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Abstract

Background: The crosstalk between the three modes of death: pyroptosis, apoptosis, and necroptosis (PANoptosis) are a
hot and emerging area of research in recent years. Understanding and analyzing the research progress and direction of
PANoptosis will be a hint and guidance for scholars to carry out related research in the future. Our study summarized the

knowledge structure and identify emerging trends and potential hotspots in PANoptosis from a scientometric perspective.

Methods: Publications related to PANoptosis were retrieved from Web of Science Core Collection. The search strategies
were: TS ="Pyroptosis" AND "Apoptosis” AND "Necroptosis" OR "PANoptosis" OR "PANoptosome" OR "PAN-optosis". Mi-

crosoft Excel, VOS viewer, and CiteSpace software were used to analyze and conduct the study.

Results: Finally, we have selected 370 relevant articles for analysis. The total number of references regarding PANoptosis has a
distinct increased year by year. The documents we obtained come from 51 different countries and 711 institutions. The Unit-
ed States of America (USA) is the most published country, total of 1903 authors were involved, Kanneganti Thirumala-Devi
has the highest number of published literatures, and R K Subbarao Malireddi was the author co-cited most often. The journal
with the most studies was Cell death and Differentiation, and Nature was the most commonly cited journal. In our outcome

of PANoptosis, the most common keywords are pyroptosis, necroptosis, apoptosis, PANoptosis, caspase-8, inflammasome,

/

caspase-1, panoptosome, and ripk3. These words can reflect current hot spot and developing areas of study.

N
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Conclusion: The research of PANoptosis will continue to be the hotspot. Several outstanding scientists have emerged who
are steadily moving the field forward. Closer national and inter-institutional communication and cooperation may facilitate
the flourishing of PANoptosis. The focus of current research and developmental trends in the future are the related pathway

mechanism of PANoptosis, the discovery and the role of PANoptosis in various diseases.

Keywords: Panoptosis, Pyroptosis, Apoptosis, Necroptosis, Bibliometrics, Vosviewer, Citespace, Programmed Cell Death

Introduction

Programmed cell death (PCD) is a genetically regulat-
ed process of cell suicide. It is important to the development of
homeostasis and the integrity of prokaryotic and eukaryotic cells
[1]. Today more than ten types of death have been identified and
defined, pyroptosis, apoptosis, and necroptosis as three important
and well-defined PCD which has intricated molecular machin-
ery responsible for the initiation, transduction, and implemen-
tation of cell death. Their hypothesis of a molecular mechanism
has been established and is widely accepted [2]. In 1972, Apop-
tosis was characterized as an inherently programmed phenom-
enon based on the morphological characteristics of apoptosis,
which was one of the first identified forms of PCD [3], Apoptosis
was characterized as an inherently programmed phenomenon
based on the morphological characteristics of apoptosis, which
was one of the first identified forms of PCD?, caspases are cen-
tral during carrying out the programmed dismantling of cellular
components for cellular homeostasis. Caspase8 and caspase9 re-
spectively act as initiators of exogenous and endogenous apopto-
sis [4-5], initiating the caspase cascade that drives activation of
caspase-3/-6/-7/-9/-10, leading to robust execution of apoptosis
[6-7]. In 2001, Cookson BT first introduced the concept of py-
roptosis a caspase 1-dependent pro-inflammatory PCD pattern
[8]. The classical inflammasome complex consists of a cytosolic
sensor (which can be either a nucleotide binding domain and
leucine-rich-repeat- containing (NLR) protein or a member of
the AIM?2 like receptor (ALR) family), an adaptor protein ASC
and an effector caspase pro-caspase-1 [9], what's more, the in-
flammasome activation is currently believed by caspase-1/-4/-5
in humans and caspase-1/11 in mice [10]. The formation of
plasma membrane pores and impairment of membrane integ-
rity is the character morphology of pyroptosis. Pyroptosis is a
form of regulated cell death mediated by gasdermin family pro-
teins. In humans, the gasdermin family consists of six members:
GSDM-A, -B, -C -D, -E (also called DFNA5), and DFNB59. Mice
lack GSDMB but express three GSDMAs (mGSDMA1-3) and
four GSDMCs (mGSDMC1-4). Structurally, all gasdermin fam-
ily members except DFNB59 have an N-terminal pore-forming

domain, a C-terminal autoinhibitory domain, and a loop domain

that links the N- and C-terminal domains. Protease-mediated
cleavage within the linker loop releases the N-terminal domain,
which then oligomerizes to form nonselective pores at the plas-
ma membrane and causes membrane permeability changes, cell
swelling and membrane rupture [11]. The term necroptosis was
first to be described in 2005 when the inhibitor of necroptosis
necrostatin-1was found to target RIPK1 [12]. In TNF-a-induced
necroptosis, RIPK1 and RIPK3 play key roles [13-14]. The necro-
some phosphorylates the pseudo kinase MLKL, which damages
the cell membrane and causes cell necrosis [15]. As soon as in-
dividual PCD pathways were thought to be non-interfering with
each other in molecular, but in recent years, studies have increas-
ingly demonstrated the mutual scramble and linkage between the
three PCD pathways in the context of infection, and cancer [16-
17]. PANoptosis was first discovered in 2019 by Kuriakose T and
Malireddi RKS, who discovered ZBP1 mediated IAV NP and PB1
proteins and utilizes RIPK1 to simultaneously activate apoptosis,
necroptosis, and pyroptosis in IAV-infected cells [18]. PANopto-
sis is the emerging mode of death under the combination of the
three modes of death so it is composed of the initial’s parts of
the "pyroptosis”, “apoptosis” and “necroptosis”, and the common
part of the three words "optosis". During PANoptosis, an inflam-
matory cell death occurred through the collective activation of
pyroptosis, apoptosis, and necroptosis and weakened pathogen
immune evasion effect. The PANoptosome consists of molecules
in the cell death pathway that form a single molecular complex,
from pyroptosis, apoptosis, and necroptosis, through the interac-

tion of homogeneous and heterogeneous structures [19].

PANoptosis plays an important role in regulating the
immune and inflammatory responses of the body, in addition
to its involvement in the development and progression of var-
ious diseases, infectious diseases and cancers are currently the
most common diseases found in Panoptosis [12,18,20,21]. The
role of PANoptosis in infection is a hot area of current research.
During infection, cells can eliminate replicating viruses through
cell death, an antiviral immune response. However, exaggerated
cell death may also lead to severe clinical disease and host death.
Many pathogens target multiple host PCD pathways through vir-

ulence factors to maximize host damage [22]. PANoptosis has
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been helpful in better blocking the survival and transmission
of viruses and provides better molecular targeting direction for

clinical infection treatment.

Bibliometrics was first proposed by American bibli-
ographers in 1969. Bibliometric analysis aims knowledge in the
literature, such as the distribution of countries/regions, authors,
and research areas of journals. After qualitative and quantitative
analysis of bibliometrics, we can visualize the hot spots and di-
rections of related fields through graphs and tables [23-24].

In this paper, a bibliometric approach was used to pres-
ent and decode the literature on basic research and clinical dis-
eases by analyzing the literature about PANoptosis. Our study
focused on the volume of publications, author, country, and in-

stitution interaction, keywords, and highly cited literature.

Materials and Methods

Data collection

The Web of Science Core Collection database (WoSCC)
Science Citation Index extension (SCI-Expanded) data were
used in this study. WoSCC is an authoritative database in the
field of science. Considering that PANoptosis is an emerging
death mode in which three death modes of pyroptosis, apoptosis,
and necroptosis occur simultaneously, and the research on the
cross-linking of the three death modes never stopped before the
concept of PANoptosis was proposed, so we used a search strate-
gy of TS ="Pyroptosis” AND "Apoptosis” AND "Necroptosis” OR
"PANoptosis" OR "PANoptosome" OR "PAN-optosis". We ob-
tain 408 articles, removing the literature types of book chapters,
online publications, and editorial material. After removing the
types of literature as book chapters, online publications, editorial
materials, conference abstracts, conference proceedings papers,
and letters, 370 articles were obtained. We used the WoSCC ex-
port information function to download the author, affiliation,
title, abstract, keywords, journal, year of publication, WoSCC

classification, and citations for each article.

After reading the titles, abstracts, and author keywords,
we concluded that all 370 articles contained pyroptosis, apop-
tosis, necroptosis, or PANoptosis, so we used all 370 articles re-

trieved for data analysis.

Data analysis route

The txt files obtained from WoSCC, Microsoft Excel,
VOSviewer, CiteSpace, and Scimago Graphica were mainly used

for graphing.

We chose Microsoft Excel to analyze and graph the annu-
al number of articles and citations downloaded from WoSCC. Mi-
crosoft Excel was also used for some data management and some
form of production. We used VOSviewer and CiteSpace which are
two common and mature bibliometric analysis software to gener-
ate network visualization maps for bibliometric and visual analysis.
We focused on the main authors, countries, institutions, keywords,
citation analysis, and co-citation analysis. In the network visualiza-
tion map, each node corresponds to a parameter, such as country,
institution. The size of the node has a diameter roughly proportion-
al to the number of publications, citations, or occurrences in soft-
ware [25]. In VOSviewer, if two articles are more closely cited, they
will be automatically assigned to a cluster with the same color, we
mainly analyze the clusters characteristics and node connections.
Degree is an indicator that reveals the extent to which nodes are
connected in the network; higher degree in a node suggests that
more information interacts through this node. In CiteSpace, we fo-
cus on the degree and the linkage of the nodes. We used Scimago
Graphica to depict the amount of contribution and linkage of dif-

ferent countries around the world to the literature.
Results
Publications and citations analysis

Using the search terms given earlier, a total of 370 docu-
ments were obtained from the database using the search strategy
in Figure 1. The annual number of articles published and the to-
tal number of the quilt for each year of publication from 2008 to
2022 are shown in Figure 1. The annual number of articles pub-
lished and the total quilt for each year of publications from 2008-
2022 are shown in Figure 1. Studies on pan-apoptosis showed a
slowly increasing trend from 2014-2018 and a rapidly increasing
trend from 2019 onwards, with 48 publications in 2019, 79 in
2020, 114 in 2021, and 32 in 2022 (as of 25 April) (Figure 2). The
cumulative total citation frequency of all publications, after re-
moving self-citations, is 16,763 and 15,688 respectively (average
citation frequency per entry: 45.31). 2021 is not only the peak
year for publications but also the peak year for citations, sug-
gesting that articles published in 2021 are highly referenced and

therefore widely cited in the research process.
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408 studies identified from
Web of Science Core Collection

removal of literature types as book
chapters, online publications,
editorial material, conference
abstracts, conference proceedings
v papers, correspondence

¥

370 studies identified

visualization and analysis
(Microsoft Excel,
VOSviewer, CiteSpace)

Figure 1: Flowchart of literature selection
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Figure 2: Analysis of publications and frequency of citations
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Country and institution analysis

We use CiteSpace to analyze the country co-occur-
rence. The 370 published papers came from 51 different coun-
tries and 711 institutions. As can be seen from Table 1, China
(130 publications, 34.9%) and USA (126 publications, 33.8%)
have the highest number of publications, much higher than the
other countries by more than three times. Country co-occur-
rence analysis through CiteSpace shows that USA (22 publica-
tions) and China (17 publications) are also the two countries
with the most collaborations with other countries. The USA also
has some collaboration visible with Germany and Australia. Sug-
gesting that the USA is the leading driving force, and still dom-

inates in this research field. The most published institutions are

ST JUDE Children's Research Hospital (34 articles, 9.1%) from
USA, followed by the League of European Research Universities
Leru (22 articles, 5.9%) from Europe and Central South Univer-
sity (17 articles, 5.9%) from China.

The institution co-occurrence graph directly reflects the
degree of collaboration and communication between institutions
(Figure 4). In terms of author partnerships, the most publica-
tions are produced by the University of Massachusetts, which
also has several affiliations with other organizations. Walter &
Eliza Hall Inst Med R and Univ Massachusetts not only has the
high volume of publications but also has a wide range of associa-

tions with other institutions.
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Table 1: Analysis of author and co cited author

Total link
Author Count Institution Author Co-count Institution
strength
Kanneganti St. Jude Children's St. Jude Children's
25 Malireddi RKS 65 2992
D Research Hospital Research Hospital
St. Jude Children's
Malireddi RKS 12 Newton K 56 2860 Genentech
Research Hospital
St. Jude Children's
Karki R 10 Kayagaki N 44 2399 Genentech
Research Hospital
St. Jude Children's Institute Of Chinese
Green Dr 8 ShiJJ 43 2108
Research Hospital Medical Sciences
University Hospital
Carl Gustav Carus At St. Jude Children's
Linkermann A | 8 ) Gurung P 40 1941
Technische Research Hospital
Universitat Dresden
St. Jude Children's St. Jude Children's
Vogel P 8 Man SM 38 1758
Research Hospital Research Hospital
St. Jude Children's St. Jude Children's
Zheng M 8 Karki R 36 1649
Research Hospital Research Hospital
St. Jude Children's Vib Inflammation
Kesavardhana S | 7 Dondelinger Y | 31 1563
Research Hospital Research Center
St. Jude Children's St. Jude Children's
Place De 7 Kesavardhana S | 30 1478
Research Hospital Research Hospital
Weill Cornell Medical
Zhang ] 7 Eye & Ent Hosp Galluzzi L 26 1449
College
walter & elizgjhall inst med r
univ capbridge
univ mglbourne
unibonn

nanjigig univ

hudson iggt med res

mondsh univ

griffigiyuniv

univ massachusetts

german ctr net@degenerat [

Figure 4 A: Institution citation analysis by VOSviewer. B co-institutional analysis

by VOSviewer. (Minimum number of documents of an institution > 2)
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Authors and co-cited authors analysis

1923 authors and 370 publications were involved. The
top 10 authors in terms of the number of papers in PANoptosis
are shown in Table 1, from which it can be seen that the author
who has the most published papers are Kanneganti TD (n =25),
followed by Malireddi RKS (n =12), Karki Rajendra (n =10) all
of them were from St. Jude Children's Research Hospital, and we
found that half of the top 10 authors with the highest number
of citations were from Jude Children's Research Hospital in the
U.S. It shows that under the leadership of Kanneganti TD, the re-
searchers of this institution have made important contributions
in the field of PANoptosis. Furthermore, we note that Malireddi
RKS, Karki R among the 10 highly productive authors are also
among the top 10 co-authors indicating that these two investiga-

tors have a high international reputation in the field.
Distribution of journals

As shown in Table 3, the top three most prolific journals
were Cell Death and Differentiation (IF =12.067), Cell Death &
Disease (IF =9.685), and frontiers in Immunology (IF =8.786).
Here, the number of times a journal is co-cited which reflects
whether the journal has had a significant impact in a particular
area of research was used to measure the influence of the journal.
The top three journals with the highest co-citation frequencies
were Nature (Citation =440), Cell (Citation =285) and P Natl
Acad Sci USA (Citation =240) (Table 2). In table 2, we can see
that 80% percent of journals are from Q1. According to the 2022
Journal citation reports (JCR), except for International Journal

of Radiation Oncology Biology Physics and Journal of Immu-

nology, the remainder of the top 10 co-cited journals were in
Q1, showing that reputable journals are still concentrating on

research in the area of PANoptosis.
Analysis of highly cited references

Table 3 presents a summary of the highly cited refer-
ence. The most frequently cited papers "Classification of cell
death: recommendations of the Nomenclature Committee on
Cell Death 2009" (Citation =2198) and "Molecular mechanisms
of cell death: recommendations of the Nomenclature Commit-
tee on Cell Death 2018" (Citation =2198) are both from the Cell
Death Committee. In these papers, the Nomenclature Commit-
tee on Cell Death defines apoptotic necrosis morphologically,
while PANoptosis is not explicitly mentioned, demonstrating
that PANoptosis as a mode of death and its research is in its in-
fancy; “Old, new and emerging functions of The third most cited
paper, Old, new and emerging functions of caspases’, is a review
paper in which the authors summarize the main functions of
caspases, and in this 2015 paper, the authors have summarized
the dual role of caspase-8 in cell death, mediating both recep-
tor-mediated apoptosis and necrotic apoptosis in its absence,
suggesting that the link between apoptosis and necrosis has been
established through caspase-8 at this time. In addition to general
summaries of several different forms and mechanisms of death,
there are also articles addressing the changes that occur in the
plasma membrane during programmed death, programmed
death inflammation, and infection that have a high citation fre-
quency. These articles provide important references for further
studies on the pathways and molecules of cell death, including

apoptosis, focal necrosis, and other forms of death.

Table 2: Top 10 countries, co-cited countries and institutions analysis

Rank | Country | Count | Percentage | Co-Country | Count

Percentage | Degree | Affiliations Count | Percentage

1 China 130 34.9% Usa 22

St Jude

Children

34.4% 7 34 9.1%

S Research

Hospital

2 USA 126 33.8% China 17

League Of
European
22 5.9%

26.6% 4 Research

Universities

Leru
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Germa- Central South
3 38 10.2% Germany 6 9.4% 4 17 4.5%
ny University

Institute
National
De La Sante
Austra-
4 ’ 27 7.2% Australia 4 6.3% 5 Et De La 16 4.3%
ia
Recherche
Medicale

Inserm

University Of
5 France 20 5.3% Belgium 2 3.1% 2 15 4.0%
Melbourne

Chinese
6 Japan 19 5.1% Greece 1 1.6% 3 Academy 14 3.7%

Of Sciences

Udice French
7 England | 17 4.5% Pakistan 1 1.6% 2 Research 12 3.2%

Universities

Walter Eliza
8 Spain 12 3.2% Ukraine 1 1.6% 2 12 3.2%
Hall Institute

Flanders

Institute For
9 Belgium | 11 2.9% Hungary 1 1.6% 2 9 2.4%
Biotechnology

Vib

Ghent
10 India 10 2.6% France 1 1.6% 1 9 2.4%
University
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Table 3: Analysis of the number of journal articles and co-citations

Journal Count | IF JCR | Journal Citation | IF JCR
Cell Death and Differentiation | 14 12.067 | Q1 Nature 440 69.504 | Q1
Cell Death & Disease 14 9.685 Q1 Cell 285 66.85 Q1
Frontiers in Immunology 13 8.786 | Ql | Proceedings Of the National 240 12.779 | Ql
International Journal of

11 6.208 | Q2 Cell Death and Differentiation 178 12.067 | Q1
Molecular Sciences
Frontiers In Cell and International Journal of Radiation

8 6.081 Q2 160 8.013 Q2
Developmental Biology Oncology Biology Physics
Cells 7.666 | Ql Science 160 63.714 | Q1
Viruses Basel 5.818 Q2 Immunity 158 43.474 | Q1
Cell 66.85 Q1 Immunology 137 7215 | Q2
Cell Death Discovery 5 7.109 Q2 Journal of Experimental Medicine | 118 17.579 | Q1

Analysis of co-cited literature

Co-citations were defined as two or more articles being
cited by one or more papers at the same time according to the
references, and a co-citation study is used to measure the degree
of association between articles. Among the 370 co-cited articles
retrieved, the top 10 co-cited articles are listed in Table 4, with
the most frequently cited article is “Caspase-11 cleavage of gas-
dermin D for non-classical inflammasome signaling”, TAK1 re-
stricts spontaneous NLRP3 activation and cell death to control
myeloid proliferation and “Pathogen blockade of TAKI triggers

caspase-8 dependent cleavage of gasdermin D and cell death”

Degree Centrality is the most direct measure of node central-
ity in network analysis. The greater the node degree of a node
(the more nodes connected to it) means the higher the degree of
centrality of the node and the more important the node is in the
network. “Caspase-11 cleavage of gasdermin D for non-classi-
cal inflammasome signaling” and “TAK1 restricts spontaneous
NLRP3 activation and cell death to control myeloid prolifera-
tion”, we can observe that both of these references have high de-
grees, indicating that they have high reference values. “Cleavage
of GSDMD by inflammatory caspases determines pyroptotic cell
death” has the highest degree, it means the findings of this article
have important linkages in the findings of three PCD ways.
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Tabel 4: Analysis of TOP 10 cited reference and

. Publication
Rank | Title Authors Degree | Journal DOI
Year
Caspase-11 cleaves gasdermin D for . 10.1038/nature
1 o ) } Kayagaki N | 29 Nature 2015
non-canonical inflammasome signalling 15541
TAKI1 restricts spontaneous NLRP3 activa- | Malireddi 10.1084/jem.
2 tion and cell death to control myeloid pro- 26 J Exp Med 2018
liferation RKS 20171922
Pathogen blockade of TAKI triggers 10.1126/science.
3 caspase-8 dependent cleavage of Gasder- | Orning P 9 Science 2018
min D and cell death aau2818
Cleavage of GSDMD by inflammatory 10.1038/nature
4 ) ] Shi] 31 Nature 2015
caspases determines pyroptotic cell death. 15514
ZBP1/DAI is an innate sensor of influenza 10.1126/
5 virus triggering the NLRP3 inflammasome | Kuriakose T | 11 Sci Immunol | 2016 sciimmuno
and programmed cell death pathways. 1.2ag2045
Caspase-8 induces cleavage of gasdermin D P Natl Acad 10.1073/
6 - oo S | sarhan ] 22 2018
to elicit pyroptosis during Yersinia infection Sci Usa pnas.1809548115
ZBP1 and TAKI: Master Regulators of Front Cell 10,3389/
7 NLRP3 Inflammasome/Pyroptosis, Apop- | MalireddiR | 21 2019 .
tosis, and Necroptosis (PAN-optosis). Infect Mi fcimb.2019.00406
Chemotherapy drugs induce pyroptosis 10.1038/nature
8 ) Wang Y 17 Nature 2017
through caspase-3 cleavage of a gasdermin. 22393
Caspase-6 Is a Key Regulator of Innate 101016/
9 Immunity, Inflammasome Activation, and | Zheng M 16 Cell 2020
Host Defense.[13] cell.2020.03.040
RIPK1 inhibits ZBP1-driven necroptosis 10.1038/nature
10 . Newton K 20 NATURE 2016
during development. 20559

Keyword analysis

The co-occurrence of keywords provides an under-
standing of the research hotspots and research directions in
the field. We extracted 112 keywords with VOSviewer. Because
negative-stranded RNA virus, positive-strand RNA virus are all
studies on RNA virus, we combined these words. The keyword
density graph (Figure 6A) visually shows these high-frequency
keywords and the graph that the yellow highlighted areas are the
words that have a high frequency. As shown in Figure 5B, we ex-
tracted the words with a high frequency of keyword occurrenc-

es, it includes pyroptosis, necroptosis, apoptosis, PANoptosis,

caspase-8, inflammasome, caspase-1 panoptosome, and ripk3.
Since our search strategy included thermal apoptosis, necrosis,
apoptosis, and PANoptosis, it is normal for these four keywords
to appear more frequently, and the remaining keywords indicate
research hotspots related to three PCD ways. We performed a
network clustering analysis of these keywords using VOSviewer.
Cluster analysis was conducted on the basis of keywords, and fi-
nally, nine color clusters were formed (Figure 7), representing the
nine research directions and research areas. The largest cluster is
cluster 1 (red), followed by cluster 2 (green), cluster 3 (blue), clus-
ter 4 (yellow), cluster 5 (dark purple), cluster 6 (light blue) cluster
7 (orange), cluster 8 (reddish-brown) and cluster 9 (light purple).
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Cluster 1 has 20 keywords, including ASC, burkholderia thailan-
densis, caspase-1, caspase-11, caspase-3, caspase-7, caspase-8,
cell fusion, gasdermin d, gasdermin e, mitochondria, MLKL,
NLRP3, PANoptosome, RIPKI, RIPK3, t6ss, type six secretion
system, vgrg5, virulence. Cluster 2 has 20 keywords including
anticancer immunity, astragaloside-iv, bimetallic nanoparticles,
cancer, cd4+, cells, cerebral, ischemia, reperfusion, combina-
tion, ferroptosis, gold, hiv, humanized, mice, molecular, mech-
anism, necroptosis, osteoarthritis, panax, notoginseng, sapon-
ions, phosphorylation, pyroptosis, signal pathway. Cluster 3 had
12 keywords including aspergillus fumigatus, candida albicans,
coronavirus, fungi, host defense, infectious diesease, infectious
disease, influenza, influenza virus, microbiology, mouse hepati-
tis virus, rna virus. Cluster 4 has 11 keywords, including apopto-
sis, apoptotic bodies, apoptotic cell disease, autophagy, cell clear-
ance, efferocytosis, necrosis, netosis, phagocytosis, rheumatoid,
arthritis, therapy-resistant, tumors. Cluster 5 has 10 keywords
including brain, central nervous system, ischemia/reperfusion,
middle cerebral artery, non-apoptotic regulated cell death, oral
infectious diseases, oral microbiomes, oxygen and glucose depri-

vation, PANoptosis, regulated cell death. Cluster 6 has 10 items

and contains keywords cell death switch, immunotherapy, in-
flammasome, inflammation, innate immunity, non-apoptotic
programmed cell death, survival, TLR priming, virus infection,
ZBP1. Cluster 7 has 8 items and contains immunology, mech-
anism, membrane pore, morphology, and plasma membrane.
Cluster 8 has 8 items containing keywords such as macrophages,
myeloid cells, pathogens, and proteolysis. Cluster 9 has 8 items
and contains keywords such as irf8, naip, nlr, nlrc4, and nod-like
receptors. In addition, we also obtained a keyword network with
PANoptosis as the central node. This network can be observed
to be composed of clusters of 4 main colors. The main cluster
is among cluster 1, it contains caspase-1, caspase-11, caspase-3,
caspase-7, caspase-8, gasdermin d, gasdermine, mitochondria,
mlkl, nirp3, panoptosome, ripkl, ripk3, t6ss, vgrg5, virulence.
The next cluster contains infectious diesease, infectious disease,
influenza, influenza virus, microbiology, mouse hepatitis virus,
rna virus. The third cluster has central nervous system, brain,
oral infectious diseases, oral microbiomes, oxygen, and glucose
deprivation. While certain representative terms, such as pyro-
ptosis, necroptosis, apoptosis, and programmed cell death, also

appear in the network.
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Figure 5: Author co-occurrence analysis of the literature we obtained by VOSviewer. (Minimum number of documents of an author > 1)
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Top 10 References with the Strongest Citation Bursts
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Figure 8: Top 10 keywords with the strongest citation bursts

The keyword burst graph (Figure 6) by CiteSpace pro-
vides a clear view of emerging keywords and topics in relation to
trends over time, predicts the direction of cutting-edge research,
and reveals emerging research directions. The red segment on
the blue timeline indicated the burst duration. From 2014-2018,
the fields of protein, mixed lineage, and tumor necrosis factor
were cited with higher heat and longer duration years. Pro-
grammed cell death was the keyword with the highest burst in-
tensity among the burst terms, with strong bursts in 2015-2018.
Rip1 kinase, captoror interaction protein, gasdmermin d, and
apoptoc cells also had varying degrees of bursts. In the last two
years, inflammasome and nlrp3 have been the hot spots of at-
tention and research in the field of the research of three classical
PCD ways.

Timeline viewer (Figure 9) by CiteSpace is based on

the interaction and mutation relationship between keywords in
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a certain field, through the distribution and connection of differ-
ent clustering keywords on the timeline, we can see the develop-
ment process of PANoptosis more intuitively. From 2014 to 2016,
the research focused on the essential proteins in programmed
cell death, the main words are programmed necrosis (necro-
ptosis), domain like protein, ripl kinase, activation, autophagy,
and mixed lineaged kinase. From 2016 to 2019, the research fo-
cused on several modes of death and their key proteins, the main
words are nlrp3 inflammasome, pyroptosis, gasdermin d, serine
protease, mixed lineage kinase, necroptosis. The number of key-
words in the main research has significantly increased between
2019 and 2022. The most typical keywords are those that relate
to mechanisms, such as innate, aim 2 inflammasome, caspase-1,
caspase-3, cd4 t cell, and fas-induced apoptosis, as well as diseas-

es, such as cancer, collagen-induced arthritis and i/r injury.

hnate

mutationr~cell  fusion mikl

inflammatory caspase
molecular mechanism,_

e ——

anticancer immunity caspase 3-cleavage
beta cd4 t celt
protein_cell death  switch:

family
expression
inflammasome

bimetallic nanoparticle

yous system

death i injury
_ =
aimz2
flagellin
chemotherapy

caspase T
cell'death nirp3

annexin v

cytokine production body

tumor necrosis factor necroptosis
-

disease

cancer cell

programmed cell death

apoptotic cell

%
collagen induced arthriti
fas induced apoptosis
host defense

kinase biogenesis
cell pathway
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Discussion

General Information

The yearly number of documents can also reflect the
extent of global scholarly interest in this field. It shows that the
total number of publications is rising. From 2014 to 2018, the
amount of relevant literature is rising at a slow rate (Figure 2).
In particular, after 2019, the amount of literature showed steady
growth. It might be because, in 2019, the concept of PANoptosis
was formally introduced and the innate immune sensor ZBP1
and the essential cell survival kinase TAK1 were presented to
play an important regulatory role in PANoptosis [26], since then,
the number of PANoptosis studies has increased dramatically. It
is worth noting that the number of publications in the literature
on PANoptosis exceeded one hundred in 2021, it reflects that the
research related to PANoptosis is in the hot study direction these
two years and has a grateful development trend in the future.

Table 1 shows the distribution of countries, co-cited
countries, and institutions analysis. USA has the highest number
of publications, which means the USA is the leading countries
PANoptosis research. Degree centrality is the most direct mea-
sure of node centrality in network analysis. Analyzing the node
degree is important to help understand the importance of nodes
in the network. We can see USA (degree 7) has the highest degree
in the top 10 co-cited countries, which means it acted as a bridge
in connecting the worldwide network and played an important
role. Meanwhile, Australia (degree 5), China (degree 4) and Ger-
many (degree 4) have a higher degree, suggesting that they also
have some impact on the cooperation. Generally, 370 published
papers came from 51 different countries, but the cooperation be-
tween 51 countries does not have strong country-to-country ties
(Figure 3). Therefore, there is necessary for the USA to strength-
en cooperation and linkages with institutions in other countries

to promote the progress in the research of PANoptosis.

After the analysis of authors and co-cited authors, Kan-
neganti TD (n =25) has the highest number of publications,
followed by Malireddi RKS (n =12), Karki R (n =10), Green Dr
(n =8), Linkermann A (n =8). It is noteworthy that Kannegan-
ti TD was rewarded as the most highly cited researcher in the
world (Clarivates/Web of Science) in 2020 and 2019. She has
been devoted to understanding how the innate immune system,
as a founding member of the inflammasome field, she and her
lab pioneered the concept of PANoptosis and describe its impli-

cations in health and disease. In the research she led, she and

her team member Teneema Kuriakose published in 2016 that
the ZBP1-mediated expression of NP and PB1 was confirmed,
and the RIPK1-RIPK3-Caspase-8 axis was used to induce cell
death and inflammatory responses, formally linking pyroptosis,
apoptosis (key component caspase-8) and necroptosis (key com-
ponents RIPK1, RIPK3) [18]. This study was the first to identify
ZBP1 as an innate immune sensor that can activate molecules
from pyroptosis, apoptosis, and necroptosis. After this discov-
ery, people began to seek more evidence for the occurrence of
PANoptosis and continue to contribute to the construction of
its molecular mechanism. Malireddi, R.K. is the highest co-cit-
ed author (Total link strength =2992), Newton K is as followed
(Total link strength =2860), they all have close cooperation or
affiliation with the Kanneganti TD team.

Table 3 shows journals and co-cited journals, the jour-
nal with the most articles about PANoptosis was Cell Death and
Differentiation (IF =12.067), followed by Cell death & Disease (IF
=9.685), Frontiers in Immunology (IF =8.786). In addition, the
three journals with the highest co-citation frequencies were Na-
ture (IF =69.504), Cell (IF =66.85) and P Natl Acad Sci USA (IF
=12.779). Journals among the top ten co-cited almost belong to
Q1, which are all high-impact journals, showing the attention and

importance of PANoptosis in important international journals.

Table 5 shows the top 10 co-cited references we ac-
quired, half of the literature is about the protein GSDMD and
the other half is about the two Master Regulators ZBP1 and
TAKI1. Kayagaki N’s research [27], which is the most co-cited
one, The main description of the process of pyroptosis: GSDMD
as a rigorous target of caspase-11. Malireddi RKS research [28]
is the second co-cited, they identified a critical role for TAKI
in NLRP3 inflammasome quiescence and maintenance of cel-
lular homeostasis and survival, providing additional important
evidence for the cross-linking of apoptosis and necrosis 1. Pon-
tus Orning's research [29] is the third most cited article in total,
TAKI inhibition induces GSDMD-dependent cleavage of RIPK1
and caspase-8, a finding that serves as important experimen-
tal evidence for PANoptosis cross-linking. The 4th co-cited re-
search by Shi J [30] found that the specific cleavage of GSDMD
in Caspase-1/-4/-5/-11 provides an important experimental ba-
sis for re-understanding and redefining scorch death. Kuriakose
T’s reference [18] is the first study of simultaneous cross-linking
of apoptosis, necroptosis, and pyroptosis, and the first biological
evidence of PANoptosis. Up to date, ZBP1 and TAK1 are two
identified molecules that can under specific stimuli molecules

that trigger a response to PANoptosome assembly [26], AIM2
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has also been found to play an important role in regulating pyrin
and ZBP1 to drive the onset of PANoptosis [31]. Understanding
the pathways and modes of action of ZBP1 and RIPK1 in PAN-

optosis is significant for understanding PANoptosis.

Table5: Analysis of the TOP 10 co-cited references

. Publication
Rank | Title Authors Degree | Journal DOI
Year
Caspase-11 cleaves gasdermin D for .
1 o ) . Kayagaki N | 29 Nature 2015 10.1038/nature15541
non-canonical inflammasome signalling
TAKTI restricts spontaneous NLRP3 acti- . .
Malireddi
2 vation and cell death to control myeloid RKS 26 JExp Med | 2018 10.1084/jem.20171922
proliferation
Pathogen blockade of TAKI triggers 10.1126/science.
3 caspase-8 dependent cleavage of Gasder- | Orning P 9 Science 2018
min D and cell death aau2818
Cleavage of GSDMD by inflammatory )
4 . ) Shi] 31 Nature 2015 10.1038/naturel5514
caspases determines pyroptotic cell death.
ZBP1/DAI is an innate sensor of influ-
s enza virus triggering the NLRP3 inflam- | Kuriakose " Sci 2016 10.1126/
masome and programmed cell death | T Immunol sciimmunol.aag2045
pathways.
Caspase-8 induces cleavage of gasdermin P Natl Acad 10.1073/
6 D to elicit pyroptosis during Yersinia in- | Sarhan J 22 2018
fection Sci Usa pnas.1809548115
ZBP1 and TAKI1: Master Regulators
. of NLRP3 Inflammasome/Pyroptosis, | Malireddi 51 Front Cell 5019 10.3389/
Apoptosis, and Necroptosis (PAN-opto- | R Infect Mi fcimb.2019.00406
sis).
Chemotherapy drugs induce pyroptosis
8 through caspase-3 cleavage of a gasder- | Wang Y 17 Nature 2017 10.1038/nature22393
min.
Caspase-6 Is a Key Regulator of Innate 10.1016/j.
9 Immunity, Inflammasome Activation, | Zheng M 16 Cell 2020
and Host Defense.[13] cell.2020.03.040
RIPK1 inhibits ZBP1-driven necroptosis
10 ) Newton K | 20 NATURE 2016 10.1038/nature20559
during development.
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The Hotspots and Frontiers

Based on the co-occurrence analysis of keywords in the
literature, including hotspot density map, clustering map, time-
line map, and burst map, the research hotspots and directions of
PANoptosis and three PCD pathways cross-linking are visual-
ized. Cluster analysis was conducted on the basis of keywords,
and nine colored clusters represent the nine research directions
and research areas. We get the following hints from the informa-

tion in the picture above:
Hot vocabulary interpretation

Figure 6 shows 10 keywords with high occurrence
frequency: pyroptosis, necroptosis, apoptosis, PANoptosis,
caspase-8, inflammasome, caspase-1, Panopto some, and ripk3.
These 10 keywords are the current hot spots and directions of
PANoptosis and its related research. Pyroptosis now considered
to be caspase-1 or caspase-11/4/5 induced, then performed mo-
lecularly GSDMD was cleaved, and the N-terminal domain can
oligomerize to form pores in the cell membrane, inducing cell
membrane rupture [11,20]. Caspase8 which acts as a typical pro-
tein that needs to be activated during apoptosis, was found to
regulate NLRP3 inflammasome activation in 2014, and it was
found to suppresse necroptosis mediated by the kinase RIPK3
and the pseudokinase MLKL [4,32,33]. Caspase-3/-7 specifically
block pyroptosis by cleaving GSDMD at a distinct site from the
inflammatory caspases [34].

Necroptosis has both passive and active pro-inflamma-
tory functions, it can detect pathogens and promote tissue re-
pair, while can be activated when apoptosis was inhibited. When
some death receptors like Fas /Fas ligand (FasL), 4 Toll-like re-
ceptors (TLR4 and TLR3), and cytosolic nucleic acid sensors
such as RIG-I and STING were active, type I interferon (IFN-I)
and TNFa generate effects and promote necroptosis. Caspase-8
was in response to pharmacological, RIPK1 and RIPK3 can in-
teract with each other through their RIP homotypic interaction
motif (RHIM) and form the necrosome, a cytosolic complex.
Pseudo-kinase mixed lineage kinase domain-like (MLKL) was
phosphorylated by necrosome and activated MLKL plays a cor-
responding role in mediating cell death [35-38].

As the earliest and the most well-studied form of cell
death, apoptosis was originally considered immunologically
silent, and was thought to be the only way to die procedurally,
played a major role in the homeostatic development of eukary-
otes and prokaryotes. Two ways: extrinsic or intrinsic pathways
can both initiate apoptosis. Signals from outside the cell initiate
the extrinsic pathway, like Fas L, TNE and TNF-related apop-
tosis-inducing ligand (TRAIL), fas-associated death domain
(FADD), and pro-caspase-8, through homotypic interactions,
activate caspase-8 and produces apoptosis-related cellular ef-
fects [39]. Intrinsic apoptosis was derived by caspase-9/-3/-7.
cytochrome C bind to the apoptotic peptidase activated factor 1
(APAF1) in the cytoplasm prompts apoptosome formation, lead-
ing to the activation of initiator caspase-9 to induce activation of

caspases-3/-7 to drive intrinsic apoptosis [5].

NOD-like receptor Protein 3 (NLRP3) inflammasome
activation leads to the secretion of cytokines, IL-1p and IL-
18, and induction of pyroptosis [40]. TAKI1 activation drives
RIPK3-dependent necroptosis and inhibits apoptosis. TAK1
acts as a switch between apoptosis and necroptosis [41]. In re-
cent years, the lack of TAK1 in macrophages has been found to
induce spontaneous activation of NLRP3 inflammatory vesi-
cles without toll-like receptor (TLR) initiation and subsequent
activation signals, thus cross-linking pyroptosis, apoptosis, and

necroptosis [21,28].
PANoptosome assembling and envisioning

PANoptosome is the main part that performs PANop-
tosis [42]. In different microbial infections, different proximal
sensor molecule(s) can activate the protein complexes named
the PANoptosome. PANoptosome is a mechanism of action
that can induce pyroptosis (e.g. ASC and caspase-1), apoptosis
(caspase-8), and necroptosis (RIPK3, RIPK1) [19]. In the course
of IVA infection, the molecular mechanism of PANoptosis has
been largely established, so it is the most established model of
PANoptosis. In this model, the sensor of IAV is ZBP1, which
acts as a master regulator of cell death during IAV infection.
ZBP1 contains an RHIM domain to mediate cell death and also
a Za domain which binds Z-nucleic acids. Currently, it is widely
known that pyroptosis, apoptosis, and necroptosis are induced

by inflammasomes, apoptosomes and necrosomes. In inflam-
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masomes, sensors (such as NLRP3, AIM2, or Pyrin), the adap-
tor protein ASC and CASP1 can be assembled together through
PYD-PYD or CARD-CARD interactions. In apoptosome, death
receptors (such as Fas) and adaptor protein (such as FADD) in-
teract by a DD domain, CASP8, FADD and pro-CASP8 through
DED-DED interactions forms complex-II in the cytosol and
leads to the initiation of extrinsic apoptosis [5]. Necrosomes are
formed when RIPK3 and RIPK1 through RHIM-RHIM com-
bined and CASPS8 activity is inhibited [38,42,45]. ZBP1 binds
IAV viral ribonucleoproteins (VRNPs) and through RHIM forms
a complex called the ZBP1-dependent PANoptosome consist-
ing of RIPK3, RIPK1, caspase-6, caspase-8, ASC, NLRP3, and
caspase-1 [18,45]. RIPK1 having the RHIM domain, also has the
chance to act as the center of the PANoptosome [46]. Similarly, a
protein TRIF, which also contains the RHIM structural domain,
could act on RIPK1 and RIPK3. RIPK1 and RIPK3 possibly in-
teract with and induce PANoptosis. This assumption has been
confirmed after TLR3 activation and cystathionin inhibition
[47].

So far, ZBP1 and RIPKI as two upstream molecules
have been identified. In some specific stimuli, they can trigger
the assembly of the PANoptosome. Current models of ZBP1
PANoptosome assembly during IAV infection are centered on
known homotypic/heterotypic interaction (such as RHIM, DD,
DED, PYD, and CARD). These intermolecular interactions may

be responsible for PANoptosome skeleton formation.

Therefore, at present, the assembly mechanism of PAN-
optosome mainly relies on the hypothesis and experimental
proof by researchers, and the homotypic and heterotypic struc-
tural interactions among three PCD pathways (e. g. RHIM, DD,
CARD) will become the theoretical support and important de-
velopment direction and hot spot for the assembly mechanism

of PANoptosome.
PANoptosis and disease

Although IAV was the first infection found to trigger
PANoptosis. The role of viruses such as MHV and SARS-CoV-2
in triggering PANoptosis has also been reported in recent years
[21,48], besides cross-linking between the three PCD pathways
had been found in Vesicular stomatitis virus, Vaccinia virus,
Respiratory syncytial virus and the possibility of PANoptosis
during their infection should be a concern [49]. A mature model
of bacterial infection PANoptosis is in Yersinia infection, with
its effector Yop] inhibiting TAK1. The role of Salmonella typhi

and Listeria monocytogenes in triggering PANoptosis has been
reported also. However, in bacterial infections, scholars have
focused more on the cross-linking of pyroptosis and apoptosis,
whether necrosis also exists with the cross-linking of pyroptosis
and apoptosis leading to PANoptosis is less studied de part in
the study of bacterial infections. Fungi, one of the three major
pathogen types that infect hosts, have also been shown to trigger
PANoptosisb [42].

PANoptosis is a form of inflammatory programmed
death that induces inflammation and blocks intracellular sig-
naling of pathogens and becomes an important component of
the body's immune defense [17]. in Burkholderia infections,-
PANoptosis-deficient mice have a higher mortality rate than
pyroptosis-deficient mice, which reflected an important role of
PANoptosis in limiting the virulence of pathogens [50]. MC-
MV-encoded viral inhibitor of RIP activation (vVIRA) contains
RHIM domain, that can target ZBP1, RIPK3, and RIPK1 to re-
strict PANoptosome formation to Inhibit PANoptosis [51]. This
suggests that although PANoptosis was seen as an evolved model
of death, there are still pathogens that can manipulate the PAN-
optosis pathway to evade the host's immune effect on them.

It has been found that the presence of markers of cell
scorching, apoptosis, and necrotizing apoptosis are present in
inflammatory cells recruited in the airways after STING agonist
activation in mice. This predicts the feasibility of PANoptosis ac-
tivation by STING as a therapeutic strategy for local cancer me-
tastasis or infection [52]. In addition, PANoptosis can be found
to be applicable in tumor treatment. During the treatment of
melanoma, combining interferons (IFNs) and nuclear export in-
hibitors (NEIs) can activate ZBP1-dependent pyroptosis, apop-
tosis, and necroptosis (PANoptosis) in melanoma cells, limiting
tumor growth and development [53]. The roles in infection, au-
toinflammatory disease, inflammation and cancer are widely fol-
lowed, PANoptosome components may implicate in many oth-
er pathophysiological settings through cell death. For example,
many central nervous system diseases involve the death of nerve
cells, so the phenomenon of PANoptosis in cerebral ischemia
has been noticed by scholars [54]. Exploring and discovering the
case physiological mechanism of PANoptosis in other diseases
and understanding the application of programmed death in var-
ious diseases in a systematic and diversified way will be beneficial
to providing a molecular basis and therapeutic direction for dis-

ease targeting.
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Future perspectives

Host-pathogen struggle determines disease progression
and regression, bacteria are constantly adapting to their hosts and
developing new virulence strategies, while new ways of dying have
been evolved by the hosts to better defend themselves immuno-
logically [22]. Therefore, a new cell death pathway presented with
the stronger mechanistic activity would provide a higher chance
of eliminating infected cells and play an important role in the in-
nate immune defense. During infection, microbial components
can target the PANoptosis pathway, leading to cell death [17]. This
plasticity in the activation of the PANoptosis is mediated by the
PANoptosome, in which blocking key molecules from pyroptosis,
apoptosis, or necroptosis alone cannot stop cell death. Thus, PAN-
optosis arose from the evolution of pathogens towards a better
strategy of resistance to the virulence of pathogens. While, iden-
tifying specific upstream sensor molecules (e.g., ZBP1) to clarify
the involvement of PANoptosis in disease pathogenesis is cur-
rently an important direction for molecular targeting of diseases.
Comparing the large figure containing the three PCD pathways
to the small figure with PANoptosis in Figure 7, we see clear over-
lap with a large portion of non-overlap. The non-overlapping part
represents all the keywords shown in the three PCD cross-linking
processes and may contain the future direction of PANoptosis. So,
revisiting the occurrence of PANoptosis in pathogenic infections,
cancer, and other diseases involving cell death, and identifying key
sensing factors to provide an important basis for targeting disease
therapy will be the future development hotspots and research di-
rections in the field of PANoptosis.

Limitation

The following are the limitations of this study. Firstly,
the information retrieved only in the WoSCC database does not
fully reflect the existing information in the field. Secondly, the
WoSCC database is continuously updated and non-English ci-
tations were removed, and we only analyzed literature selected
with a screening strategy up to March 30, 2022. Finally, since
studies related to the intersection of the three death modes of
scorching, apoptosis, and necrosis have been in progress, and
the biological event of simultaneous occurrence of the three is
defined as PANoptosis is lagging behind, we included scorching
apoptosis necrosis as a key search term in the keyword search.
However, at the same time, although the completely irrelevant
part of the literature was manually eliminated, the less relevant
parts were still visible in the keyword display chart, reducing the
overall suggestiveness of the chart.

Conclusion

The research of PANoptosis will continue to be the
hotspot. Several outstanding scientists have emerged who are
steadily moving the field forward. Closer national and inter-in-
stitutional communication and cooperation may facilitate the
flourishing of PANoptosis. The focus of current research and de-
velopmental trends in the future are the related pathway mecha-
nism of PANoptosis, the discovery, and the role of PANoptosis in

various diseases.
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