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ARTICLE INFO ABSTRACT

Keywords: Introduction: Immune checkpoint inhibitors (ICIs) has made significant achievements in the
PARP inhibitors therapeutics of various tumor types, and recently growing evidence from preclinical studies and
Immunotherapy

clinical trials has indicated that poly-ADP-ribose polymerase inhibitors (PARPi) are exhibiting
encouraging synergism with ICIs. The aim of our current study is to explore the development
pattern of literature related to the combined therapy of ICIs and PARPi in solid tumors from a
bibliometric perspective.

Methods: Publications concerning the combination of ICIs and PARPi in solid tumors during
2008-2022 were extracted from the WOSCC database. VOSviewer and R-bibliometrix were applied
to conduct bibliometrics.

Results: In total, 1113 articles were finally included. The USA was the most dominant country, and
University of Texas MD Anderson Cancer Center was the most fruitful institute. Andreas
Schneeweiss ranked first concerning the amount of publications in this research domain, and
Timothy Yap had the most citations on this theme. The analysis of keyword co-occurrence
indicated that research frontiers were shifted from the biological mechanisms of cell death to
the combined strategy of ICIs and PARPi in clinical trials.

Conclusions: Our study comprehensively examined the publications on the combination of ICIs
and PARPi in solid tumors from a bibliometric perspective. The research on this topic is in its
rapid growth stage, and the USA is possessing an absolutely leading position in this field by its
scientific accumulations and productivity. Moreover, the research frontiers have shifted from the
mechanisms of ICIs and PARPi to their combined treatment in clinical application. In summary,
our results demonstrated a comprehensive overview of the knowledge atlas and a valuable
reference for the future investigations in this field.
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Bibliometric analysis

1. Introduction

Immunotherapy has made substantial improvements in the therapeutics of various types of tumor during the past few decades
[1-5]. In general, the underlying biological mechanism for immunotherapy is to enhance the immune system of the host in the
elimination of cancer cells [6]. Immune checkpoint inhibitors (ICIs) are monoclonal antibodies against inhibitory checkpoint mole-
cules which expressed on the cell membranes of antigen presenting cells and CD4" T cells [7,8]. With the rapid growth in the theory of
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immunotherapy, ICIs such as programmed death 1 (PD-1), programmed death-ligand 1 (PD-L1), and cytotoxic T-lymphocyte-asso-
ciated protein 4 (CTLA-4), have been broadly applied in the treatment of several solid cancer types [9-11]. The emerging clinical data
has led to the approval of ICIs in a constantly increasing list of cancers, and is likely to change the current routine intervention
measures for many types of cancers [12-19].

Recently, with the advancement of precision medicine, targeted therapy has drawn wide attention [20,21]. The accumulation of
DNA damage is believed to be the hallmark of various cancers, and DNA damage repair (DDR) has become a basic strategy for targeted
cancer therapy [22]. The poly (ADP-ribose) polymerase inhibitors (PARPi) have been discovered to display efficient outcomes in tumor
cells with defects in DDR, especially breast cancer gene (BRCA)-positive and BRCA-negative cancers with homologous recombination
deficiencies (HRD) [23-26]. In addition, PARPi sensitivity was found to be actively correlated with non-homologous end joining,
which is the other pathway for DNA double-strand breaks repair aside from homologous recombination repair [27-31]. Moreover, the
PI3-kinase pathway also has a major part in the application of PARPi as it involves in several DNA replication and cell cycle regulation
processes [32,33]. From the perspective of clinical application, PARPi as a monotherapy in maintenance strategy, have shown
considerable clinical impacts in various kinds of solid tumor, including ovarian cancers, breast cancers, and pancreatic cancers
[34-37].

Despite the advances that have been witnessed in ICIs or PARPi alone, the weak points of the therapy, such as acquired resistance
and immune escape, have also been observed in patients [38]. Interestingly, ICIs and PARPi represented a rational combination. For
instance, the DNA damage mediated by PARPi can regulate the immune microenvironment of tumor cells through a series of cellular
mechanisms that further support the susceptibility of tumor cells to ICIs [2,39]. Despite that there are currently no guidelines for the
combined treatments of ICIs and PARPi, the combination therapy is proved to be promising and its effect has been verified in many
clinical trials [40]. Specifically, majority of the clinical trials have examined that such combined strategies have tolerance for patients
and are effective in several tumor types, including breast cancers [41-44], ovarian cancers [45,46], and prostate cancers [47].
However, there are several key issues remain to be solved in the follow-up study of this combination therapy: What is the benefit from
combination treatment compared to monotherapy? Is there an optimal dosage or dosing schedule for the combined treatment? What is
the efficiency between different tumor types or different populations?

Hence, an inclusive summary of existing publications on the combined strategy of ICIs and PARPi in solid tumors is necessary to
present the knowledge atlas of this field. Thus far, there are several reviews that summarized the knowledge of combined strategy of
ICIs and PARPi [1-5]. However, the above reviews contain relatively little literature, and a comprehensive observation of this topic in
a broader perspective, has not been reported. Bibliometrics, which can analyze a large number of literature at a macro level, has
become a widely used analytical method in the medical field [48-50]. The quantitative analysis is a major highlight in bibliometrics,
and the trajectory tracing function enables researchers to examine the networks of literature in multiple dimensions [50-54]. So far, no
bibliometric analysis has been found concerning combined strategy of ICIs and PARPi in solid tumors. Therefore, we conducted a
summarized bibliometric analysis on the relevant papers from 2008 to 2022, aiming to explore the framework and directions of this
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field. Our findings of the knowledge pattern will provide indicative references for future research in this theme.
2. Materials and methods
2.1. Data acquisition

Literature was extracted from the Web of Science Core Collection (WOSCC) database with edition limited to the Science Citation
Index Expanded Edition. Data acquisition was performed on a single day (August 4th, 2023) to avoid bias caused by the frequent
updates of the WOSCC database. The search terms were as follows: TS=(cancer* OR carcinoma* OR neoplasms* OR tumor* OR
tumour* OR malignan*) AND TS=(*parib OR poly (ADP-ribose) polymerase inhibitor* OR PARP inhibitor* OR PARP*) AND TS=
(immunotherap* OR immune checkpoint blockade* OR immune checkpoint inhibitor* OR PD-1 OR PD 1 OR Programmed Cell Death
Protein 1 OR PD-L1 OR PD L10R Programmed Death-Ligand 1 OR CTLA-4 OR CTLA 4 OR Cytotoxic T-Lymphocyte-Associated Protein
4). The period of studies was set to 2008-2022 encompassing 15 years. The language of the literature was confined to English, and the
types of literature were set to articles and reviews (Fig. 1).

2.2. Bibliometric analysis

In this study, Microsoft Excel 2019, GraphPad Prism (version 9.3.1), VOSviewer (version 1.6.18), R-bibliometrix (version 4.1.0), and
the platform for bibliometric visualization (http://bibliometric.com/) were applied for bibliometric analysis.

Tables were generated by Microsoft Excel 2019, and bar charts were generated by GraphPad Prism. The global cooperation net-
works were constructed using the bibliometrics website (http://bibliometric.com/). VOSviewer is a JAVA-based software with the
functions of processing and presenting mass bibliometric data [55-60]. In this study, VOSviewer was used to generate the
co-occurrence and co-authorship networks. The R-bibliometrix is an R-based software with the functions of systematic and compre-
hensive bibliometric analysis [59-63]. In the present study, R-bibliometrix was applied to construct bibliometric map of global output,
collaborations, literature sources, and keywords.

3. Results
3.1. Analysis of general trend

In total, 1113 records were finally identified from the database. As displayed in Fig. 2, the yearly global production reflected a
constantly ascending tendency (growth rate = 28.88 %). From 2008 to 2019, the annual output was less than 100, indicating a slow
developing stage. The accelerating phase occurred in 2019 with 137 publications and 2669 citations. Subsequently, the annual output
increased rapidly and peaked in 2022 with 287 publications and 10643 citations.

3.2. Analysis of countries

In total, 61 countries produced related publications during 2008-2022. Fig. 3A demonstrates the top 10 country in productions,
and the USA has the largest amount of publications (n = 1606), followed by China (n = 714) and Italy (n = 482). Fig. 3B reveals that
the USA, Italy, and China were the foremost countries in terms of total citations (USA: 16045, Italy: 3990, China:3803). As shown in
Fig. 3C, the most frequent international collaboration was USA-UK (n = 41), followed by USA-Italy (n = 34), and USA-China (n = 29).
Fig. 3D depicts the global cooperation networks of countries. The time trend visualization for country co-authorship networks are
shown in Fig. 3E, and minimal number of publications was set to 5. The size of the node is used to indicate the output of the country,
and the color of the node is used to indicate the academic activity of the country. For instance, South Korea was represented by a dark
blue node, indicating that this country started earlier in this research field, whereas the dark red color for Brazil suggesting that
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Fig. 2. Global trend of publications and citations from 2008 to 2022.
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researchers from Brazil have been more active in this field recently.
3.3. Analysis of institutions

In total, 1734 institutions were included in the bibliometric analysis. As displayed in Table 1, University of Texas MD Anderson
Cancer Center ranked first regarding the number of documents (n = 147), followed by National Cancer Institute (n = 63), and Dana-
Farber Cancer Institute (n = 59). Fig. 4A represents the chronological evolution of institution productions, and the minimum limit was
set to 10 publications. National Cancer Institute showing in dark blue indicated an early-stage participation in this field. German
Cancer Research Center was labeled in dark red, suggesting the high activity in recent years. Fig. 4B represents the degree of activity for
institutions by the cooperation frequency heatmap. Dana-Farber Cancer Institute, University of Texas MD Anderson Cancer Center, and
National Cancer Institute had the most frequent inter-institute cooperation.

Table 1

The top 10 active institutions contributing to research on the combined therapy of ICIs and PARPi in solid tumors.
Rank Institution Country Publications Total citations
1 University of Texas MD Anderson Cancer Center USA 147 2010
2 National Cancer Institute USA 63 1013
3 Dana-Farber Cancer Institute USA 59 709
4 Harvard Medical School USA 38 482
5 Fudan University China 37 42
6 Johns Hopkins University USA 30 69
7 IRCCS Italy 28 20
8 Memorial Sloan Kettering Cancer Center USA 27 86
9 Seoul National University South Korea 27 15
10 China Medical University China 26 371
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Fig. 4. Co-authorship networks for institutions. (A) Chronological networks for institution co-authorship. (B) Density map for institution
co-authorship.

3.4. Analysis of authors

In this study, 6601 authors were identified in the analysis, and the most prolific authors in publications and citations are listed in
Table 2 and Table 3. Andreas Schneeweiss was the author with the highest number of papers in this field (n = 14), followed by Timothy
Yap (n = 12) and Gordon B. Mills (n = 12). From the perspective of total citations, Timothy Yap had the highest number of citations (n
= 1398), followed by Gordon B. Mills (n = 1226) and Lauren Averett Byers (n = 1051). Fig. 5A displays the co-authorship network
clusters between collaborative authors. For example, the size of the node for Andreas Schneeweiss suggesting his frequent collabo-
rations with other authors, and the thickness of the connecting line between Andreas Schneeweiss and Peter A. Fasching indicating
their close collaboration. Fig. 5B depicts the author co-authorship networks chronologically. For instance, Jung-Min Lee, which
marked in dark blue, reflected the early-stage participation in this research field, whereas Francesco Massari, which started relatively
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Table 2

The top 10 authors in publications related to the combined therapy of ICIs and PARPi in solid tumors.
Author Publications Institution Country
Andreas Schneeweiss 14 University of Heidelberg Germany
Timothy Yap 12 University of Texas MD Anderson Cancer Center USA
Gordon B. Mills 12 Oregon Health and Science University USA
Robert L. Coleman 10 University of Texas MD Anderson Cancer Center USA
Jung-Min Lee 10 National Cancer Institute USA
Domenica LoRusso 10 IRCCS Italy
Emmanuel Antonarakis 9 University of Minnesota USA
Joseph W. Kim 9 Yale School of Medicine USA
Peter A. Fasching 9 University Hospital Erlangen Germany
Tanja N. Fehm 9 Heinrich Heine University Diisseldorf Germany

Table 3

The top 10 authors in citations related to the research of combined therapy of ICIs and PARPi in solid tumors.
Author Total citations Institution Country
Timothy Yap 1389 University of Texas MD Anderson Cancer Center USA
Gordon B. Mills 1226 Oregon Health and Science University USA
Lauren Averett Byers 1051 University of Texas MD Anderson Cancer Center USA
Jung-Min Lee 777 National Cancer Institute USA
Amit Manulal Oza 709 Medicine at University of Toronto Canada
Ursula A. Matulonis 624 Dana-Farber Cancer Institute USA
Emmanuel Antonarakis 593 University of Minnesota USA
Panagiotis A. Konstantinopoulos 593 Dana-Farber Cancer Institute USA
Guang Peng 430 University of Texas MD Anderson Cancer Center USA
Andreas Schneeweiss 394 University of Heidelberg Germany

later in this field, was represented by a bright yellow node.

3.5. Analysis of journals

Papers relevant to the combined therapy of ICIs and PARPi in solid cancers were published in 403 journals in total. As shown in
Table 4, the three leading journals in publications were Cancers (n = 80), Cancer Treatment Reviews (n = 33), and Clinical Cancer
Research (n = 24). On the basis of Journal Citation Reports (JCR) 2022, half of the top ten most fruitful journals were Q1 journals, and
the others were distributed in the Q2 region. The top 3 journals with respect to impact factor (IF) were Annals of Oncology (IF = 50.5),
Cancer Treatment Reviews (IF = 11.8), and Clinical Cancer Research (IF = 11.5).

3.6. Analysis of references

A total of 50330 related references were detected. The impact of a study can be assessed by “local citation” in the peer field, and
“global citation” in the general field [64,65]. The paper published in Clinical Cancer Research titled “PARP inhibitor upregulates PD-L1
expression and enhances cancer-associated immunosuppression” had the highest local citation of 175 (Table 5), whereas the study
published in Nature Reviews Clinical Oncology titled “Triple-negative breast cancer: challenges and opportunities of a heterogeneous
disease” had the highest global citation of 1494 (Table 6).

3.7. Analysis of keywords

Our current study extracted 2610 keywords from the documents, and the cluster visualization for keywords is displayed in Fig. 6A.
The minimal keyword occurrence was set to 50 in order to provide a good readability of the graph, and keywords were assigned to 4
clusters by the co-occurrence network. The red cluster consisted of immunotherapy, open-label, double-blind, chemotherapy, ovarian
cancer, and targeted therapy. The main focus of this cluster was clinical trials of immunotherapy. The major terms of the blue cluster
included olaparib, PARP inhibitor, poly ADP-ribose polymerase, maintenance therapy, and breast cancer, in which the main focus of
this cluster was PARPi and maintenance therapy. The green cluster was composed of expression, cancer, apoptosis, therapy, survival,
and PD-L1. This cluster represented the potential mechanisms and applications of cell death. In the yellow cluster, tumor-infiltrating
lymphocytes, pembrolizumab, anti-tumor activity, PD-1 expression, and phase-II were the main nodes included, and this cluster
indicated the widely concerning role of tumor-infiltrating lymphocytes in immunotherapy. Fig. 6B shows the evolution of keywords
according to the gradient of color. For example, the dark blue color for “apoptosis” indicating a research hotspot of the earlier stage,
while “olaparib” marked in dark red suggesting that this keyword has recently become an active topic. Fig. 6C illustrates the frequency
density map of keywords in which the most frequent hotspots included “immunotherapy”, “chemotherapy”, “open-label”, “olaparib”,
and “PARP inhibitors”. As shown in Fig. 6D-a three-field plot was generated in order to detect the attention received for keywords and
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their relations at different stages. Before 2014, the main keywords included “apoptosis

2
>

cancer”, and “necroptosis”, indicating that

the study focused on the mechanisms and applications of cell death in immunotherapy. From 2014 to 2018, researchers paid more
attention to PARPi and their synergism with immunotherapy, including keywords such as “immunotherapy,” “breast neoplasms,”
“olaparib,” “DNA repair,” and “PARP.” Since 2019, “immunotherapy,” “PARP inhibitors,” “ovarian neoplasms,” and “small cell lung
cancer” have received continuous interest, suggesting that the combined treatment of immunotherapy and PARPi in ovarian cancer
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Table 4
The top 10 most productive journals according to publications.
Rank Journal Publications Total citations IF (2022) JCR region
1 Cancers 80 1141 5.2 Q2
2 Cancer Treatment Reviews 33 611 11.8 Q1
3 Clinical Cancer Research 24 403 11.5 Q1
4 BMC Cancer 22 263 3.8 Q2
5 Current Treatment Options in Oncology 20 407 4.3 Q2
6 Frontiers in Oncology 19 685 4.7 Q2
7 International Journal of Molecular Sciences 15 1314 5.6 Q1
8 Annals of Oncology 15 524 50.5 Q1
9 Frontiers in Immunology 14 138 7.3 Q1
10 Current Oncology Reports 13 154 4.7 Q2
Table 5
The top 10 local-cited documents.
Rank Document DOI Local citations
1 Jiao SP, 2017, Clin Cancer Res 10.1158/1078-0432.CCR-16-3215 175
2 Shen JF, 2019, Cancer Res 10.1158/0008-5472.CAN-18-1003 89
3 Sen T, 2019, Cancer Discov 10.1158/2159-8290.CD-18-1020 73
4 Ding LY, 2018, Cell Rep 10.1016/j.celrep.2018.11.054 72
5 Pantelidou C, 2019, Cancer Discov 10.1158/2159-8290.CD-18-1218 70
6 Higuchi T, 2015, Cancer Immunol Res 10.1158/2326-6066.CIR-15-0044 69
7 Sato H, 2017, Nat Commun 10.1038/s41467-017-01883-9 63
8 Lee JM, 2017, J Clin Oncol 10.1200/JC0O.2016.72.1340 59
9 Vinayak S, 2019, Jama Oncol 10.1001/jamaoncol.2019.1029 54
10 Domchek SM, 2020, Lancet Oncol 10.1016/51470-2045 (20)30324-7 52
Table 6
The top 10 global-cited documents.
Rank Document DOI Global citations
1 Bianchini G, 2016, Nat Rev Clin Oncol 10.1038/nrclinonc.2016.66 1494
2 Harbeck N, 2019, Nat Rev Dis Primers 10.1038/541572-019-0111-2 1195
3 Mizrahi JD, 2020, Lancet 10.1016/S0140-6736 (20)30974-0 974
4 Lheureux S, 2019, Ca-Cancer J Clin 10.3322/caac.21559 635
5 Jiao SP, 2017, Clin Cancer Res 10.1158/1078-0432.CCR-16-3215 576
6 Pilie PG, 2019, Nat Rev Clin Oncol 10.1038/541571-018-0114-z 567
7 Loibl S, 2021, Lancet 10.1016/50140-6736 (20)32381-3 438
8 Sen T, 2019, Cancer Discov 10.1158/2159-8290.CD-18-1020 435
9 Sato H, 2017, Nat Commun 10.1038/541467-017-01883-9 380
10 Morales JC, 2014, Crit Rev Eukar Gene 10.1615/critreveukaryotgeneexpr.2,013,006,875 347

was another hot topic in the field.
4. Discussion
4.1. General trends and structure

The amount of yearly global production is an intuitive indicator for the advancement of a specific research domain [66,67]. The
growth trend of research on the combined therapy of ICIs and PARPi in solid tumors could be divided into two phases for the past 15
years. As displayed from the results, a slow growth phase during 2008-2019 was observed, with an annual output less than 100 and an
average growth rate of 26.05 %. Subsequently, publications associated with the combination of ICIs and PARPi in solid tumors
increased rapidly from 2019 to 2022 with an average growth rate of 36.23 %. This suggested that the underlying mechanisms of
ICIs-PARPi interactions in oncology treatment are being uncovered, and emerging clinical applications have appeared. Furthermore,
the steep rise in both publications and citations indicated that more researchers are investing and paying attention into this field.
Therefore, we envision that the utility of ICIs-PARPi treatment in solid tumors will expand further in the coming years.

Based on our results in Fig. 3, the USA was significantly higher in all aspects compared to other countries, including publications,
citations, and global cooperation. The USA constituted 31.95 % of all publications and 43.61 % of all citations worldwide. Basically,
the distribution of institutions is consistent with the distribution of countries. The USA contributed 6 of the top 10 institutions, and
covered the top 4 on the list in Table 1. These findings further suggested that the institutions from the USA contributed the most to the
research in this area, which simultaneously gained deep academic accumulations that promoted the national academic status of this
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country. Notably, based on tables 2 and 3, we found that the majority of prolific authors on this topic were from institutions located in
the USA. Moreover, University of Texas MD Anderson Cancer Center was a key player in this field with a great impact, possibly because
of the outstanding researchers in the area (including Timothy Yap, Robert L. Coleman, Lauren Averett Byers, and Guang Peng) are
working at this institution.

Together, based on these data, we believe that this research area will receive continuous attention in the coming years, and the USA
is possessing an absolutely leading position in this research domain.

The academic influence of journals is commonly measured by the IF and JCR, and there are four zones divided by JCR according to
the IF [68,69]. In regard to the top 10 journals related to the synergism of ICIs and PARPi, Cancers (80 publications) was the most
productive journal, followed by Cancer Treatment Reviews (33 publications) and Clinical Cancer Research (24 publications). In addition,
all the top 10 journals were either Q1 or Q2 journals, and the highest IF was 50.5 for Annals of Oncology. Therefore, these data revealed
the significant impact and top quality of these journals, which will be valuable references for scholars finding the core journals in this
field.

The most frequently cited references can supply fundamental guidance for researchers in this domain. There are two basic con-
ceptions in bibliometrics, “local citation” and “global citation”. Local citation refers to the degree of recognition in the similar fields,
whereas global citation demonstrates the impact across disciplines [50,61,64,65]. Local citations are generally lower than global
citations, and the difference between these two citations can enrich our understanding of the cited references as they reflect a more
comprehensive situation of the academic impact [64,65]. In the current study, the most local-cited paper (175 local citations) titled
“PARP inhibitor upregulates PD-L1 expression and enhances cancer-associated immunosuppression”, Shiping Jiao et al. focused on the
interplay between PARPi and immunosuppression, and proved that the association between PARPi and PD-1/PD- L1 is an encouraging
therapy in breast cancers. As for the paper with the highest global citation (1494 global citations) titled “Triple-negative breast cancer:
challenges and opportunities of a heterogeneous disease”, Giampaolo Bianchini et al. reviewed the most promising therapeutic op-
portunities together with the relevant molecular findings, and provided a strong rationale for testing ICIs and targeted agents such as
PARPi in triple-negative breast cancer.

Keyword co-occurrence analysis is a common approach to reflect the hotspots of the publications. Here, the historical structure of
keywords was divided into three fields by the changes in research emphasis. The early hotspots of ICIs were apoptosis, necroptosis, and
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castration-resistant prostate cancer, and gradually shifted to the effects of PARP], ICIs, and clinical applications of both therapies. This
suggested that this research field is expanding, and has been merged with other frontiers into clinical practice.

4.2. Evolution of research hotspots

4.2.1. Mechanism of function

ICIs has been proven to be potent in the therapeutics of multiple types of cancer and has achieved impressive clinical successes [1,2,
70]. On the one hand, ICIs such as nivolumab, pembrolizumab, atezolizumab, durvalumab, and tremelimumab, have been approved in
a constantly increasing list of cancers, including melanoma, non-small cell lung carcinoma, small cell lung carcinoma, gastric cancer,
esophageal cancer, colorectal cancer, hepatocellular carcinoma, head and neck squamous cell carcinoma, and lymphoma [12-18]. On
the other hand, several biomarkers, such as tumor mutation burden (TMB), tumor-infiltrating lymphocytes, and PD-L1 expression
level, have been found to examine the clinical performance of ICIs [71]. Particularly, the TMB level (with TMB >10 mutations per
megabase) was found to show better outcomes for ICIs performance in cancer of unknown primary [72]. However, some limitations
were observed in patients treated with ICIs-based therapy, and the primary two reasons were unsatisfactory efficiency and toxic
adverse effects produced [60-62].

PARPi have the ability to disrupt the repair process of DNA damage and induce synthetic lethality, particularly in tumor cells
carrying defects in DDR, such as BRCA1/2 mutations [73-75]. Initially, the research emphasis of PARPi was on the combined therapy
of PARPi with cytotoxic chemotherapy drugs, but the outcome was debatable considering the immoderate toxicity [76]. Subsequently,
the potential anti-tumor effect of PARPi was determined in epithelial ovarian cancer with BRCA1/2 mutations [77,78]. In epithelial
ovarian cancer, BRCA1/2 germline mutations are the strongest known genetic risk factors, and BRCA1/2 status was closely related to a
greater expected survival of patients as BRCA1/2 carriers respond better than non-carriers to platinum-based chemotherapies [79]. At
a later stage, PARPi response was demonstrated in breast cancers, pancreatic cancers, and prostate cancers [34,35,37,80-82]. More
recently, clinical studies indicated that tumors without BRCA mutations were vulnerable to PARPi as well [83-86]. However, acquired
resistance and limited efficacy were also observed in clinical practice aside from the advances of PARPi [87].

4.2.2. Combined strategy of ICIs and PARPi

Although ICIs and PARPi have made great contributions to the therapeutics of solid tumors, disadvantages such as acquired
resistance, limited efficacy, and toxic adverse effects are commonly observed [34-37]. Thus, a demand for combining ICIs and PARPi
has been raised, and the ultimate goal of the combined treatment is to enhance the efficacy while reducing the toxicity [88,89].

Extensive evidence focused on the underlying biological mechanisms suggested that combined therapy is an optimal choice for the
therapeutic efficacy. It has been reported that interferons can be released by tumor cells as a signal amplifiers to immune cells under
the context of PARPi, which leads to immune cell activation and recruitment [90,91]. Other evidence showed that PARPI are able to
strengthen the ICIs response by inducing neoantigen release, increasing TMB, and upregulating PD-L1 expression [23,92,93]. More
recent findings focused on the communication between DNA damage and tumor microenvironment inflammation reported that PARPi
can elevate the level of anti-tumor immune cells in the tumor microenvironment [45,94,95]. Moreover, PARPi were reported to
activate the cGAS-STING pathway which further induces anti-tumor immunity activated by ICIs in a BRCA-independent manner [96,
97]. Other clinical models showed that PARPi can dose-dependently downregulate glycogen synthase kinase 3 (GSK3) and upregulate
PD-L1, thereby inhibiting T-cell activation and inducing cancer cell apoptosis [5].

Preclinical studies in mouse models have shown promising anti-tumor effects that strongly support the combination of ICIs and
PARPi, and further encourage the translation to humans [95]. Specifically, this double-agent strategy blocked tumor growth and
prolonged survival time in breast cancers, lung cancers, colon cancers, and bladder cancers [98]. From the perspective of clinical trials,
numerous studies have examined the PARPi-PD1 and PARPi-PDL1 combined strategies. Significant efficacies have been discovered
mainly in tumors harboring BRCA mutations, including breast cancers [41-44], ovarian cancers [45,46], and prostate cancers [47],
whereas investigations in gastrointestinal cancers showed moderate disease control rates [94,99]. Currently, there are insufficient data
in studies concerning lung cancers [100,101] and urothelial cancers [102]. Thus, the effects are unclear in these two tumor types.
Interestingly, in clinical trials, relatively less promising anti-tumor effects were noticed compared to those of the preclinical studies,
which might indicate a limited translation of the outcomes from animals to humans. Hence, future investigations should focus on the
selection of suitable models that can better transform preclinical data into clinical practice.

The combination of PARPi with CTLA-4 was less explored compared to PARPi-PD1 and PARPi-PDL1 combined strategies, possibly
because of the undiscovered mechanisms of the PARPi-CTLA-4 pathway. An early preclinical study showed that the PARPi-CTLA-4
combination significantly prolonged the survival time in a majority of mice [103]. Another phase I clinical study combined ola-
parib and tremelimumab in BRCA-deficient ovarian cancer, and showed therapeutic effects as well as acceptable tolerability in patients
[104].

4.2.3. Outlook

Although extensive results from clinical trials have proven the efficiency of combined treatment of ICIs and PARPi, this combi-
nation did not significantly improve the anti-tumor effects compared to the single agent of ICIs or PARPi. Therefore, future research
should focus on the following aspects. First, improvement of the efficacy and safety of the combined therapy requires further eval-
uation in the future clinical studies, aiming to enhance the efficiency and decrease the chances of toxic adverse effects. For example,
the development of selective PARPi in preclinical studies have demonstrated higher potency which may provide better clinical efficacy
and broader spectrum of treatment [105,106]. Second, it is critical to screen and target the patient groups that benefit the most from
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the combination therapy. Thus, research efforts should focus more on biomarkers that predict the outcome of patients, which is crucial
to achieve precision medicine. Third, novel solutions of PARPi and/or ICIs resistance would be of great value for further investigations.
For instance, proteomic technologies such as mass spectrometry and protein array analysis, have provided new therapeutic choices in
ovarian cancer which can decrease the chance of drug resistance [107]. Finally, from the perspective of clinical applications, the
optimal dose, duration, frequency, and the schedule of combination treatment should also be addressed.

5. Limitations

This study summarized the publications during 2008-2022 concerning combined therapy of ICIs and PARPi in solid tumors.
Nevertheless, there exists some limitations that need to be noted. First of all, the written language of the published papers was
restricted to English, and non-English studies in this field were thus not included. In addition, only the publications from WOSCC were
collected, such that some relevant papers from other major databases (including PubMed, Google Scholar, and Scopus), were thereby
lost. Moreover, data acquisition was restricted to the published papers from 2008 to 2022. Although the 15-year time span is
considered to be long enough to reflect the development trends, some classic papers that formed the foundation of this field, and some
of the very recent findings may be missing. Finally, there is a methodological limitation of bibliometrics that the analysis is relatively
quantitative, thus novel strategies such as text mining and machine learning, could be considered for the qualitative analysis in the
future bibliometric research [108,109].

6. Conclusion

In summary, the global studies on the combined therapy of ICIs and PARPi in solid tumors have developed rapidly in the past 15
years. The significant increase in annual publications indicated the growing importance of this topic. The USA ranked first with its
leading position in the scientific productivity, as well as the distributions of productive authors and institutions. Keyword co-
occurrence analysis indicated that research frontiers were shifted from mechanisms of cell death to the combined strategy of ICIs
and PARPiI in clinical trials. Therefore, our study explored the development pattern of research on this subject from a bibliometric
perspective, and provided a comprehensive overview of research hotspots in this field.
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