved good efficacy in targeted therapy of gyne-
cological malignancies, but the overall remission rate is not high. A trial evaluated the efficacy of PD-1 inhibitors in 12
tumor types with dMMR found that 21% of patients achieved a complete response [54]. Wang et al. [55] indicated that
PD-1 AS isoforms b should be considered a biomarker for clinical responsiveness to anti-PD-1/PD-L1 immunother-
apy; isoform c had a prometastatic role and is a new potential target for colorectal cancer therapy. Both PD-1Deltaex2
and PD-1Deltaex3 are generated by AS where exons 2 and 3 are respectively spliced out [56]. A parallel increase in the
expression of PD-1Deltaex3 and fIPD-1 upon activation suggests an important interplay between the putative solu-
ble PD-1 and fIPD-1 possibly involved in maintaining peripheral self-tolerance and prevention of autoimmunity [56].
Another article supported the significance of PD1 AS in celiac disease as a novel source for diagnostic and therapeutic
targets [57]. During the development phase of current therapies based on membrane-bound CTLA-4, 2 alternatively
spliced mRNA transcripts of CTLA-4 were identified, encoding a secretable isoform of sCTLA-4 [58-60], and in mice
ligand-independent CTLA-4 [61]. Plasma and serum levels of sCTLA-4 are raised in several human diseases, and it
could be relevant to immune regulatory processes in patients [62]. We found that checkpoint genes CD274, CTLA-4,
and PDCD1LG2 showed a negative correlation with the risk score of AS in OV. How AS influences the mechanism
of tumor immunity and immunotherapy by changing immune checkpoints remains to be further studied.

The current study also has several limitations. The study is based on bioinformatics analysis, and there are no
recruited cohorts for prognostic verification. The lack of data in normal tissues makes it impossible to predict the
differentially expressed AS-event related genes in cancer and normal tissues.

Conclusion

Our research mainly assessed the heterogeneity of tumor-infiltrating immune cells in OV TME and found that three
immune checkpoint genes CD274, CTLA-4, and PDCDI1LG2, showed negative correlations with risk scores. Also,
the proposed clinical-immune signature is a promising biomarker for estimating OS in OV. The AS-events signa-
ture combined with tumor-immune microenvironment allowed a deeper understanding of the immune status of OV
patients, and also provided new insights for exploring novel prognostic predictors and precise therapy methods.

Data Availability
The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be di-
rected to the corresponding authors.

(© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons 1 1
Attribution License 4.0 (CC BY).



Bioscience Reports (2022) 42 BSR20212090

[ ]
’... FF:F? E%ELAND https://doi.org/10.1042/BSR20212090

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding

This work was supported by the Hunan Science and Technology Department [grant number 2020 SK4017]; the National Key Re-
search and Development Program of China [grant number 2018YFC1004800]; the Hunan Provincial Clinical Medical Technology
Innovation Guiding Project [grant numbers 2020SK53605, 2020SK53606] and the Natural Science Foundation of Hunan Provincial
[grant number 2021JJ40593].

CRediT Author Contribution

Dan Sun: Data curation, Writing—original draft. Xingping Zhao: Resources. Yang Yu: Visualization. Waixing Li: Writing—review
& editing. Pan Gu: Writing—review & editing. Zhifu Zhi: Methodology, Project administration. Dabao Xu: Conceptualization,
Methodology, Project administration.

Abbreviations

AS, alternative splicing; AUC, area under the curve; dMMR, different mismatch repair; EOC, epithelial ovarian cancer; FIGO, In-
ternational Federation of Gynecology and Obstetrics; HR, hazard ratio; LASSO, least absolute shrinkage and selection operator;
mRNA, messenger RNA; NCCN , National Comprehensive Cancer Network; OS, overall survival; OV, ovarian cancer; PD-1, pro-
grammed cell death protein 1; pre-mRNA , premessenger RNA; PSI, percent spliced in; ROC, receiver operating characteristic;
ssGSEA, single-sample Gene Set Enrichment Analysis; TAM, tumor-associated macrophage; TCGA, The Cancer Genome Atlas;
TME, tumor microenvironment.

References

1 Torre, LA, Trabert, B., DeSantis, C.E. et al. (2018) Ovarian cancer statistics, 2018. CA Cancer J. Clin. 68, 284—296,
https://doi.org/10.3322/caac.21456

2 Matalliotakis, M., Matalliotaki, C., Goulielmos, G.N. et al. (2018) Association between ovarian cancer and advanced endometriosis. Oncol Lett. 15,
7689-7692, https://doi.org/10.3892/01.2018.8287

3 Matsuo, K., Sheridan, T.B., Mabuchi, S. et al. (2014) Estrogen receptor expression and increased risk of lymphovascular space invasion in high-grade
serous ovarian carcinoma. Gynecol. Oncol. 133, 473-479, https://doi.org/10.1016/j.ygyn0.2014.03.563

4 Le,D.T,, Uram, J.N., Wang, H. et al. (2015) PD-1 blockade in tumors with mismatch-repair deficiency. N. Engl. J. Med. 372, 2509-2520,
https://doi.org/10.1056/NEJMoa1500596

5 Berget, S.M., Moore, C. and Sharp, PA. (1977) Spliced segments at the 5’ terminus of adenovirus 2 late mRNA. Proc. Natl. Acad. Sci. U.S.A. 74,
31713175, https://doi.org/10.1073/pnas.74.8.3171

6 Haegeman, G. and Fiers, W. (1978) Evidence for ‘splicing’ of SV40 16S mRNA. Nature 273, 7073, https://doi.org/10.1038/273070a0

7 Rabbitts, T.H. (1978) Evidence for splicing of interrupted immunoglobulin variable and constant region sequences in nuclear RNA. Nature 275,
291-296, https://doi.org/10.1038/275291a0

8 Choi, E., Kuehl, M. and Wall, R. (1980) RNA splicing generates a variant light chain from an aberrantly rearranged kappa gene. Nature 286, 776-779,
https://doi.org/10.1038/286776a0

9 Leder, P. (1982) Moving genes. Prog. Clin. Biol. Res. 85, 41-50

10 David, C.J. and Manley, J.L. (2010) Alternative pre-mRNA splicing regulation in cancer: pathways and programs unhinged. Genes Dev. 24, 2343-2364,
https://doi.org/10.1101/gad.1973010

11 Urbanski, L.M., Leclair, N. and Anczukéw, 0. (2018) Alternative-splicing defects in cancer: Splicing regulators and their downstream targets, guiding the
way to novel cancer therapeutics. Wiley Interdiscip. Rev. RNA 9, 1476, https://doi.org/10.1002/wrna.1476

12 Desterro, J., Bak-Gordon, P. and Carmo-Fonseca, M. (2020) Targeting mRNA processing as an anticancer strategy. Nat. Rev. Drug Discov. 19,
112-129, https://doi.org/10.1038/s41573-019-0042-3

13 Rahman, M.A., Krainer, A.R. and Abdel-Wahab, 0. (2020) SnapShot: splicing alterations in cancer. Cell 180, 208.e1-208.e1,
https://doi.org/10.1016/j.cell.2019.12.011

14 Haridas, D., Ponnusamy, M.P., Chugh, S. et al. (2014) MUC16: molecular analysis and its functional implications in benign and malignant conditions.
FASEB J. 28, 4183-4199, https://doi.org/10.1096/fj.14-257352

15 Scaletta, G., Plotti, F., Luvero, D. et al. (2017) The role of novel biomarker HE4 in the diagnosis, prognosis and follow-up of ovarian cancer: a systematic
review. Expert Rev. Anticancer Ther. 17, 827-839, https://doi.org/10.1080/14737140.2017.1360138

16 Bingle, L., Singleton, V. and Bingle, C.D. (2002) The putative ovarian tumour marker gene HE4 (WFDC2), is expressed in normal tissues and undergoes
complex alternative splicing to yield multiple protein isoforms. Oncogene 21, 2768-2773, https://doi.org/10.1038/sj.onc.1205363

17 Hellstrom, 1., Yip, Y.Y., Darvas, M. et al. (2019) Ovarian carcinomas express HE4 epitopes independently of each other. Cancer Treat. Res. Commun. 21,
100152, https://doi.org/10.1016/j.ctarc.2019.100152

18 Barrett, C.L., DeBoever, C., Jepsen, K. et al. (2015) Systematic transcriptome analysis reveals tumor-specific isoforms for ovarian cancer diagnosis and
therapy. Proc. Natl. Acad. Sci. U.S.A. 112, E3050-E3057, https://doi.org/10.1073/pnas.1508057112

12 (© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).


https://doi.org/10.3322/caac.21456
https://doi.org/10.3892/ol.2018.8287
https://doi.org/10.1016/j.ygyno.2014.03.563
https://doi.org/10.1056/NEJMoa1500596
https://doi.org/10.1073/pnas.74.8.3171
https://doi.org/10.1038/273070a0
https://doi.org/10.1038/275291a0
https://doi.org/10.1038/286776a0
https://doi.org/10.1101/gad.1973010
https://doi.org/10.1002/wrna.1476
https://doi.org/10.1038/s41573-019-0042-3
https://doi.org/10.1016/j.cell.2019.12.011
https://doi.org/10.1096/fj.14-257352
https://doi.org/10.1080/14737140.2017.1360138
https://doi.org/10.1038/sj.onc.1205363
https://doi.org/10.1016/j.ctarc.2019.100152
https://doi.org/10.1073/pnas.1508057112

Bioscience Reports (2022) 42 BSR20212090
https://doi.org/10.1042/BSR20212090

19 Zhu, J., Chen, Z. and Yong, L. (2018) Systematic profiling of alternative splicing signature reveals prognostic predictor for ovarian cancer. Gynecol.
Oncol. 148, 368-374, https://doi.org/10.1016/j.ygyn0.2017.11.028

20 Sun, T. and Yang, Q. (2020) Chemoresistance-associated alternative splicing signatures in serous ovarian cancer. Oncol. Lett. 20, 420-430,
https://doi.org/10.3892/01.2020.11562

21 Frankiw, L., Baltimore, D. and Li, G. (2019) Alternative mRNA splicing in cancer immunotherapy. Nat. Rev. Immunol. 19, 675-687,
https://doi.org/10.1038/s41577-019-0195-7

22 Ryan, M., Wong, W.C., Brown, R. et al. (2016) TCGASpliceSeq a compendium of alternative mRNA splicing in cancer. Nucleic Acids Res. 44,
D1018-D1022, https://doi.org/10.1093/nar/gkv1288

23 Heagerty, P.J., Lumley, T. and Pepe, M.S. (2000) Time-dependent ROC curves for censored survival data and a diagnostic marker. Biometrics 56,
337-344, https://doi.org/10.1111/.0006-341X.2000.00337.x

24 Yoshihara, K., Shahmoradgoli, M., Martinez, E. et al. (2013) Inferring tumour purity and stromal and immune cell admixture from expression data. Nat.
Commun. 4, 2612, https://doi.org/10.1038/ncomms3612

25 Newman, A.M., Liu, C.L., Green, M.R. et al. (2015) Robust enumeration of cell subsets from tissue expression profiles. Nat. Methods 12, 453-457,
https://doi.org/10.1038/nmeth.3337

26 He, Y., Jiang, Z., Chen, C. et al. (2018) Classification of triple-negative breast cancers based on Immunogenomic profiling. J. Exp. Clin. Cancer Res. 37,
327, https://doi.org/10.1186/s13046-018-1002-1

27 Bian, X., Xiao, Y.T., Wu, T. et al. (2019) Microvesicles and chemokines in tumor microenvironment: mediators of intercellular communications in tumor
progression. Mol. Cancer 18, 50, https://doi.org/10.1186/512943-019-0973-7

28 Bamias, A., Gibbs, E., Khoon Lee, C. et al. (2017) Bevacizumab with or after chemotherapy for platinum-resistant recurrent ovarian cancer: exploratory
analyses of the AURELIA trial. Ann. Oncol. 28, 1842—1848, https://doi.org/10.1093/annonc/mdx228

29 Guo, Z., Wang, H., Meng, F. et al. (2015) Combined Trabectedin and anti-PD1 antibody produces a synergistic antitumor effect in a murine model of
ovarian cancer. J. Transl. Med. 13, 247, https://doi.org/10.1186/512967-015-0613-y

30 Ledermann, J.A., Embleton, A.C., Raja, F. et al. (2016) Cediranib in patients with relapsed platinum-sensitive ovarian cancer (ICON6): a randomised,
double-blind, placebo-controlled phase 3 trial. Lancet 387, 1066—1074, https://doi.org/10.1016/S0140-6736(15)01167-8

31 Parkinson, C.A., Gale, D., Piskorz, A.M. et al. (2016) Exploratory analysis of TP53 mutations in circulating tumour DNA as biomarkers of treatment
response for patients with relapsed high-grade serous ovarian carcinoma: a retrospective study. PLoS Med. 13, 1002198,
https://doi.org/10.1371/journal.pmed. 1002198

32 Fialova, A., Partlova, S., Sojka, L. et al. (2013) Dynamics of T-cell infiltration during the course of ovarian cancer: the gradual shift from a Th17 effector
cell response to a predominant infiltration by regulatory T-cells. Int. J. Cancer 132, 1070-1079, https://doi.org/10.1002/ijc.27759

33 Mahlbacher, G., Curtis, L.T., Lowengrub, J. et al. (2018) Mathematical modeling of tumor-associated macrophage interactions with the cancer
microenvironment. J. Immunother. Cancer. 6, 10, https://doi.org/10.1186/s40425-017-0313-7

34 Mantovani, A., Sozzani, S., Locati, M. et al. (2002) Macrophage polarization: tumor-associated macrophages as a paradigm for polarized M2
mononuclear phagocytes. Trends Immunol. 23, 549-555, https://doi.org/10.1016/51471-4906(02)02302-5

35 Franklin, R.A., Liao, W., Sarkar, A., Kim, M.V,, Bivona, M.R., Liu, K. et al. (2014) The cellular and molecular origin of tumor-associated macrophages.
Science 344, 921-925, https://doi.org/10.1126/science.1252510

36 Teng, F, Tian, W.Y., Wang, Y.M., Zhang, Y.F,, Guo, F., Zhao, J. et al. (2016) Cancer-associated fibroblasts promote the progression of endometrial cancer
via the SDF-1/CXCR4 axis. J. Hematol. Oncol. 9, 8, https://doi.org/10.1186/s13045-015-0231-4

37 Zhang, M., He, Y., Sun, X., Li, Q., Wang, W., Zhao, A. et al. (2014) A high M1/M2 ratio of tumor-associated macrophages is associated with extended
survival in ovarian cancer patients. J. Ovarian Res. 7, 19, https://doi.org/10.1186/1757-2215-7-19

38 Le Page, C., Marineau, A., Bonza, PK., Rahimi, K., Cyr, L., Labouba, I. et al. (2012) BTN3A2 expression in epithelial ovarian cancer is associated with
higher tumor infiltrating T cells and a better prognosis. PLoS ONE 7, e38541, https://doi.org/10.1371/journal.pone.0038541

39 Wan, T., Liu, J.H., Zheng, L.M., Cai, M.Y. and Ding, T. (2009) Prognostic significance of tumor-associated macrophage infiltration in advanced epithelial
ovarian carcinoma. Ai Zheng 28, 323-327

40 Kawamura, K., Komohara, Y., Takaishi, K., Katabuchi, H. and Takeya, M. (2009) Detection of M2 macrophages and colony-stimulating factor 1
expression in serous and mucinous ovarian epithelial tumors. Pathol. Int. 59, 300-305, https://doi.org/10.1111/j.1440-1827.2009.02369.x

41 Zhang, Q., Li, Y., Miao, C. et al. (2018) Anti-angiogenesis effect of Neferine via regulating autophagy and polarization of tumor-associated macrophages
in high-grade serous ovarian carcinoma. Cancer Lett. 432, 144—155, https://doi.org/10.1016/j.canlet.2018.05.049

42 Wanderley, C.W., Colon, D.F, Luiz, J.P.M., Oliveira, FF, Viacava, PR., Leite, C.A. et al. (2018) Paclitaxel reduces tumor growth by reprogramming
tumor-associated macrophages to an M1- profile in a TLR4-dependent manner. Cancer Res. 78, 5891-5900,
https://doi.org/10.1158/0008-5472.CAN-17-3480

43 Mlynska, A., Povilaityte, E., Zemleckaite, I., Zilionyte, K., Strioga, M., Krasko, J. et al. (2018) Platinum sensitivity of ovarian cancer cells does not
influence their ability to induce M2-type macrophage polarization. Am. J. Reprod. Immunol. 80, 12996, https://doi.org/10.1111/aji.12996

44 Germano, G., Frapolli, R., Belgiovine, C., Anselmo, A., Pesce, S., Liguori, M. et al. (2013) Role of macrophage targeting in the antitumor activity of
trabectedin. Cancer Cell 23, 249-262, https://doi.org/10.1016/j.ccr.2013.01.008

45 Pulaski, H.L., Spahlinger, G., Silva, I.A., McLean, K., Kueck, A.S., Reynolds, R.K. et al. (2009) Identifying alemtuzumab as an anti-myeloid cell
antiangiogenic therapy for the treatment of ovarian cancer. J. Transl. Med. 7, 49, https://doi.org/10.1186/1479-5876-7-49

46 Alizadeh, D., Zhang, L., Hwang, J., Schluep, T. and Badie, B. (2010) Tumor-associated macrophages are predominant carriers of cyclodextrin-based
nanoparticles into gliomas. Nanomed. Nanotechnol. Biol. Med. 6, 382—-390, https://doi.org/10.1016/j.nan0.2009.10.001

47 Dvinge, H., Kim, E., Abdel-Wahab, 0. et al. (2016) RNA splicing factors as oncoproteins and tumour suppressors. Nat. Rev. Cancer 16, 413-430,
https://doi.org/10.1038/nrc.2016.51

(©) 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

«. 2 PORTLAND
09 press

13


https://doi.org/10.1016/j.ygyno.2017.11.028
https://doi.org/10.3892/ol.2020.11562
https://doi.org/10.1038/s41577-019-0195-7
https://doi.org/10.1093/nar/gkv1288
https://doi.org/10.1111/j.0006-341X.2000.00337.x
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1186/s13046-018-1002-1
https://doi.org/10.1186/s12943-019-0973-7
https://doi.org/10.1093/annonc/mdx228
https://doi.org/10.1186/s12967-015-0613-y
https://doi.org/10.1016/S0140-6736(15)01167-8
https://doi.org/10.1371/journal.pmed.1002198
https://doi.org/10.1002/ijc.27759
https://doi.org/10.1186/s40425-017-0313-7
https://doi.org/10.1016/S1471-4906(02)02302-5
https://doi.org/10.1126/science.1252510
https://doi.org/10.1186/s13045-015-0231-4
https://doi.org/10.1186/1757-2215-7-19
https://doi.org/10.1371/journal.pone.0038541
https://doi.org/10.1111/j.1440-1827.2009.02369.x
https://doi.org/10.1016/j.canlet.2018.05.049
https://doi.org/10.1158/0008-5472.CAN-17-3480
https://doi.org/10.1111/aji.12996
https://doi.org/10.1016/j.ccr.2013.01.008
https://doi.org/10.1186/1479-5876-7-49
https://doi.org/10.1016/j.nano.2009.10.001
https://doi.org/10.1038/nrc.2016.51

o = PORTLAND
09 rress

14

Bioscience Reports (2022) 42 BSR20212090
https://doi.org/10.1042/BSR20212090

48 Sebestyén, E., Singh, B., Mifiana, B. et al. (2016) Large-scale analysis of genome and transcriptome alterations in multiple tumors unveils novel
cancer-relevant splicing networks. Genome Res. 26, 732—744, https://doi.org/10.1101/gr.199935.115

49 Sveen, A, Kilpinen, S., Ruusulehto, A. et al. (2016) Aberrant RNA splicing in cancer; expression changes and driver mutations of splicing factor genes.
Oncogene 35, 2413-2427, https://doi.org/10.1038/0nc.2015.318

50 Jensen, M.A., Wilkinson, J.E. and Krainer, A.R. (2014) Splicing factor SRSF6 promotes hyperplasia of sensitized skin. Nat. Struct. Mol. Biol. 21,
189-197, https://doi.org/10.1038/nsmb.2756

51 Gallardo, M., Lee, H.J., Zhang, X. et al. (2015) hnRNP K is a haploinsufficient tumor suppressor that regulates proliferation and differentiation programs
in hematologic malignancies. Cancer Cell 28, 486-499, https://doi.org/10.1016/j.ccell.2015.09.001

52 Wang, Y., Chen, D., Qian, H. et al. (2014) The splicing factor RBM4 controls apoptosis, proliferation, and migration to suppress tumor progression.
Cancer Cell 26, 374-389, https://doi.org/10.1016/j.ccr.2014.07.010

53 Zong, EY., Fu, X., Wei, W.J. et al. (2014) The RNA-binding protein QKI suppresses cancer-associated aberrant splicing. PLoS Genet. 10, 1004289,
https://doi.org/10.1371/journal.pgen.1004289

54 Le, D.T., Durham, J.N., Smith, K.N. et al. (2017) Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade. Science 357,
409-413, https://doi.org/10.1126/science.aan6733

55 Wang, C., Weng, M., Xia, S. et al. (2021) Distinct roles of programmed death ligand 1 alternative splicing isoforms in colorectal cancer. Cancer Sci.
112, 178-193, https://doi.org/10.1111/cas.14690

56 Nielsen, C., Ohm-Laursen, L., Barington, T. et al. (2005) Alternative splice variants of the human PD-1 gene. Cell. Immunol. 235, 109-116,
https://doi.org/10.1016/j.cellimm.2005.07.007

57 Ponce de Ledn, C., Lorite, P, Lépez-Casado, M.A. et al. (2021) Significance of PD1 alternative splicing in celiac disease as a novel source for diagnostic
and therapeutic target. Front. Immunol. 12, 678400, https://doi.org/10.3389/fimmu.2021.678400

58 Magistrelli, G., Jeannin, P., Herbault, N. et al. (1999) A soluble form of CTLA-4 generated by alternative splicing is expressed by nonstimulated human T
cells. Eur. J. Immunol. 29, 3596-3602, https://doi.org/10.1002/(SICI)1521-4141(199911)29:11%3¢3596::AID-IMMU3596%3€3.0.C0;2-Y

59 Oaks, M.K., Hallett, K.M., Penwell, R.T. et al. (2000) A native soluble form of CTLA-4. Cell. Immunol. 201, 144-153,
https://doi.org/10.1006/cimm.2000.1649

60 Oaks, M.K. and Hallett, K.M. (2000) Cutting edge: a soluble form of CTLA-4 in patients with autoimmune thyroid disease. J. Immunol. 164,
5015-5018, https://doi.org/10.4049/jimmunol.164.10.5015

61 Vijayakrishnan, L., Slavik, J.M., lliés, Z. et al. (2004) An autoimmune disease-associated CTLA-4 splice variant lacking the B7 binding domain signals
negatively in T cells. Immunity 20, 563-575, https://doi.org/10.1016/S1074-7613(04)00110-4

62 Ward, F.J., Dahal, L.N., Khanolkar, R.C. et al. (2014) Targeting the alternatively spliced soluble isoform of CTLA-4: prospects for inmunotherapy?
Immunotherapy 6, 1073—1084, https://doi.org/10.2217/imt.14.73

(© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).


https://doi.org/10.1101/gr.199935.115
https://doi.org/10.1038/onc.2015.318
https://doi.org/10.1038/nsmb.2756
https://doi.org/10.1016/j.ccell.2015.09.001
https://doi.org/10.1016/j.ccr.2014.07.010
https://doi.org/10.1371/journal.pgen.1004289
https://doi.org/10.1126/science.aan6733
https://doi.org/10.1111/cas.14690
https://doi.org/10.1016/j.cellimm.2005.07.007
https://doi.org/10.3389/fimmu.2021.678400
https://doi.org/10.1002/(SICI)1521-4141(199911)29:11%3c3596::AID-IMMU3596%3e3.0.CO;2-Y
https://doi.org/10.1006/cimm.2000.1649
https://doi.org/10.4049/jimmunol.164.10.5015
https://doi.org/10.1016/S1074-7613(04)00110-4
https://doi.org/10.2217/imt.14.73

