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Background: Heterotopic ossification is a complication in the late stage of ankylosing spondylitis (AS), and involves abnormal
osteogenesis by mesenchymal stem cells (MSC). Research activity in this area has been rapidly expanding, but there is a lack of
bibliometric studies that summarize the progresses.

Methods: We searched the Web of Science (WoS) for articles pertaining to the role of MSCs in heterotopic ossification in AS from
the database inception to December 2022 and visualized the countries, authors, institutions, references, and keywords using CiteSpace
6.1.R6 and VOSViewer.

Results: A total of 127 publications from 188 institutions were identified, with a trend for increasing number of articles per year.
China published the largest number of literature, followed by the United States and France. There were 47 core authors. The most
recent research in this area mainly focused on “osteogenic differentiation”, “gene expression”, “inflammation”, “TNF-a” and “bone
formation”. Current research can be broadly summarized into two topics: abnormalities in the inflammatory microenvironment and
abnormalities in the MSCs. Aberrant expression of a variety of surface proteins in MSCs predisposes these cells to undergo osteogenic
differentiation, and pro-inflammatory cytokines in the inflammatory milieu stimulate osteogenic differentiation of MSCs.
Conclusion: MSCs in heterotopic ossification in AS is a relatively new area of research. Research activities primarily consist
abnormalities in the inflammatory microenvironment and abnormalities in the MSCs.
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Introduction

Ankylosing spondylitis (AS) is a chronic, progressive autoimmune disease that primarily involves the axial skeleton and
sacroiliac joints." The early stage of AS manifests as tendonitis and ligamentous appendagitis, followed by articular bone
destruction, fibrosis and ossification of the cartilage and ligaments. The late stage is characterized by spinal ankylosis,
deformity, and severe functional impairment.> Co-morbidities include acute anterior uveitis, psoriasis, and inflammatory
bowel disease (IBD); these conditions are sometimes considered as extra-articular manifestations of AS.?

Estimated prevalence of AS ranges from 0.7 to 49 cases per 10,000 population, and caries substantially across
different geographical locations. The average prevalence in North America, Europe, Asia, Latin America, and Africa is
31.9, 23.8, 16.7, 10.2, and 7.4 per 10,000 population, respectively.4 AS is more common in males; a meta-analysis that
included eight studies and 2236 patients with AS showed a male predominance (70.4%) in AS.” Disease onset is typically
between 20 and 30 years of age.’

Heterotopic ossification (ossification of soft tissues outside the normal skeletal system) is a complication in the late
stage of AS. In the commonly accepted framework, heterotopic ossification requires three conditions: 1) osteogenic
inducers, 2) osteogenic precursor cells, and 3) a microenvironment that allows osteogenesis.” Mesenchymal stem cells
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(MSC) represent an important source of osteogenic precursor cells,® as well as a critical component of the inflammatory
processes that triggers heterotopic ossification in AS.® Research activity in this area has been rapidly expanding during
the past two decades, but no bibliometric studies have been conducted to summarize the recent progresses and forecast
the future trend.’

Materials and Methods

Data Retrieval and Collection

We searched the Web of Science (WoS), the most authoritative and comprehensive data source,'® from the database
inception to December 2022. The article type was restricted to Original Article and Review Article, and the language was
restricted to English. The search formula was (ALL=((Ankylosing spondylitis) OR (axial spondyloarthritis) OR (non-
radiographic axial SpA) OR (nr-axSpA) OR (Rickshaw) OR (Bamboo Wind) OR (Turtle leeward) OR (Keung) OR
(Kidney arthralgia))) AND ALL=((Bone Marrow Stromal Stem Cells OR mesenchymal stem cells)).

Data Analysis

The following information was exported from each of the articles identified in the electronic search: journal source, title,
authors, research institution, abstract, and keywords. Data were visualized with countries, authors, institutions, co-cited
literature, and keywords as nodes. Keywords were standardized by combining keywords with identical meaning but
different expressions.

Results

Trends in the Number of Published Articles

A total of 127 articles were retrieved. Original articles accounted for 67% (85/127) of the total production. The earliest
article was published in 2008. The average number of published articles per year during the index period (2008 to 2022)
was 8.5. There was an overall upward trend in the number of published articles (Figure 1). The rate of growth was slow
until 2017, and increased substantially after 2017.
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Figure | Trends in the number of annual publications. The y-axis on the left was the cumulative number of publications; the y-axis on the right was the number of
publications in the indicated year.
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Country Analysis

Most of the published articles were conducted by researchers in East Asia, West Asia, Europe, North America, and
Oceania. China (n = 75) ranked first in the total numbers of publications, followed by South Korea (n = 16), the United
States (n = 16), France (n = 8), Germany and Poland (n = 6 for each) (Figure 2). Among the top ten countries in terms of
number of publications, France ranked first in the average number of citations (n = 61.63), followed by the South Korea
(n = 32.19), England (n = 31.40) and the United States (n = 29.94); China ranking eighth (n = 19.04) (Table 1). There
was close cooperation among the research groups from North America, Europe, and East Asia (Figure 3).

Institutional Analysis

A total of 188 institutions contributed to the 127 published articles. The institution with the highest number of articles
was Sun Yat Sen University (n = 34), followed by the Chinese University of Hong Kong (n =9), Yonsei University (n =
6), University of Lyon I (n = 5), and Hanyang University (n = 5) (Table 2). Figure 4 shows the inter-institutional
cooperation network among research institutions.

Author Analysis

The author with the highest number of publications was Shen Huiyong (n = 26), followed by Wang Peng (n = 25), Wu
Yanfeng (n = 25), Xie Zhongyu (n = 21), and Li Jinteng (n = 16), all from Sun Yat Sen University (Table 3). The author
with the strongest collaboration strength was Shen Huiyong, followed by Wu Yanfeng, Wang Peng, Xie Zhongyu, and Li
Jinteng. Among the contributing authors, Wu Yanfeng, Wang Peng, and Shen Huiyong collaborated to publish a large
number of articles, most notably during a period around 2018 (Figure 5). A calculation based on the Price Law,’ 34 core
authors published four or more articles.

Co-Citation Analysis

Among the 127 publications, a total of 10 articles were cited 10 or more times, with a maximum of 30 citations. Figure 6 is
a co-occurrence diagram of co-cited references (reference that is cited by two or more articles), and shows the authors of the
most-cited references and the time of publication of the references. Most of these articles were based on research after 2010
(Figure 6A). The top ten keyword clusters with the largest distribution were as follows: tumor necrosis factor-alpha (TNF-a),
infliximab, interleukin-17 (IL-17), human leukocyte antigen-B27 (HLA-B27), rheumatoid arthritis, osteogenic differentia-
tion, mesenchymal stem cell, helper cell subsets, and bone. Other keywords with a large distribution range included IL-17
and disease activity (Figure 6B). In topic cluster analysis, clusters with large distribution range included IncRNA, MSC
treatment, spondyloarthritis pathogenesis, TNF, and morphogenetic protein (Figure 6C). The earliest year of publication with
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Figure 2 The number of publications by country (node size indicates the number of publications).
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Table | Top 10 Countries with the Most Publications

Country Documents | Citations | Average Citations
Peoples R China 75 1428 19.04
South Korea 16 515 32.19
USA 16 479 29.94
France 8 493 61.63
Germany 6 153 25.5
Poland 6 47 7.83
England 5 157 314
Belgium 2 38 19
Canada 2 112 56
Greece 2 8 4

top 10 outbreak intensity was in 2014 (n = 2), and the latest was 2022 (n = 3). The highest outbreak intensity was 3.2. Some
of these articles will be specifically demonstrated in the discussion section (Figure 6D).

Keyword Analysis
The top ten cited keywords included: ankylosing spondylitis (64 times), mesenchymal stem cell (64 times), stromal cell (24
times), differentiation (23 times), osteogenic differentiation (20 times), rheumatoid arthritis (19 times), expression (19 times),
bone formation (11 times), spondyloarthritis (9 times), and therapy (9 times) (Figure 7A). The citation frequency was five or
more for 26 keywords, and 10 or more for 9 keywords. The top ten keywords were noncontact induction, neurite outgrowth,
altered bone remodeling, HLA-B27-mediated activation, mesenchymal stem cell treatment, osteogenic differentiation,
stromal cell, gastrointestinal malignancy, integrative genomic analysis, aberrant TGF-beta activation, and microRNA.
Changes of keywords over time are shown in Figure 7B. The top keywords during the entire index period included

“osteogenic differentiation”, “symptoms” and “biomarkers”, and more recently, “disease”, “osteoporosis”, “systemic

sclerosis” and “transplantation” (Figure 7C).
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Figure 3 Collaboration network among research groups from different countries (node size indicates strength of the collaboration).
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Table 2 Top 10 Institutions with Highest Number of Publications

Institution Publication | Total Citations | Average Citations
Sun Yat Sen University 34 602 17.71
Yonsei University 9 193 21.44
Chinese University Hong Kong 6 204 34
University Lyon | 5 436 87.2
Hanyang University 5 165 33
University Hong Kong 4 214 53.5
Second Mil Med University 4 73 18.25
Johns Hopkins University 3 145 48.34
Shanghai Jiao Tong University 3 45 15
Institution Publication Total citations Average citations

EEINT3

Keywords with increasing burst strength recently included “proliferation” “gene” and “therapy”. Keywords with high

LENT3 2 <

strength (>2) include “spinal cord injury” “necrosis factor alpha” “TNF alpha” “disease” “spondyloarthritis” and “disease

activity” (Figure 7D).

Discussion

Overall, the number of publications pertaining to MSCs in heterotopic ossification in AS is small and the annual growth
fluctuated significantly, suggesting that this is a relatively new field. The higher rate of growth after 2017 suggested
accelerated research activity in the field. The core authors published majority of their research data around 2018. Since
2008, increasing number of authors joined the field. China ranked first in terms of the number of articles published, and
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Figure 4 Collaboration among different institutions (dot size indicates strength of association).
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Table 3 Top Ten Authors in Terms of Publications

Author Publication | Total Citations | Average Citations
Shen, Huiyong 26 456 17.54
Wang, Peng 25 454 18.16
Wau, Yanfeng 25 452 18.08
Xie, Zhongyu 21 335 15.95
Li, Jinteng 16 217 13.56
Cen, Shuizhong 15 226 15.07
Wang, Shan 14 199 14.21
Su, Hongjun 11 240 21.82
Ye, Guiwen 11 118 10.73
Deng, Wen 10 258 25.8

four of the top ten institutions in terms of number of articles published were in China. However, the average citation for

these articles is relatively low, indicating that overall quality of articles in China is relatively low.

In keyword clustering, the largest cluster label was noncontact induction (differentiation of MSCs under stimulation

from local microenvironment and regulatory factors).'' The study of regulators and receptors of MSCs was a hot topic

after 2008. Research content can be summarized as abnormalities in inflammatory microenvironment and abnormalities

in MSC itself.
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Figure 5 Collaboration network among the core authors (size of dots indicates strength of ties, color indicates time of posting).
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Abnormalities in the Inflammatory Microenvironment
The co-citation analysis of Helix keyword analysis revealed a number of relevant clustering tags, including TNF, Treg-

promoted new bone formation, HLA-B27-mediated activation, helper cell subsets, and IL-17. The analysis of outbreak

words revealed spinal cord injury, TNF alpha, activation, and disease activity, all related to the inflammatory micro-

environment, indicating that research on the inflammatory microenvironment accounts for a large part of the research in

this field.
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Th17 cells are capable of secreting the pro-inflammatory factor IL-17, whereas Treg exert their immune effects by
releasing the inhibitory cytokines IL-10 and TGF-B.'? The relationship between MSC and the Th/Treg balance has been
increasingly studied recently.'* In 2011, Wu published the first article on this subject, and reported diminished
immunomodulation capacity of MSC derived from AS patients and its association with Th/Treg imbalance in AS
patients. Wu has since published a total of 25 articles and became the second most published core author in the field
with high citation. T helper cell subsets emerged as the ninth largest label in the field in terms of area when analyzed by
keywords in terms of co-citations. Searching for Th17 cells and Treg cells yielded nine and six publications, respectively.
In 2021, Kuca-Warnawin published a paper in the journal Cell showing that MSC induction in AS patients disrupts Th/
Treg homeostasis, enhances Treg production when co-cultured with peripheral blood single nucleated cells, and may
have a direct pro-inflammatory effect.'* In 2019, Fan showed that Treg in AS patients can promote ossification by
suppressing Th17 cells.'?

TNF-a is a key pro-inflammatory cytokine.'® In 2009, Hess found that TNF-o. mediates NF-kappa B activation to
support osteogenic differentiation and matrix mineralization by increasing BMP-2 expression.'’ In 2011, Lencel found an
association between TNF-o with heterotopic ossification in arthritis.'® In 2013, Briolay showed that anti-TNF-o treatment
could limit the inflammatory phase of AS but is indirectly involved in heterotopic ossification. TNF-a significantly
elevates the levels of Wnt10b and Wnt5a in MSC to stimulate ossification. The role of Wnt5a was not be limited by
DKK-1." Since the publication of these two articles, the role of TNF-a in heterotopic ossification attracted increasing
attention. In 2014, Osta published a review to summarize the role of TNF-a bone stabilization as “classical and
paradoxical effects”.? The DKK-1 regulator and the Wnt pathway associated with TNF-o have also attracted increasing
interest. In 2011, Gisela showed DKK-1 is down-regulated in MSCs and osteoblasts, and activation of the Wnt pathway
and enhanced osteoblast activity in AS patients.”' A total of 33 articles on TNF-o were published in this field, and TNF-o
was the cluster with the largest area in the co-citation analysis of this field and became the outbreak word in this field
from 2015 to 2018 with an outbreak intensity of 2.67.

Bone morphogenetic protein (BMP) is the only cytokine capable of individually inducing the differentiation of
mesenchymal stem cells to osteoblasts and is the most critical factor in bone tissue formation.”> BMPs produce act
mainly by regulating the SMAD pathway. Noggin is a specific antagonist of BMPs, and its expression in osteoblasts is
induced by BMPs.?* In 2009, Lories emphasized the role of BMPs in a variety of bone and joint-related diseases,
including AS, suggesting that inhibition of BMPs may be useful in limiting the progression of AS.'® BMP was one of the
first breakout words in the field, with a total of ten directly related articles. BMP2 began to emerge as a breakout word in
the field in 2019. As early as 1996, Riley studied the role of BMP, and found low concentrations of BMP can induce the
migration of MSCs to the bone tissue formation area; medium concentrations of BMP can promote the differentiation of
MSCs to cartilage and osteoblasts; and high concentrations of BMP can promote the proliferation of MSCs.>* Effects
of BMP-2 vary significantly depending upon its concentration, suggesting a regulatory role for BMP in the full spectrum
of the processes relevant to heterotopic ossification, from homing to differentiation of MSC into osteoblasts. In 2016, Xie
found that MSC from AS patients had enhanced osteogenic differentiation, secreted more BMP and less Noggin, and
inhibition of BMP secretion could alleviate abnormal ossification.”” This article has been cited 56 times. Xie later
became a core author in the field, publishing a total of 12 articles from 2019 to 2022.

Abnormalities in the MSC

With the further development of research on ectopic ossification in AS, researchers have gradually found that the
abnormal osteogenic differentiation of MSC in AS patients is not only related to the abnormal inflammatory environ-
ment, heterotopic ossification in AS is also associated with abnormalities in the MSCs themselves.

Toll-like receptors (TLRs) are pattern recognition receptors that recognize evolutionarily conserved molecules of
pathogenic microorganisms. Activation of TLRs induces a strong immune response, but overt response is detrimental. In
2008, Mo found that TLRs play an important role in the response of MSC to bacterial toxins commonly present in the
human body when they studied the proliferation and osteogenic differentiation of MSC.? Initially, TLR was thought to
participate in innate immunity and seemed to be irrelevant to AS, but subsequent studies suggested otherwise. In 2018, Li
found that both TLR3 and TLR4 were downregulated in AS-MSC, p38 and the ERK MAPK signaling pathway are easier
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to be triggered in AS-MSC.?° In 2021, Li investigated the expression profiles of long non-coding RNAs (IncRNAs) and
messenger RNAs (mRNAs) in TLR4-triggered AS-MSCs, and found that the RNAs with the largest multiplicity of
changes were associated with the NOD-like receptor (NLR) signaling pathway, TNF signaling pathway and NF-Kappa
B signaling pathway.?’

The pathogenesis of AS is strongly correlated with HLA-B27, and abnormalities in the HLA-B27 genotype have been
linked to ectopic ossification. In 2009, Raimo found that in HLA-B27 positive individuals, inflammatory factors released
in genitourinary injuries could act on TLRs in MSC to trigger heterotopic ossification.?® This study found an association
between MSC osteogenic differentiation and AS and recognized that infection-induced inflammation can induce hetero-
topic ossification. More recent studies confirmed a link between HLA-B27 and ectopic ossification in AS, a process that
is associated with the intracellular effects of misfolded HLA-B27%° and spliced X-box-binding protein bl (sXBP1)/
retinoic acid receptor-beta (RARB)/tissue-nonspecific alkaline phosphatase (TNAP) axis pathway correlation.*

Limitations

This study has some limitations. Firstly, only the Web of Science was searched. Secondly, studies published in non-
English language were not included. Thirdly, since bibliometrics measures whether an article is important or not by the
strength of its links to other articles, some content that is important but not widely recognized by researchers may have
been ignored. Fourthly, studies published in 2023 were not included.

Conclusion

MSCs in heterotopic ossification in AS is currently in the early stages of development. Research activity has been
increasingly focused on regulatory factors and pathways, and the treatment of heterotopic ossification via MSC
transplantation. These studies suggest heterotopic ossification in AS involves both abnormal MSCs and pro-
inflammatory cytokines. The proinflammatory factors in the environment promote MSC osteogenic differentiation. AS-
MSC have their own pathological changes that make them more sensitive to the promotional effects of inflammation. In
addition, the proinflammatory nature of AS-MSC can further exacerbate this process. Also, multiple molecular pathways
interact with each other to form a complex network.
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