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Abstract

The art of constructing an insightful literature review manuscript has witnessed
an exemplar in the work of Oz et al (2023), wherein concept progression har-
moniously merges with figures and tables. Reflecting on retrospective data
science, it is evident that well-cited articles can wield a transformative influence
on the Journal Citation Reports Impact Factor score, as exemplified by Robert
Weinberg’s landmark on cancer (Hanahan and Weinberg, 2011). Here, we aim to
spotlight a commendable contribution by Tuba Oz, Ajeet Kaushik, and
Matgorzata Kujawska in this issue while pivoting towards identifying the
hallmarks of a subpar literature review-elements that hinder rather than promote
advancement. The hurdles and roadblocks encountered within subpar literature
reviews are multifold. Anticipation of emerging trends, identification of
challenges, and exploration of solutions remain conspicuously absent. Original
Contributions fail to surface amidst the vast sea of pre-existing literature, with
noticeable gaps amplified by the lack of illustrative figures and tables. The
manuscript, at times, assumes a skeletal form, reflecting an attempt to accom-
modate an excess of references, leading to convoluted sentences laden with
citations. In contrast, a potent solution lies in adopting a comprehensive
approach. A nuanced and critical evaluation of sources can culminate in a robust
discussion, surpassing the mere summarization of conclusions drawn by others.
This approach, often dismissed, holds the potential to elevate clarity, coherence,
and logical flow, ultimately inviting engaged readership and coveted citations.
The critical necessity of integrating visionary insights is underscored and
achieved through a rigorous analysis of pivotal concepts and innovative ideas.
Examples can be harnessed to elucidate the application of these solutions. We
advocate a paradigm shift, urging literature review writers to embrace the
readers’ perspective. A literature review’s purpose extends beyond providing a
comprehensive panorama; it should illuminate avenues for concept development
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within a specific field of interest. By achieving this balance, literature reviews stand to captivate a devoted
readership, paving the way for manuscripts that are both widely read and frequently cited. The pathway forward
requires a fusion of astute analysis and visionary insights, shaping the future of literature review composition.

Key Words: Literature review; Concept progression; Data science; Journal Citation Reports Impact Factor; Original
contributions; Comprehensive approach; Clarity and coherence; Visionary insights; Reader engagement; Concept development

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This manuscript highlights a remarkable literature review, demonstrating a seamless fusion of concept progression
with figures and tables. Reflecting on data science, it reveals how influential articles can impact the Journal Citation Report
Impact Factor. We focus on identifying elements hindering effective literature reviews. Key challenges include absent trend
anticipation, gaps in original contributions, and skeletal content. To address this, we propose a comprehensive approach
involving critical evaluation, fostering clarity, coherence, and reader engagement. Integration of visionary insights and
examples further enhances the impact, emphasizing the importance of concept development and paving the way for
influential literature reviews.

Citation: Li SC. Mastering the craft: Creating an insightful and widely-cited literature review. World J Stem Cells 2023; 15(8): 781-
786

URL: https://www.wjgnet.com/1948-0210/full/v15/i8/781.htm

DOI: https://dx.doi.org/10.4252/wjsc.v15.i8.781

INTRODUCTION

As an editor-in-chief and academic editor, I have not read an insightful literature review until now[1], which came with
concept progression well illustrated in figures and tables. Second, retrospective data science revealed a few well-cited
articles elevated a Journal Citation Reports Impact Factor score tremendously, e.g., the hallmarks of Cancer by Robert
Weinberg, accumulating 69346 citations[2]. Thus, I would like to point out a good one in this issue by Tuba Oz, Ajeet
Kaushik, and Malgorzata Kujawska, which might help extrapolate some elements from their writing. However, rather
than talk about good elements, I wanted to illustrate the list of inferior elements: The elements that construct a sub-
standard literature review, as my conviction was that spotting roadblocks and putting forth measures to tackle those help
take success to a higher level.

HURDLES AND ROADBLOCKS

The manuscript text lacked anticipation of any trends, failed to identify or provide answers to particular challenges or
problems, and did not identify any leading problems or exceptional opportunities in the sub-field. Given the abundance
of existing literature in the field, no original contributions were apparent in the content. Additionally, there seemed to be
general gaps in the material, particularly evident in the absence of figures and tables.

Certain sections of the text appeared to be very sketchy, giving the impression that the manuscript was significantly
cut down to include over 100 references, and specific sentences crowded cited up to 10 references in one phrase without
details on what was about each reference. Instead of merely describing conclusions drawn by other authors, i.e.,
regurgitating the known facts and data, the authors did not propose their insightful themes based on updating the article
by engaging in a more thorough analysis of key concepts and ideas to explore uncharted water, by asking new questions
and offering innovative speculations.

The final obstacle in our pursuit was intricately related to the meticulous referencing of the primary data articles. It
went beyond the straightforward act of merely acknowledging the sources; it encompassed the intricate task of accurately
framing distinct data sets and explicitly attributing terminologies to their original sources. This presented a distinct
challenge: The emergence of crowd-group-article citing, where up to seven citations were amalgamated within a single
sentence or even a solitary phrase.

CIRCUMVENTING HURDLES IN THE ROAD LEADS TO WELL-READ AND FREQUENTLY-CITED
MANUSCRIPTS IN A LITERATURE REVIEW

This flush-out thinking would involve drawing on a range of relevant sources to produce a detailed and insightful
discussion. Such critical analysis would be preferable to the alternative of simply summarizing the conclusions drawn by
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others. If addressed, all the above elements, particularly the visionary element, might lead to better clarity, coherence, and
logical flow, which earns readership and citations. I could illustrate how to overcome these hurdles with examples. My
conviction: Advancements in literature review manuscripts require vision, foresight, assiduity, tenacity, determination,
and the unwavering courage to go where others fear and hesitate. Why not? Why not consider the unimaginable? It is
often claimed that success comprises 99% hard work and 1% inspiration: Both are essential, and neither is a minus.

“Imagination is far more important than knowledge”. These profound words, which sprang from the mind of a genius
named Albert Einstein, reverberate through the halls of time, lighting a flame of inspiration that guides us beyond the
limitations of what we know. Einstein tells us that the power of imagination is the lighthouse that lights up new horizons,
which is a crucial point to remember in a society where facts and data often take center stage.

Consider the following: Every spectacular discovery, every extraordinary creation, and every creative leap began in the
limitless world of the human imagination. Knowledge provides us with the instruments to comprehend, but imagination
gives us the wings to transcend. Such a wing’s power propels us sky-high to bird-view unexplored territory and invites
us to dance on the edge of the known while welcoming us to embrace the mysteries that lie beyond.

Then there are inquiries, which are unassuming yet powerful forces that propel forward-growth. “Asking questions is
more important than knowledge”, remarked Albert Einstein. How accurately this is said! The very act of questioning, of
attempting to understand the complexities of the cosmos, is a declaration of both our intrinsic curiosity and our
unyielding willpower to learn more. Questions kindle the flame of discovery, taking us down roads we’ve never traveled
before and opening the door to worlds we would never have imagined were possible.

Imagine a world in which people simply accepted what they already knew without any attempt to learn more or to
satisfy their natural curiosity. In such a world, there would be no development or invention, and people would just sit
about doing nothing productive. But we are not content to live in that reality because we are driven by an insatiable
appetite to learn more, to understand better, and to elevate ourselves beyond the confines of the present. This hunger
compels us to seek out new information and new perspectives.

The words of Albert Einstein are a tribute to the reality that knowledge is a basis but that imagination and inquiry are
the wings that propel us to new heights. Knowledge is a foundation. Therefore, let us not be afraid to fantasize beyond
the bounds of what is already known. Let us use the power of imagination to conceive of worlds that have not yet been
seen and possibilities that have not yet been investigated. And let us never stop asking questions; for by doing so, we
create the path for a future that is brighter, bolder, and bursting with the grandeur of human potential. Let us never stop
asking questions.

Along the line of referencing, the challenge was not only ensuring accurate citations but also preserving the content’s
clarity and flow. The risk of overwhelming the reader with an excess of citations was ever-present, demanding a judicious
selection process. Each citation had to be carefully evaluated for its relevance and its ability to enhance the understanding
of the topic under discussion. Navigating this obstacle required a delicate balance between comprehensive acknow-
ledgment and maintaining the coherence of the narrative. It necessitated the establishment of a coherent thread that
seamlessly interwove the multitude of sources while upholding the integrity of the information presented. The
complexity lay in recognizing that each citation represented a distinct facet of the overarching concept, contributing a
unique perspective to the discourse. It necessitated precision in language, strategic distribution of citations, and a
steadfast commitment to maintaining clarity. This intricate dance between referencing and readability was a testament to
our dedication to scholarly rigor while delivering information in a manner that was accessible and engaging to our
audience. Through this process, we not only conquered the hurdle of crowd-group citing but also upheld the standards of
meticulous scholarship in our work.

THE EXAMPLES

The first classical example is the literature review “the hallmarks of Cancer” by Robert Weinberg and his collaborator
Douglas Hanahan. They proposed six elements, including maintaining proliferative signaling, evading growth inhibitory
signals, resisting programmed cell death, facilitating perpetual replication potential, inducing the formation of new blood
vessels (angiogenesis), and triggering processes of cellular invasion and metastasis as the hallmarks of cancer in 2010[3],
earning 41039 citations. Two underlying causes are fundamental to acquiring these hallmark traits: Genomic instability,
which drives the rapid accumulation of genetic variants, and inflammation, which supports several hallmark activities.
Beyond the boundaries of the cancer cells themselves, tumors add another level of complexity due to the presence of a
group of cells that, on the surface, appear normal but are actually recruited to help the tumor develop its distinctive traits.
This environment is known as the “tumor microenvironment”. It is hoped that acknowledging these concepts’ broad
applicability would substantially impact the development of cutting-edge methods for battling human cancer.

Over the past ten years, there has been a remarkable surge of innovation in our understanding of fundamental
concepts beyond the original six-element hallmarks. This period of intellectual evolution has unveiled a pair of promising
new frontiers that hold the key to widespread applicability. These cutting-edge developments, akin to beacons
illuminating uncharted territory, encompass the manipulation of energy metabolism and the art of outwitting the
immune system’s defenses, resulting in eight hallmarks of Cancer by Robert Weinberg, accumulating 69346 citations[2].

The canvas of knowledge has been enriched by an exciting brushstroke, as reprogramming the intricate dance of
energy within cells emerges as a captivating endeavor. Imagine orchestrating a symphony within the microscopic realm,
fine-tuning the metabolic pathways that govern life’s essence as spatiotemporal regulation[4]. This spatial omics biology
endeavor promises not only to enhance our ability to engineer solutions to a spectrum of challenges but also to unlock the
potential for revitalizing weary cells, paving the way for novel therapies and rejuvenation.

WJSC | https://www.wjgnet.com 783 August 26,2023 | Volume15 | Issue8 |

Jaishideng®



Li SC. Hurdles in writing a literature review

In parallel, we witness a daring expedition into the realm of immune evasion-a pursuit that mirrors the cunning
strategies of spies and adventurers. Just as an artful rogue slips through the clutches of pursuers, scientists are unraveling
the enigmatic mechanisms that allow specific cells to evade the immune system’s watchful eye, in particular, Carl June’s
invention of chimeric antigen receptor T cells immunotherapy (5702 citations)[5] in a designer fashion[6]. This tantalizing
avenue opens avenues to fortifying our defenses against diseases, enabling medical interventions to bypass the barricades
that often hinder treatment progress.

Together, these eight emergent pillars of insight symbolize a profound transformation in our comprehension of
cancer’s intricate dance. They beckon us to a landscape where creativity interlaces with knowledge, inviting us to craft
innovative solutions, reinvigorate cellular vitality, and conquer challenges once deemed insurmountable. As we embark
on this exhilarating voyage of discovery, the horizons of possibility stretch ever wider, promising a future enriched by the
fusion of imagination and scientific achievement. All of the above visional elements earned 69346 citations, much higher
than their previous 2000’s article, which had 41039 citations on August 7, 2023, reflecting the conceptual development
that attracts the increased readership.

The second example of a highly specialized and small domain is my own research to illustrate some visional elements
by proposing new terminologies. We applied a new method that has been well used (1207 citations)[7]. We presented two
new terminologies, the caveolin scaffolding domain (CSD) (969 citations)[8] and the CSD binding motif (CBM) (1129
citations)[9]. Both CSD and CBM have been well studied, which led to assistance to therapeutic development like
albumin-bound (nab) paclitaxel (nab-paclitaxel; Abraxane), a $2.9 billion platform of cancer drug delivery by Patrick
Soon-Shiong[10]. They further found that elevated levels of CAV1/2 expression are linked to poorer disease-free survival
(DFS) and overall survival (OS) outcomes among individuals treated with paclitaxel. In contrast, among patients treated
with nab-paclitaxel, heightened CAV1/2 expression appears to correlate with improved pathologic complete response
rates while not imposing a significant negative impact on DFS or OS when compared to individuals with lower CAV1/2
expression levels[11]. This example manifested the conceptual development that prompted therapeutic development,
followed by clinical validations.

The third approach is to propose a broad application of an envisioned technology. We hypothesized that “Hunting
down the dominating subclone of cancer stem cells as a potential new therapeutic target in multiple myeloma: An
artificial intelligence perspective” (16 citations)[12]. We also postulated “A biological global positioning system (bGPS):
Considerations for tracking stem cell behaviors in the whole body”, with eight elements to fulfill stem cell therapies (74
citations)[13]. Specifically, in response to monitoring the detrimental effects of stem cell therapies, we have outlined an
all-encompassing bGPS designed to monitor the trajectory of transplanted stem cells. This system incorporates eight
essential components, each meticulously tailored to ensure the efficacy of stem cell transplantation (SCT). These
components encompass the following: (1) Sensitivity for single cell detection; (2) real-time positioning; (3) an inducible
system; (4) retractable; (5) targeted and durable; (6) monitoring cell fate; (7) compliant with the FDA GMP guidelines for
clinical applications; and (8) quantification capacity. By integrating these eight critical attributes, our proposed biological
GPS not only addresses the aforementioned challenges but also provides a comprehensive framework for effectively
tracking and assessing the transplanted stem cells during SCT. This holistic approach underscores our commitment to
establishing a robust and clinically compliant solution that ensures the success of stem cell transplantation and holds the
potential to enhance the field of regenerative medicine significantly. Future experimentation is needed to achieve the
predictions.

The final approach could be to point out that some limitations exist in the current trend of studies. We pointed out that
“Cancer genomic research at the crossroads: Realizing the changing genetic landscape as intratumoral spatial and
temporal heterogeneity becomes a confounding factor” (44 citations)[14], thereby conjuring up hope for improvements
through identifying potentials and challenges (76 citations)[15]. The manuscript led to sum up with specific solutions,
such as “Control dominating subclones for managing cancer progression and posttreatment recurrence by subclonal
switchboard signal: Implication for new therapies”-a key to two Nature articles and related column of “News & View” on
the issue (28 citations)[16]. All of these thoughtful articles prompted the spatial and temporal intervention strategies of
various diseases with the integration of machine learning models[17].

THE METRICS

We want to emphasize that while journal impact factors matter less, the impact of being cited does. An insightful remark
during a prestigious award presentation caught attention: Physicists with 2000 citations or more fall within the top 1%
globally. This figure corresponds to around 210 citations annually over a decade. Interestingly, citation thresholds vary by
field, and approximately 44% of published manuscripts remain uncited. Strikingly, almost half of published manuscripts
go uncited, and just a single citation places a manuscript near the upper half. Accumulating 10 citations elevates an article
into the top quartile while surpassing 100 citations propels a paper to the top 1.8%. The crucial takeaway is that the
average number of citations per manuscript tends to remain below 10 (Refer the details to Scott D. Weingart, MD: http
s:/ /Lucbeaulieu.com/2015/11/19/how-many-citations-are-actually-a-lot-of-citations/) and (https:/ /renaissance.stonybr
ookmedicine.edu/emergencymedicine/faculty / Weingart).

The database Thomson Reuters Web of Science’s average number of citations per article published in scientific journals
is as follows (URL: Web of Science Core Collection-Clarivate) using algorithms[18] and based on 4 million authors and 26
million scientific papers that span 15 years and 118 scientific disciplines[19] (Table 1).

WJSC | https://www.wjgnet.com 784 August 26,2023 | Volume15 | Issue8 |

Jaishideng®


https://Lucbeaulieu.com/2015/11/19/how-many-citations-are-actually-a-lot-of-citations/
https://Lucbeaulieu.com/2015/11/19/how-many-citations-are-actually-a-lot-of-citations/
https://renaissance.stonybrookmedicine.edu/emergencymedicine/faculty/Weingart
https://renaissance.stonybrookmedicine.edu/emergencymedicine/faculty/Weingart

Li SC. Hurdles in writing a literature review

Table 1 Average number of citations per article

Disciplines Citations

Life sciences and medicine 6 to 30 citations

Physical sciences and engineering 5 to 20 citations

Social sciences 5 to 15 citations

Humanities, including literature, history, and philosophy 1 to 5 citations
CONCLUSION

In summary, authors should keep the readers’ perspective in mind: Why did they come to read a literature review? A
literature review should shed new light on concept development in a particular field. Not only does it offer a compre-
hensive snapshot of an area of interest, but it also provides promising directions for exploring questions. Both are
essential; neither is minor to drum up an enthusiastic readership, leading to well-read and frequently-cited manuscripts
in a literature review.
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Abstract

BACKGROUND

The immunosuppressive capacity of mesenchymal stem cells (MSCs) is dependent
on the “license” of several proinflammatory factors to express immunosup-
pressive factors such as programmed cell death 1 ligand 1 (PD-L1), which
determines the clinical therapeutic efficacy of MSCs for inflammatory or immune
diseases. In MSCs, interferon-gamma (IFN-y) is a key inducer of PD-L1
expression, which is synergistically enhanced by tumor necrosis factor-alpha
(TNF-a); however, the underlying mechanism is unclear.
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AIM
To reveal the mechanism of pretreated MSCs express high PD-L1 and explore the application of pretreated MSCs
in ulcerative colitis.

METHODS

We assessed PD-L1 expression in human umbilical-cord-derived MSCs (hUC-MSCs) induced by IFN-y and TNF-q,
alone or in combination. Additionally, we performed signal pathway inhibitor experiments as well as RNA
interference experiments to elucidate the molecular mechanism by which IFN-y alone or in combination with TNF-
a induces PD-L1 expression. Moreover, we used luciferase reporter gene experiments to verify the binding sites of
the transcription factors of each signal transduction pathway to the targeted gene promoters. Finally, we evaluated
the immunosuppressive capacity of hUC-MSCs treated with IFN-y and TNF-a in both an in vitro mixed
lymphocyte culture assay, and in vivo in mice with dextran sulfate sodium-induced acute colitis.

RESULTS

Our results suggest that IFN-y induction alone upregulates PD-L1 expression in hUC-MSCs while TNF-a alone
does not, and that the co-induction of IFN-y and TNF-o promotes higher expression of PD-L1. IFN-y induces hUC-
MSCs to express PD-L1, in which IFN-y activates the JAK/STAT1 signaling pathway, up-regulates the expression
of the interferon regulatory factor 1 (IRF1) transcription factor, promotes the binding of IRF1 and the PD-L1 gene
promoter, and finally promotes PD-L1 mRNA. Although TNF-a alone did not induce PD-L1 expression in hUC-
MSCs, the addition of TNF-a significantly enhanced IFN-y-induced JAK/STAT1/IRF1 activation. TNF-a up-
regulated IFN-y receptor expression through activation of the nuclear factor kappa-B signaling pathway, which
significantly enhanced IFN-y signaling. Finally, co-induced hUC-MSCs have a stronger inhibitory effect on
lymphocyte proliferation, and significantly ameliorate weight loss, mucosal damage, inflammatory cell infiltration,
and up-regulation of inflammatory factors in colitis mice.

CONCLUSION
Overall, our results suggest that IFN-y and TNF-a enhance both the immunosuppressive ability of hUC-MSCs and
their efficacy in ulcerative colitis by synergistically inducing high expression of PD-L1.

Key Words: Human umbilical-cord-derived mesenchymal stem cells; Programmed cell death 1 ligand 1; Immunomodulation;
Interferon-gamma; Tumor necrosis factor-alpha; Ulcerative colitis

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Our study showed that interferon-gamma (IFN-y) and tumor necrosis factor-alpha (TNF-a) significantly induced
programmed cell death protein 1 ligand 1 (PD-L1) expression in human umbilical-cord-mesenchymal stem cells (hUC-
MSCs), and pretreated hUC-MSCs exhibited stronger immunomodulatory capacity. Signaling pathway analysis showed that
TNF-a up-regulated IFN-y receptor expression in hUC-MSCs through nuclear factor kappa-B pathway, and then promoted
IFN-y -mediated activation of JAK/STAT1/interferon regulatory factor 1 pathway and PD-L1 expression. In ulcerative
colitis mice, hUC-MSCs pretreated with IFN-y and TNF-a exhibited stronger immunosuppressive ability through high
expression of PD-L1, effectively inhibited the inflammation in the colon of mice.
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INTRODUCTION

Mesenchymal stem cells (MSCs) are multipotent adult stem cells present in multiple tissues, including the umbilical cord,
bone marrow, and fat tissue. MSCs can self-renew by dividing and differentiating into multiple tissues, including bone,
cartilage, muscle, fat cells, and connective tissue[1]. In addition, MSCs have a strong immunomodulatory capacity,
exerting both anti-inflammatory and pro-inflammatory effects[2]. Owing to their immunosuppressive function, MSCs are
widely used to treat various inflammatory and autoimmune diseases, including inflammatory bowel disease, rheumatoid
arthritis, pulmonary fibrosis, and systemic sclerosis[3-6]. However, the current clinical efficacy of MSCs transplantation
(MSCT) is highly variable among individuals, even for the same autoimmune disease[7]. In general, the immunosup-
pressive function of MSCs depends on the licensing of the proinflammatory factor-mediated immunological microenvir-
onment[8,9]. The individual differences in the clinical efficacy of MSCT might be explained by the substantial individual
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variations in the pro-inflammatory factor-mediated immunological microenvironment at different stages of disease
development in patients with inflammatory or autoimmune diseases. Therefore, to improve the therapeutic efficacy of
MSCT in these diseases, there is an urgent need to explore the licensing mechanism of the immunosuppressive function
of MSCs and to establish an optimal strategy for inducing and maintaining immunosuppressive MSCs.

It is currently believed that immunosuppressive MSCs induced by pro-inflammatory factors inhibit the activity of
various immune cells by secreting many soluble immunosuppressive factors, such as indoleamine 2,3-dioxygenase (IDO).
They also express many immunosuppressive receptors, such as programmed cell death 1 ligand 1 (PD-L1), which
functions in a cell-to-cell contact manner[10,11]. Programmed cell death 1 (PD-1) is an immune-inhibitory receptor
expressed in activated T cells, which binds to PD-L1 and can inhibit proliferation, induce apoptosis, and restore the
subgroup balance of T cells[12]. PD-1/PD-L1 are important immune checkpoint molecules that play a pivotal role in
tumor immune escape[13]. Emerging evidence suggests that PD-1/PD-L1 dysfunction is also involved in the immune
hyperactivity observed in multiple autoimmune and inflammatory diseases[14,15]. Additionally, PD-L1 plays an
important role in the immunosuppressive capacity of MSCs, inhibiting the activation of the immune response in a variety
of ways. This includes reducing the release of inflammatory factors, the proliferation and activation of T cells, and the
Th17-mediated autoimmune response, as well as augmenting the generation of regulatory T cells (Tregs)[15-17].
Therefore, to improve the therapeutic efficacy of MSCs for inflammatory or autoimmune related diseases, there is an
urgent need to clarify the regulatory mechanism of PD-L1 expression in MSCs and to establish an optimal strategy for
inducing and maintaining this expression.

Interferon-gamma (IFN-y) alone has been suggested to upregulate PD-L1 expression in MSCs at low levels, although
the specific mechanism remains unclear[18]. It is also unclear whether a combination of proinflammatory factors can
synergistically enhance PD-L1 expression in MSCs and their immunosuppressive function. Notably, researchers have
recently demonstrated that the immunosuppressive capacity of MSCs depends on stimulation by IFN-y, and the effect
can be amplified further by cytokines, such as tumor necrosis factor-a (TNF-a)[4,19]. In addition, Li et al[20] recently
reported that TNF-o can enhance the IFN-y-induced PD-L1 expression in hepatocellular carcinoma cells. Such findings
suggest that TNF-a could also enhance IFN-y-induced PD-L1 expression in MSCs. In the present study, we first
confirmed that IFN-y induced human-umbilical-cord-MSCs (hUC-MSCs) express PD-L1 through the JAK/STAT1/IRF1
pathway. Second, we observed that TNF-a synergistically enhanced PD-L1 expression induced by IFN-y in hUC-MSCs.
TNF-o also upregulated IFN-y receptor 1 (IFNGR1) expression through the nuclear factor kappa-B (NF-«B) signaling
pathway to promote IFN-y/IFNGR/STAT1/ interferon regulatory factor 1 (IRF1)/PD-L1 signaling axis activation.
Finally, based on an in vitro lymphocyte mixing experiment and an in vivo dextran sulfate sodium (DSS)-induced acute
colitis mouse model, we found an optimal strategy of enhancing the immunosuppressive capacity of hUC-MSCs by
licensing with IFN-y and TNF-a. The results not only elucidate the specific molecular mechanism by which the IFN-y and
TNF-a combination enhances the immunosuppressive function of MSCs, but also provide a theoretical basis for
improving the therapeutic efficacy of MSCT in future clinical applications.

MATERIALS AND METHODS

Culture and treatment of hUC-MSCs

All hUC-MSCs were provided by the FuMei Stem Cell Biotechnology Company (Chongging, China). The hUC-MSCs
used in the present study were identified by flow cytometry and three-lineage differentiation culture. The results showed
that the hUC-MSCs had the correct molecular phenotype and three-lineage differentiation potential (Supple-
mentary Figure 1). All hUC-MSCs used in the experiment were derived from passages 3 to 7. hUC-MSCs were cultured
and stimulated in serum-free medium (LONZA). To measure the induction of PD-L1 expression, hUC-MSCs were
incubated with human IFN-y, TNF-a or both (Peprotech, United States). After 4 h of culture, the cells were harvested for
mRNA expression analysis using quantitative real-time PCR (qQRT-PCR). After 24 h of culture, they were harvested for
protein expression analysis by western blot or flow cytometry.

Quantitative Real-time PCR

Total RNA was extracted from hUC-MSCs using Trizol (Sigma, T9424), and reverse transcribed into cDNA using
HiScript® II Q RT SuperMix for qRT-PCR (+gDNA wiper) (Vazyme, China). The qRT-PCR assay was performed using
ChamQ Universal SYBR qRT-PCR Master Mix (Vazyme, China). All qRT-PCR experiments were independently repeated
three times. All primer sequences used for qRT-PCR are listed in Supplementary Table 1.

Flow cytometry

The hUC-MSCs were prepared as single-cell suspensions and stained for 30 min at room temperature. PD-L1-FITC
antibody (BD Pharmingen, 558065), IFNGR1-PE antibody (BD Pharmingen, 558937), FITC isotype control antibody (BD
Pharmingen, 555742), or PE isotype control antibody (BD Pharmingen, 555749) were used to quantify the expression of
PD-L1 or IFNGR1 in hUC-MSCs. CD29-PE antibody (BD Pharmingen, 555443), CD34-PE antibody (BD Pharmingen,
555822), CD44-PE antibody (BD Pharmingen, 555479), CD45-PE antibody (BD Pharmingen, 555483), CD73-PE antibody
(BD Pharmingen, 550257), CD90-PE antibody (BD Pharmingen, 555596), and CD105-PE antibody (BD Pharmingen,
560839) were used to identify hUC-MSCs. Our gating strategy was to select active hUC-MSCs groups. Flow cytometry
was performed using a NovoCyte flow cytometer (ACEA Biosciences).
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Western blot analysis

Western blot assay was performed to observe changes in relative protein content. Whole cell proteins were extracted from
cells using radioimmunoprecipitation assay strong lysate (Beyotime Biotechnology, P0013). The cell lysates from each
sample were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto
polyvinylidene fluoride (PVDF) membranes. The PVDF membranes were blocked with 5% skim milk in TBST for 60 min,
incubated with primary antibodies and then with secondary antibodies conjugated with horseradish peroxidase (HRP),
and developed using a chemiluminescence HRP substrate (Millipore, WBKLS0100). The primary antibodies used were
PD-L1, IFNGR1, JAK1, p-JAK1, JAK2, p-JAK2, STATI, p-STAT1, IRF1, IKKa, IKKB, p-IKKa/B, IKBa, p-IKBa, p65, p-p65,
and B-tubulin (1:1000, CST). The secondary antibodies were goat anti-rabbit IgG and goat anti-mouse IgG (1:10000, CST).

Signaling inhibition assay

To investigate the signaling pathways activated by IFN-y or TNF-a in hUC-MSCs, we used the reagents: Ruxolitinib (10
M) and BAY11-7082 (10 pM) (Selleckchem). After 30 min of pretreatment with the inhibitors, hUC-MSCs were co-
cultured with IFN-y, TNF-a, or IFN-y plus TNF-a for 4 h or 24 h. The cells were collected for further investigation. The
control cells were treated with these cytokines and DMSO.

Small interfering RNA assay

To identify the key pathway molecules involved in the inducible expression of PD-L1 or IFNGR1, a specific Small
interfering RNA (siRNA) assay was performed. The siRNA synthesized by RiboBio Company (Guangzhou, China) have
proven effective and were thus used in the siRNA assay (Supplementary Figure 2). The siRNAs were transfected into
hUC-MSCs using Lipofectamine RNAIMAX transfection reagent (Life Technologies, United States) according to the
manufacturer’s protocol. After 24 h of transfection, the hUC-MSCs were treated with cytokines for 4 h or 24 h. They were
then harvested and subjected to qRT-PCR analysis or western blot.

Gene promoter activity assay

Vector plasmids, IRF1 promoter plasmids, p65 promoter plasmids, PD-L1 promoter plasmids, IFNGR1 promoter
plasmids, PD-L1 promoter point mutation plasmids, and IFNGR1 promoter point mutation plasmids were purchased
from OBiO Technology (Shanghai). 293T cells were cultured in plates and transfected with the plasmids by DNA
transfection reagent (NEOFECT, China) according to the manufacturers’ instructions. Fluorescence intensity was
determined using a Dual Luciferase Reporter Gene Assay Kit (Beyotime) according to the manufacturer’s instructions.

Cell proliferation assay

Cell proliferation was analyzed using the Cell Counting Kit-8 (CCK-8) assay. The hUC-MSCs were plated in six-well
plates (1 x 10° cells per well) and cultured for 24 h. Subsequently, the CCK-8 reagent (Beyotime Biotechnology, China)
was added to each well, according to the manufacturer’s instructions. The absorbance of each well at 450 nm was
measured using an ELX808 microplate reader (Biotek, United States).

Cell apoptosis assay

Apoptotic hUC-MSCs were detected using the Annexin V-FITC/PI Apoptosis Detection Kit and Annexin V-APC/PI
Apoptosis Detection Kit (KeyGEN BioTECH, China). The hUC-MSCs were plated in six-well plates (1 x 10° cells per well)
and cultured for the indicated time. After TNF-a stimulation for 24 h, all hUC-MSCs were stained by Annexin V and P,
according to the manufacturer’s instructions. Afterward, the cells were evaluated using the NovoCyte flow cytometer.
The percentage of apoptotic hUC-MSCs was determined by the sum of Annexin V positive cells.

IFNGR1 overexpression assay

IFNGR1-overexpressing lentiviruses were purchased from Shanghai OBiO Technology. The lentivirus infection
procedures were modified from a previously published protocol[21]. After IFNGR1-overexpressed hUC-MSCs were
successfully constructed using IFNGR1-overexpressing lentivirus, we used small interfering RNA (siRNA) to interfere
with the p65 expression in cells. PD-L1 mRNA expression was detected by qRT-PCR assays after induction by IFN-y or
TNF-a for 4 h.

PBMCs isolation and proliferation assays

Peripheral blood samples were obtained from healthy donors. Peripheral blood mononuclear cells (PBMCs) were isolated
using a human peripheral blood lymphocyte separation tube (Dakewe, China), activated by monoclonal anti-human CD3
antibody (Acro, United States), and stained with 10 mmol/L 5-(and-6)-carboxyfluorescein diacetate succinimidyl ester
(CFSE, Beyotime, China). CFSE-labeled PBMCs (1 x 10° cells/well) were co-incubated with hUC-MSCs at a ratio of 10:1 in
the presence of 100 IU/mL IL2. After co-culturing for 3 d, the proliferation of PBMCs was analyzed using flow cytometry.

DSS-induced colitis and treatment

C57BL/ 6] mice were purchased from the Weitong Lihua Experimental Animal Technology Company (China). The animal
protocol was designed to minimize pain or discomfort to the animals. The animals were acclimatized to laboratory
conditions (23 °C, 12 h/12 h light/dark, 50% humidity, ad libitum access to food and water) for 2 wk prior to experi-
mentation. Mice were randomly assigned to six experimental groups: WT, DSS, DSS + MSCs, DSS + IT-MSCs (IT-MSCs:
hUC-MSCs treated with IFN-y and TNF-a), DSS + IT-MSCs + iso antibody, and IT-MSCs + PD-L1 antibody (atezol-
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izumab, Selleck). In the DSS, DSS + MSCs, DSS + IT-MSCs, DSS + IT-MSCs + iso antibody, and IT-MSCs + PD-L1
antibody groups, acute colitis was induced in mice by the addition of 4% (w/v) DSS (40 kDa, MP Biomedicals) to the
drinking water for 7 d, until euthanasia. The WT group received drinking water only. All mice were weighed daily. On
day 3, mice from the DSS + MSCs, DSS + IT-MSCs, DSS + IT-MSCs + iso antibody, and IT-MSCs + PD-L1 antibody groups
were transfused with 1 x 10° hUC-MSCs via the tail vein, and the other mice were transfused with equal amounts of saline
via the tail vein. Mice in the IT-MSCs group were transfused via the tail vein with 1 x 10° hUC-MSCs previously treated
with IFN-y and TNF-a for 24 h. The hUC-MSCs of the DSS + IT-MSCs + iso antibody group and the DSS + IT-MSCs+PD-
L1 antibody group were treated with IFN-y, TNF-o, isotype antibody or PD-L1 antibody for 24 h. After seven days of
induction, the mice were sacrificed by cervical dislocation, and their colons were collected.

Colon histopathology analysis

For histological analysis, colon samples were fixed with 4% paraformaldehyde (Beyotime, P0099) for 24 h and embedded
in paraffin for hematoxylin and eosin staining, as previously described[22]. We evaluated the histopathological scores of
colon tissue using a combination of inflammatory cell infiltration and epithelial damage to the colon[22].

Colon immunohistochemistry analysis

Immunohistochemistry was performed on paraffin embedded sections of colon samples. The sections were incubated
with anti-CD4 (Abcam, 1:1000) or anti-CD11b (Abcam, 1:4000) at 4 °C overnight and with anti-rabbit IgG and HRP-linked
antibody (CST, 1:50) for 60 min. Immunoreactivity was analyzed with a microscope (Olympus CKX31). The total number
of CD4 or CD11b positive cells in each of four nonadjacent fields of view was counted per colon sample.

Myeloperoxidase activity assay

We performed a myeloperoxidase (MPO) activity assay to determine the number of neutrophils in the colon tissue. The
MPO activity kit was purchased from Jiancheng (Nanjing, China, A044-1-1). We determined the level of MPO activity in
the colon tissue following the protocol recommended by the manufacturer. The absorbance of each well was evaluated
using an ELX808 microplate reader.

Enzyme linked immunosorbent assay

The concentrations of TNF-a, IFN-y, and IL-6 secreted by mice with acute colitis were determined by enzyme linked
immunosorbent assay (ELISA). The TNF-a, IFN-y, and IL-6 ELISA kits were purchased from Boster (Wuhan, Hubei
Province, China), and were used according to the manufacturer’s instructions. The absorbance of each well was evaluated
using an ELX808 microplate reader.

Statistical analysis

The results are shown as mean * SD. Statistical analyses were performed using GraphPad Prism v8.4.2 (GraphPad
Software Inc., San Diego, CA, United States). Student’s unpaired t-test and one-way analysis of Variance were used to
determine significant differences between groups. Statistical significance was set at P < 0.05.

RESULTS
IFN-y induced the expression of PD-L1 in the hUC-MSCs

IFN-y induces MSCs to express PD-L1, which exerts an immunosuppressive effect. In the present study, we further
investigated the effect of IFN-y on PD-L1 expression in hUC-MSCs. And hUC-MSCs were treated with either different
concentrations of IFN-y or fixed concentrations of IFN-y for different time periods. PD-L1 expression in hUC-MSCs was
detected using qRT-PCR, western blot, and flow cytometry. After treating hUC-MSCs with variable concentrations of
IFN-y for 24 h, the results showed that when the concentration of IFN-y was 20 ng/mL, PD-L1 expression increased
significantly; it was the highest under 100 ng/mL IFN-y (Figure 1A-C). Moreover, PD-L1 mRNA expression induced by
20 ng/mL IFN-y began to increase 2 h after stimulation, and was the highest at 4 h (Figure 1D). The total and membrane
protein levels of PD-L1 in hUC-MSCs peaked at 24 h (Figure 1E and F). Based on the results above, we used 20 ng/mL
IFN-y stimulation for 4 h for follow-up qRT-PCR experiments, and 20 ng/mL IFN-y stimulation for 24 h for western blot
or flow cytometry experiments. The results confirmed that IFN-y induced PD-L1 expression in hUC-MSCs.

IFN-y upregulated PD-L1 expression through the JAK/STAT1/IRF1 pathway in hUC-MSCs

A previous study showed that IFN-y increased PD-L1 expression in tumor cells by activating the JAK/STAT/IRF1
pathway[23]. To confirm this finding, we performed signaling inhibition and siRNA interference experiments. We found
that ruxolitinib (10 pM), a JAK/STAT signaling pathway inhibitor, significantly reduced IFN-y-induced PD-L1 mRNA
expression (Figure 2A; Supplementary Figure 3A). The results of western blot and flow cytometry showed that ruxolitinib
also significantly reduced the levels of IFN-y-induced PD-L1 membrane protein and total protein (Figure 2B and C). The
results suggest that IFN-y could induce PD-L1 expression through the JAK/STAT pathway in hUC-MSCs.

To further confirm that the JAK/STAT pathway mediates the IFN-y-induced effect on hUC-MSCs expressing PD-L1,
we analyzed the total protein and the phosphorylation levels of key proteins in the JAK/STAT signaling pathway in
hUC-MSCs. Western blot results showed that IFN-y promoted JAK1/2 phosphorylation, STAT1 phosphorylation, IRF1
expression, and PD-L1 expression, while ruxolitinib reversed all these effects (Figure 2C). To confirm the findings, we
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Figure 1 Interferon-gamma induced the expression of programmed cell death protein 1 ligand 1 in human umbilical-cord-mesenchymal
stem cells. A-C: Programmed cell death protein 1 ligand 1 (PD-L1) expression was measured by quantitative real-time PCR (qRT-PCR), flow cytometry, and
western blot in human umbilical-cord-mesenchymal stem cells (hUC-MSCs) treated with 0, 10, 20, 40, 60, 80 or 100 ng/mL interferon-gamma (IFN-y) for 24 h; D-F:
PD-L1 expression was measured by gRT-PCR, flow cytometry, and western blot in hUC-MSCs treated with 20 ng/mL IFN-y for 0, 2, 4, 6, 8, 12, 24 or 48 h. Data were
represented as mean + SEM of n = 3. Iso: Isotype; C: Control; 2P < 0.01; °P < 0.001. IFN-y: Interferon-gamma; PD-L1: Programmed cell death protein 1 ligand 1.

performed an siRNA interference assay using the effective siRNAs for JAK1/2, STAT1/2/3, and IRF1/9, and observed
that the siRNAs remarkably inhibited the PD-L1 expression induced by IFN-y (Figure 2D). The results indicate that IFN-y
induced PD-L1 expression in hUC-MSCs via the JAK/STAT1/IRF1 pathway.

IRF1 is a key transcription factor in the JAK/STAT pathway. We constructed a dual-luciferase reporter system to
confirm that IRF1 binds to the PD-L1 promoter to promote PD-L1 mRNA expression. In 293T cells, relative luciferase
activity was weak when transfected with IRF1 or the PD-L1 promoter plasmid; it was the strongest when the two were
co-transfected (Figure 2E). We then predicted the potential binding sites of the proximal part of the PD-L1 gene to IRF1
and identified the five most likely binding sites. Point mutant plasmids were constructed at the five binding sites to assess
luciferase reporter activity. We co-transfected a WT-PD-L1 promoter plasmid and five IRF1 binding site mutant PD-L1
promoter plasmids into 293T cells with an IRF1 promoter plasmid and a Renilla luciferase plasmid. We measured the
relative luciferase activity 24 h after transfection (Figure 2F). The locations of the binding sites in the PD-L1 promoter are
shown in Figure 2G. According to the results, mutations at sites 4 or 5 reduced IFN-y-induced PD-L1 promoter activity,
with site 4 having the greatest effect (Figure 2F). These findings indicate that IFN-y activated the JAK/STAT pathway in
hUC-MSCs and induced IRF1 expression; IRF1, in turn, bound to the PD-L1 promoter, thereby promoting PD-L1
transcription.

TNF-a synergistically enhanced IFN-y-induced PD-L1 expression in hUC-MSCs
As mentioned above, the mechanism by which TNF-a synergistically enhances IFN-y-induced PD-L1 expression has not
been elucidated. To study the effect of TNF-a alone or in combination with IFN-y on PD-L1 expression in hUC-MSCs, we
performed the following experiments. First, hUC-MSCs were stimulated with seven different concentrations of TNF-a (0
ng/mL, 10 ng/mL, 20 ng/mL, 40 ng/mL, 60 ng/mL, 80 ng/mL, and 100 ng/mL) for 24 h, or with the experimentally
designed highest concentration (100 ng/mL) of TNF-a for different time periods (O h, 2h, 4 h, 6 h, 12 h, 24 h, and 48 h).
Subsequently, the membrane expression of PD-L1 was detected by flow cytometry. Our results demonstrated that TNF-a
stimulation alone did not affect PD-L1 expression in hUC-MSCs (Figure 3A and B).

Subsequently, to analyze the effect of TNF-o on hUC-MSCs viability, the proliferation and apoptosis of hUC-MSCs
treated with TNF-a was tested using cell proliferation and apoptosis assays. We found that TNF-a had no effect on the
proliferation or apoptosis of hUC-MSCs (Figure 3C and D). We then studied the effect of combined treatment with IFN-y
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Figure 2 Interferon-gamma upregulated programmed cell death protein 1 ligand 1 expression via the JAK/STAT1/ interferon regulatory
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factor 1 pathway in human umbilical-cord-mesenchymal stem cells. A: Programmed cell death protein 1 ligand 1 (PD-L1) expression was quantified by
quantitative real-time PCR (qRT-PCR) in human umbilical-cord-mesenchymal stem cells (hUC-MSCs) treated with a combination of IFN-y with or without the JAK
inhibitor ruxolitinib (10 uM) for 4 h; B: PD-L1 expression was quantified by flow cytometry in hUC-MSCs treated with a combination of IFN-y with or without ruxolitinib
(10 M) for 24 h; C: Activation of the JAK/STAT/interferon regulatory factor 1 (IRF1) pathway and PD-L1 expression were analyzed by western blot in hUC-MSCs
treated with IFN-y (20 ng/mL) with or without ruxolitinib (10 M) for 24 h; D: The PD-L1 expression was quantified by gqRT-PCR in hUC-MSCs transfected with siRNA
against JAK1, JAK2, STAT1, STAT2, STAT3, IRF1, or IRF9 and subsequently treated with IFN-y for 4 h. The expression of PD-L1 in hUC-MSCs of the IFN-y + si-NC
(negative control) group was used as the standard (100%); E: PGL4.10-PD-L1 promoter, pIRES2-IRF1, and Renilla luciferase plasmids were transfected together or
separately into 293T cells. Cells were lysed 24 h after transfection and luciferase activity was measured; F: pIRES2-IRF1 plasmid and Renilla luciferase plasmid were
transfected into 293T cells with the PGL4.10-PD-L1 promoter plasmid or IRF1 binding site mutant PGL4.10-PD-L1 promoter plasmids. Cells were lysed 24 h after
transfection and luciferase activity was measured; G: Predicted binding sites of IRF1 on the PD-L1 promoter. Data were represented as mean + SEM of n = 3. C:
Control; Iso: Isotype; 2P < 0.01; °P < 0.0001. IFN-y: Interferon-gamma; PD-L1: Programmed cell death protein 1 ligand 1.
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Figure 3 Tumor necrosis factor-alpha synergistically enhanced interferon-gamma-induced programmed cell death protein 1 ligand 1
expression in human umbilical-cord-mesenchymal stem cells. A: Programmed cell death protein 1 ligand 1 (PD-L1) expression was measured by flow
cytometry in human umbilical-cord-mesenchymal stem cells (hUC-MSCs) treated with 0, 10, 20, 40, 60, 80 or 100 ng/mL tumor necrosis factor-alpha (TNF-a) for 24
h; B: PD-L1 expression was measured by flow cytometry in hUC-MSCs treated with 100 ng/mL TNF-a for 0, 2, 4, 6, 8, 12, 24, or 48 h; C: Proliferation was measured
by CCK8 in hUC-MSCs treated with 0, 10, 20, 40, 60, 80 or 100 ng/mL of TNF-a for 24 h; D: Apoptotic hUC-MSCs were measured by flow cytometry in hUC-MSCs
treated with 0, 10, 20, 40, 60, 80 or 100 ng/mL TNF-a for 24 h. The histogram shows the quantification results pertaining to the percentage of apoptotic cells (Annexin
V* cells) in each group; E: PD-L1 expression was quantified by flow cytometry in hUC-MSCs after 24 h of incubation with IFN-y (20 ng/mL) and 0, 10, 20, 40, 60, 80
or 100 ng/mL TNF-a; F: PD-L1 expression was measured by quantitative real-time PCR in hUC-MSCs treated with IFN-y (20 ng/mL), TNF-o (10 ng/mL), or a
combination of IFN-y (20 ng/mL) and TNF-a (10 ng/mL) for 4 h; G: PD-L1 expression was analyzed by western blot in hUC-MSCs treated with IFN-y (20 ng/mL),
TNF-o. (10 ng/mL), or a combination of IFN-y (20 ng/mL) and TNF-a. (10 ng/mL) for 24 h. Data were represented as mean = SEM of n = 3. C: Control; Iso: Isotype; °P
<0.001; °P < 0.0001; “P > 0.05. IFN-y: Interferon-gamma; PD-L1: Programmed cell death protein 1 ligand 1; TNF-c:: Tumor necrosis factor-alpha.
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and TNF-a on PD-L1 expression in hUC-MSCs. We stimulated hUC-MSCs with 20 ng/mL IFN-y and different concen-
trations of TNF-a (0 ng/mL, 10 ng/mL, 20 ng/mL, 40 ng/mL, 60 ng/mL, 80 ng/mL, and 100 ng/mL) and detected PD-L1
expression using flow cytometry. The results showed that 10 ng/mL TNF-a enhanced IFN-y-induced PD-L1 expression
significantly; however, the enhanced effect of TNF-a did not appear to be concentration-dependent (Figure 3E).
Furthermore, qRT-PCR and western blot results showed that the mRNA and total protein levels of PD-L1 increased
significantly when hUC-MSCs were simultaneously stimulated with 20 ng/mL IFN-y and 10 ng/mL TNF-a when
compared with IFN-y or TNF-a alone (Figure 3F and G). Based on the results, 10 ng/mL TNF-a was used in follow-up
experiments. In addition, we investigated the effects of IFN-y (20 ng/mL) or TNF-a (10 ng/mL) stimulation individually
or in combination on the proliferation or apoptosis of hUC-MSCs. Our results showed that the stimuli were unable to
exert any effect on apoptosis or proliferation of hUC-MSCs at the current concentrations (Supplementary Figure 3B and
C). The findings suggest that TNF-a alone had no effect on PD-L1 expression; however, TNF-a could synergistically
increase IFN-y-induced PD-L1 expression in hUC-MSCs.

TNF-a improved PD-L1 expression by promoting the activation of JAK/STAT1/IRF1 pathway induced by IFN-y

As previous studies have demonstrated that IFN-y induces hUC-MSCs to express PD-L1 through the JAK/STAT1/IRF1
pathway and TNF-a induces various downstream biological effects through activation of the NF-xB pathway[24], we
explored the molecular mechanism by which TNF-o enhances IFN-y-induced PD-L1 expression using signaling inhibition
experiments. We treated hUC-MSCs with ruxolitinib and the NF-«B inhibitor BAY11-7082, and then detected PD-L1
mRNA levels after combined treatment with IFN-y and TNF-a for 4 h. Our results showed that both BAY11-7082 and
ruxolitinib inhibited PD-L1 expression induced by a combination of IFN-y and TNF-a (Figure 4A). Ruxolitinib displayed
a stronger inhibitory effect, almost completely inhibiting the induction of PD-L1 mRNA expression, while BAY11-7082
only partially inhibited the expression (Figure 4A). Flow cytometry and western blot assays also showed that ruxolitinib
completely inhibited PD-L1 protein expression in hUC-MSCs treated with IFN-y and TNF-a (Figure 4B and C).
Furthermore, we performed an siRNA interference assay using STAT1 siRNA and IRF1 siRNA. The siRNA against
STAT1 and IRF1 decreased PD-L1 expression induced by IFN-y or TNF-a in hUC-MSCs (Figure 4D and E). The results
indicated that PD-L1 gene transcription is also induced through the JAK/STAT1/IRF1 pathway when stimulated by IFN-
y and TNF-a.

To investigate whether TNF-a affects the activation of the JAK/STAT1/IRF1 pathway, we analyzed the activation of
the JAK/STAT1/IRF1 pathway in hUC-MSCs treated with IFN-y and TNF-a. The results showed that the activation level
of the JAK/STAT1/IRF1 pathway was significantly higher following stimulation with IFN-y and TNF-a (Figure 4F).
Additionally, ruxolitinib significantly reduced the phosphorylation levels of JAK1/2 and STAT1, as well as the expression
levels of IRF1 and PD-L1, in hUC-MSCs induced by IFN-y and TNF-a (Figure 4C). The results revealed that the activation
of the JAK/STAT1/IRF1 pathway was significantly stronger when co-stimulated with IFN-y and TNF-q, thus leading to
higher PD-L1 expression.

TNF-a synergistically amplified IFN-y-induced JAK/STAT1/IRF1 signaling activation by upregulating NF-kB-mediated

IFNGR1 expression

IFNGR1/2 acts as the membrane receptor of IFN-y and transmits an activation initiation signal to the JAK/STAT1/IRF1
pathway, which is the key player in PD-L1 expression[23]. We speculated that the higher activation level of the JAK/
STAT1/IRF1 pathway might be caused by TNF-a induced IFNGR1/2 expression. As predicted, TNF-a upregulated the
expression of IFNGR1 mRNA and protein and the expression of IFNGR2 mRNA (Figure 5A-C). Notably, since no
effective anti-IFNGR2 antibody is available, only IFNGR1 expression was detected in western blot experiments.
Additionally, the siRNA for IFNGR1/2 decreased PD-L1 mRNA and protein expression in hUC-MSCs induced by IFN-y
and TNF-a (Figure 5D-F). Furthermore, western blot results showed that IFINGR1 siRNA reduced JAK1/2 and STAT1
phosphorylation, as well as IRF1 expression (Figure 5F). The results suggest that TNF-a amplifies the IFN-y-induced
activation of the JAK/STAT1/IRF1 pathway by upregulating IFNGR1/2 expression.

The NF-kB pathway inhibitor BAY11-7082 partially impaired the expression of PD-L1 induced by the combination of
IFN-y and TNF-a (Figure 4A; Supplementary 3D). This suggests that the NF-xB pathway is involved in the regulation of
PD-L1 expression induced by IFN-y and TNF-o. Therefore, we examined the expression of IFNGR1 and the activation of
the NF-«xB pathway in hUC-MSCs induced by TNF-a. As predicted, TNF-a upregulated IFNGR1 expression by activating
the NF-xB pathway, while BAY11-7082 decreased the phosphorylation levels of IKK-a/f, IKB-a, and p65, as well as the
expression of IFNGR1 (Figure 5G; Supplementary Figure 4A). To explore NF-xB pathway activation by TNF-a in hUC-
MSCs, we assessed nuclear and cytoplasmic p65 and IxB expression after TNF-a treatment. The expression of IxB in the
cytoplasm was reduced at 60 min and then restored, while the expression of p65 in the nucleus was significantly
increased at 60 min (Figure 5H; Supplementary Figure 4B). These findings indicate that TNF-a can promote NF-xB
pathway activation in hUC-MSCs, in addition to enhancing p65 translocation to the nuclei. Moreover, when the
expression of p65 was downregulated by siRNA, the effect of TNF-a on the expression of IFNGR1 and PD-L1 induced by
IFN-y was significantly reduced (Figure 5I-K). Importantly, we found that IFINGR1-overexpressing lentivirus restored
PD-L1 expression that was reduced by p65 siRNA (Figure 5L). Furthermore, TNF-a upregulated IFNGR1 expression
through the NF-xB pathway, and synergistically amplified the activation of JAK/STAT1/IRF1 induced by IFN-y, finally
resulting in an increase in PD-L1 expression in hUC-MSCs.

To confirm that p65 binds to the IFNGR1 promoter to activate IFINGR1 expression, we constructed a luciferase reporter
system with NF-kB-driven activity. In 293T cells, higher luciferase activity was observed when p65 and IFNGR1 promoter
plasmids were co-transfected into the cells than when these were transfected separately (Figure 5M). As the proximal part
of the IFNGR1 gene contained only one p65 binding site, we constructed an IFNGR1 promoter plasmid with a point
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Figure 4 Tumor necrosis factor-alpha increased programmed cell death protein 1 ligand expression by promoting interferon-gamma-
induced activation of the JAK/STAT1/interferon regulatory factor 1 pathway. A: Programmed cell death protein 1 ligand (PD-L1) expression was
quantified by quantitative real-time PCR (qRT-PCR) in human umbilical-cord-mesenchymal stem cells (hUC-MSCs) after 4 h of incubation with IFN-y and tumor
necrosis factor-alpha (TNF-a) in the presence or absence of ruxolitinib (10 uM) or the NF-kB inhibitor BAY11-7082 (10 uM); B: PD-L1 expression in hUC-MSCs was
quantified by flow cytometry after 24 h of incubation with IFN-y and TNF-a. in the presence or absence of ruxolitinib (10 uM); C: Activation of the JAK/STAT1/interferon
regulatory factor 1 (IRF1) pathway and the expression of PD-L1 were analyzed by western blot in hUC-MSCs after 24 h of incubation with IFN-y and TNF-o. in the
presence or absence of ruxolitinib (10 pM); D and E: PD-L1 expression was quantified by quantitative real-time PCR and flow cytometry in hUC-MSCs transfected
with siRNA of NC, STAT1, or IRF1 and subsequently treated with IFN-y and TNF-a. for 4 h or 24 h; F: Activation of the JAK/STAT1/IRF1 pathway was analyzed by
western blot in hUC-MSCs treated with IFN-y (20 ng/mL), TNF-o. (10 ng/mL), or a combination of IFN-y (20 ng/mL) and TNF-a (10 ng/mL) for 24 h. Data were
represented as mean + SEM of n = 3. C: Control; Iso: Isotype; °P < 0.0001. IFN-y: Interferon-gamma; PD-L1: Programmed cell death protein 1 ligand 1; TNF-a:
Tumor necrosis factor-alpha.

mutation at this binding site. We found that this p65 binding site mutant plasmid displayed weaker luciferase activity in
response to TNF-a stimulation compared to the WT-type IFNGR1 promoter plasmid (Figure 5N). The results indicate that
TNF-a induces NF-xB p65 activation of the IFNGR1 promoter.

Synergy of IFN-y and TNF-a enhanced the immunosuppressive capacity of hUC-MSCs by inducing PD-L1 expression
To explore whether the high expression of PD-L1 in hUC-MSCs induced by a combination of IFN-y and TNF-a could
enhance their immunosuppressive function, we first conducted a T lymphocyte proliferation inhibition experiment in
vitro. The results showed that PBMCs co-cultured with hUC-MSCs that were pre-treated with IFN-y and TNF-a had
higher CFSE fluorescence intensity than that in other groups, which indicated that IFN-y- and TNF-a-pretreated hUC-
MSCs showed a stronger inhibitory effect on PBMCs proliferation (Figure 6A). Meanwhile, the PD-L1 antibody
eliminated the inhibitory effect of hUC-MSCs pre-treated with IFN-y and TNF-a on PBMCs proliferation (Figure 6A). The
results suggest that IFN-y and TNF-a-pretreated hUC-MSCs, with high PD-L1 expression, exhibited a stronger inhibitory
effect on T cell proliferation.

We further explored the therapeutic efficacy of hUC-MSCs pre-treated with a combination of IFN-y and TNF-a in mice
with DSS-induced colitis. Colitis was induced in mice by feeding them DSS added to drinking water, and hUC-MSCs
were transplanted according to the schematic diagram shown in Figure 6B. Compared with the wild-type hUC-MSCs
treatment group, hUC-MSCs pretreated with a combination of IFN-y and TNF-a displayed a better therapeutic efficacy in
DSS-induced mice, including mitigated bodyweight loss (Figure 6C); improved colonic morphology (Figure 6D); relieved
colonic ulcer, mucosal edema, epithelial cell injury, and inflammatory cell infiltration (Figure 6E); lower histopathological
scoring of colon tissue (Figure 6F); inhibited infiltration of immune cells including CD4* T cells, CD11b* macrophages,
and neutrophils (lower MPO activity) in colon tissue (Figure 6G and 6H); more Treg (Foxp3*) cells in colon tissue
(Figure 6]), and significantly decreased levels of inflammatory factors such as TNF-a, IFN-y, and IL-6 in colon tissue
(Figure 6]). However, PD-L1 antibody treatment significantly inhibited such effects. In addition, no adverse reactions
related to hUC-MSCs transplantation were observed. The results suggest that the combination of IFN-y and TNF-a
synergistically enhanced the immunosuppressive capacity of hUC-MSCs by upregulating the expression of PD-L1,
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Figure 5 Tumor necrosis factor-alpha synergistically amplified interferon-gamma-induced JAK/STAT1/interferon regulatory factor 1
signaling activation by upregulating NF-kB-mediated interferon-gamma receptor 1/2 expression. A: The expression of NF-kB-mediated interferon-
gamma receptor 1/2 (IFNGR1/2) were quantified by quantitative real-time PCR (qRT-PCR) in human umbilical-cord-mesenchymal stem cells (hUC-MSCs) treated
with IFN-y and tumor necrosis factor-alpha (TNF-a) alone or in combination for 4 h; B and C: IFNGR1 expression was quantified by flow cytometry or WB in hUC-
MSCs treated with IFN-y and TNF-a alone or in combination for 24 h; D and E: PD-L1 expression was quantified by qRT-PCR or flow cytometry in hUC-MSCs
transfected with siRNA against NC, IFNGR1, or IFNGR2, and subsequently treated with IFN-y and TNF-a for 4 h or 24 h; F: Activation of the JAK/STAT1/interferon
regulatory factor 1 pathway and the expressions of PD-L1 and IFNGR1 were analyzed by western blot in hUC-MSCs after 24 h of incubation with IFN-y and TNF-a. in
the presence or absence of IFNGR1 siRNA; G: Activation of the NF-kB pathway and expression of IFNGR1 were analyzed by western blot in hUC-MSCs after 24 h of
incubation with TNF-a in the presence or absence of the NF-KB inhibitor BAY11-7082 (10 uM); H: IKKa,, IKKB, p65 and IkBa protein levels in the cytoplasm and
nucleus of hUC-MSCs after TNF-a stimulation were measured through western blot; I: IFNGR1 expression was quantified by gRT-PCR in hUC-MSCs transfected
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with p65 siRNA and subsequently treated with IFN-y and TNF-a. for 4 h; J and K: PD-L1 expression was quantified by gRT-PCR or flow cytometry in hUC-MSCs
transfected with p65 siRNA and subsequently treated with IFN-y and TNF-a for 4 h or 24 h; L: hUC-MSCs were infected with IFNGR1 overexpressed lentivirus and
transfected with siRNA of p65, and induced with IFN-y and TNF-a. for 4 h, and then PD-L1 expression was quantified by qRT-PCR; M: PGL4.10-IFNGR1 promoter
plasmid, pIRES2-p65 plasmid, and Renilla luciferase plasmid were transfected together or separately into 293T cells. Cells were lysed 24 h after transfection and
luciferase activity was measured; N: pIRES2-p65 plasmid and Renilla luciferase plasmid were transfected into 293T cells with the PGL4.10-IFNGR1 promoter plasmid
or the p65 binding site mutant PGL4.10-IFNGR1 promoter plasmid. Cells were lysed 24 h after transfection and luciferase activity was measured. The predicted
binding sites of p65 to the IFNGR1 promoter are above the graph. Data were represented as mean + SEM of n = 3. C: Control; Iso: Isotype; °P < 0.001; °P < 0.0001;
P> 0.05. IFN-y: Interferon-gamma; PD-L1: Programmed cell death protein 1 ligand 1; TNF-c: Tumor necrosis factor-alpha.

yielding a better therapeutic efficacy in DSS-induced mice.

DISCUSSION

MSCs are usually derived from the umbilical cord, bone marrow, and adipose tissue. In the present study, hUC-MSCs
were selected based on multiple considerations. First, as a type of medical waste, umbilical cord tissue is easier to obtain
with less ethical controversy. A large number of MSCs are easily obtained from umbilical cord tissue by mature isolation
methods. Second, hUC-MSCs have greater proliferative capacity and immunomodulatory ability than other types of
MSCs[25,26]. Third, the major histocompatibility complex I (MHC-I) expression level and the immunogenicity of hUC-
MSCs is lower. Hence, although the biosafety of MSCs has been a matter of great concern, hUC-MSCs have become the
main source of cells for mesenchymal stem cell transplantation therapy[27]. Therefore, as hUC-MSCs have greater clinical
application potential, they were selected for use in the study. In DSS-induced colitis mice, MSCs not only significantly
improved the colonic lesions of mice but also ameliorated the tumorigenesis of colitis[28]. In a clinical trial, researchers
followed up 34 patients with ulcerative colitis who received hUC-MSCs for up to two years, and no long-term complic-
ations such as malignant tumors and immune rejection were observed during follow-up[29]. Similarly, except for the
therapeutic effect of hUC-MSCs on colitis mice, no MSC-related side effects or toxicities were observed in the present
study. Overall, MSCs have a high safety profile in the treatment of ulcerative colitis.

PD-L1 plays an important role in the immunosuppressive capacity of hUC-MSCs. Although the mechanism of PD-L1
expression has been thoroughly elucidated in tumors[30], it remains to be explored in MSCs. The cytokines that induce
MSCs to express PD-L1 include IFN-y, IL25, and IL27, and the relevant pathways are STAT1, JNK/STAT3, and JAK/
STAT1[31-33]. We performed this study to investigate the mechanism of PD-L1 expression in MSCs under IFN-y and
TNF-o stimulation and to find a way to enhance the immunosuppressive capacity of MSCs. In the present study, we
confirmed that IFN-y induces PD-L1 expression through the JAK/STAT1/IRF1 pathway in hUC-MSCs. TNF-a
upregulates the expression of IFNGR1/2 via the NF-xB pathway, which promotes the activation of the JAK/STAT1/IRF1
pathway induced by IFN-y, significantly increasing PD-L1 expression. Furthermore, synergistic IFN-y and TNF-a
induction of high PD-L1 expression in hUC-MSCs strongly inhibited T-cell proliferation[33]. In mice with DSS-induced
colitis, tail vein infusion of pretreated hUC-MSCs reduced disease activity, colonic tissue damage, cytokine levels, and
inflammatory cell infiltration. Thus, combined treatment with IFN-y and TNF-o synergistically induces high PD-L1
expression in hUC-MSCs, which strengthens the immunosuppressive capacity of hUC-MSCs (Figure 7).

PD-L1 expression has been extensively studied in inflammatory diseases and tumors. In tumor cells, various pathways
are involved in IFN-y-induced PD-L1 expression[30]. For instance, IFN-y induces PD-L1 expression via the JAK/STAT/
IRF1 pathway in tumor cells[34,35]. Similarly, studies have shown that PD-L1 expression in MSCs can be induced by IFN-
y mediated by STAT1. Based on these studies, we speculated that these signals are similar, and that PD-L1 expression
induced by IFN-y in hUC-MSCs might have occurred through the JAK/STAT1/IRF1 pathway. To verify our hypothesis,
we conducted signaling pathway inhibitor, RNA interference, and luciferase reporter gene experiments. Our results
showed that IFN-y activates the JAK/STAT1 pathway and promotes IRF1 binding to the PD-L1 promoter, increasing PD-
L1 mRNA expression. The results reveal the molecular mechanism by which IFN-y induces the expression of PD-L1 in
hUC-MSCs in detail.

In tumor cells, TNF-o co-stimulation with IL4 or IFN-y increased PD-L1 expression, and the effect was associated with
the NF-xB pathway[20,36]. HCC cells induced by IFN-y and TNF-a had higher PD-L1 expression than those induced by
IFN-y alone, and had stronger resistance to adaptive immunity[20]. Such findings suggest that TNF-o enhances PD-L1
expression induced by IFN-y and NF-kB signaling might be involved. In our results, we found that TNF-a significantly
increased IFN-y-induced PD-L1 expression in hUC-MSCs. Importantly, we demonstrated that TNF-a upregulated
IFNGR1 expression through the NF-xB pathway, which enhanced IFN-y/IFNGR/JAK/STAT1/IRF1 signaling axis
activation, significantly upregulating PD-L1 expression. In addition, we found that trends of PD-L1 expression in two
others common MSCs pretreated with IFN-y and TNF-a were similar to those of hUC-MSCs (Supplementary Figure 4C).
The results suggest that IFN-y and TNF-a synergistically induce high PD-L1 expression, which may be universally
present in MSCs from different sources. Another issue to consider is that IFN-y or TNF-a may affect cell survival.
Therefore, the effect of such cytokines on the proliferation and apoptosis of hUC-MSCs was evaluated. Additionally, the
results showed that IFN-y and TNF-o stimulation alone or in combination had no effect on the proliferation and apoptosis
of hUC-MSCs (Figure 3C and D; Supplementary Figure 3B and C).

Ulcerative colitis is an autoimmune disease with complex mechanisms[37]. PD-L1 is involved in the pathogenesis of
colitis by targeting T cells[38]. The high PD-L1 expression in colitis regulates cytokine production in colonic dendritic
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Figure 6 Synergy by IFN-y and tumor necrosis factor-alpha enhanced the immunosuppressive capacity of human umbilical-cord-
mesenchymal stem cells by inducing programmed cell death protein 1 ligand expression. A: The CFSE fluorescence intensity of CFSE-labeled
peripheral blood mononuclear cells (PBMCs) was detected after co-culture with human umbilical-cord-mesenchymal stem cells (hUC-MSCs) with different treatments
for 3 d. The CFSE fluorescence intensity of CD3-positive PBMCs on day 0 was used as the reference (1.29%). The histogram shows the quantification results
pertaining to the mean fluorescent intensity of CFSE in each group; B: Schematic diagram of dextran sulfate sodium-induced colitis and MSCs transplantation therapy
in mice; C: Bodyweight of mice in each group during the disease process (n = 6); D: Macroscopic appearance of the colon in each group; E: Colon sections
embedded in paraffin were stained with hematoxylin and eosin for light microscopy assessment. Scale bar, 50 ym; F: Histopathological score of colons from each
group was assessed for disease severity (n = 3); G: Infiltration cells expressing CD4 or CD11b in colon tissue sections from each group were analyzed by
immunohistochemical staining (n = 3). Scale bar, 50 ym; H: Myeloperoxidase activity in the colon was determined (n = 3); I: The colonic mRNA expression of Treg
(Foxp3) from each group were analyzed by quantitative real-time PCR (n = 3); J: Levels of inflammatory factors in colon tissue homogenates from each group were
determined using ELISA (n = 3). IT-MSCs refer to hUC-MSCs pretreated with IFN-y and tumor necrosis factor-alpha for 24 h. C: Control; 2P < 0.01; °P < 0.001; °P <
0.0001; 9P > 0.05.
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Figure 7 Molecular mechanism of interferon-gamma and tumor necrosis factor-alpha synergistically upregulated expression of
programmed cell death protein 1 ligand in human umbilical-cord-mesenchymal stem cells to inhibit T cells. IFN-y: Interferon-gamma; PD-L1:
Programmed cell death protein 1 ligand 1; TNF-a: Tumor necrosis factor-alpha; hUC-MSCs: Human umbilical-cord-mesenchymal stem cells; IRF1: Interferon
regulatory factor 1.

cells, inhibits Th1/Th17 cell activity, and promotes Treg cell proliferation[38-40]. Therefore, DSS-induced colitis models
are often used to evaluate the efficacy of drugs and the immunomodulatory ability of MSCs[22,41,42]. We used T-cell
proliferation inhibition experiments in vitro to confirm that hUC-MSCs treated with IFN-y and TNF-a have a stronger
immunosuppressive capacity than untreated hUC-MSCs. Furthermore, we evaluated the immunosuppressive capacity of
hUC-MSCs treated with IFN-y and TNF-a in a DSS-induced mouse colitis model and found that they exhibited fewer
disease symptoms and less tissue damage, as well as lower inflammatory cell infiltration, lower inflammatory factors, and
greater Treg cells recruitment than untreated hUC-MSCs. Moreover, we performed RNA-seq analysis on hUC-MSCs
treated with IFN-y and TNF-a. We found that with a combination of IFN-y and TNF-a treatment, hUC-MSCs also
expressed IDO, TSG-6, and other immunosuppressive molecules (data not shown). The results suggest that hUC-MSCs
treated with IFN-y and TNF-o have a stronger immunomodulatory capacity than untreated hUC-MSCs, perhaps because
hUC-MSCs can express PD-L1 as well as other immunosuppressive molecules. This idea is worthy of further invest-
igation.

In recent years, MSCT therapy has been rising in popularity for the treatment of various inflammatory diseases due to
the immunosuppressive ability of MSCs. However, due to differences in both the sources of MSCs and the techniques of
cell extraction and culture, the efficacy of MSCT in patients is not stable. Based on the present study, it is likely that the
abundance of immunosuppressive molecules expressed by MSCs plays an important role. Therefore, this study provides
two possible solutions to improve the efficacy of MSCT in diseases. On the one hand, MSCs can express more
immunosuppressive molecules (PD-L1) after co-induction with lower concentrations of inflammatory factors (IFN-y and
TNF-0) without impairing cell viability. On the other hand, the efficacy of MSCT can be improved by detecting and
screening for MSCs with high expression levels of immunosuppressive molecules before transplantation. In future
studies, to compensate for some of the limitations of this study in a translational application, it is necessary to investigate
the effect of more combinations of inflammatory factors on PD-L1 expression in MSCs, and also investigate the
immunosuppressive molecules induced by other inflammatory factors. More research in this area will contribute to the
translational application of MSCT in clinical practice.
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CONCLUSION

In the present study, we found that IFN-y and TNF-a synergistically induce a high level of PD-L1 expression in hUC-
MSCs, and we elucidated the molecular mechanism involved. More importantly, both in vitro and in vivo experiments
confirmed that INF-y- and TNF-a-pretreated hUC-MSCs with these high PD-L1 expression levels have strong
immunosuppressive capacity and, therefore, have great potential for clinical application in the treatment of autoimmune
diseases.

ARTICLE HIGHLIGHTS

Research background

The immunosuppressive capacity of Mesenchymal stem cells (MSCs) is dependent on the “license” of several proinflam-
matory factors to express immunosuppressive factors such as programmed cell death 1 ligand 1 (PD-L1), which
determines the clinical therapeutic efficacy of MSCs for inflammatory or immune diseases. In MSCs, interferon-gamma
(IFN-y) is a key inducer of PD-L1 expression, which is synergistically enhanced by tumor necrosis factor-alpha (TNF-a),
but this; however, the mechanism is unclear.

Research motivation

The efficacy of MSCs transplantation (MSCT) is limited by the expression of immunosuppressive molecules of MSCs,
including PD-L1. However, the mechanism of IFN-y alone or in combination with TNF-a inducing MSCs high expression
of PD-L1 remains unclear.

Research objectives
To reveal the mechanism of high PD-L1 expression in MSCs pretreated with IFN-y and TNF-a and explore the application
prospects of MSCs with high PD-L1 expression in ulcerative colitis.

Research methods

We assessed PD-L1 expression in human umbilical cord-MSCs (hUC-MSCs) induced by IFN-y and TNF-o, alone or in
combination. Additionally, we performed signaling inhibition and RNA interference experiments to elucidate the specific
cross-talk signaling pathways between IFN-y and TNF-o. Finally, we evaluated the immunosuppressive capacity of hUC-
MSCs treated with IFN-y and TNF-a in an in vitro mixed lymphocyte culture assay, and in vivo in mice with dextran
sulfate sodium (DSS)-induced acute colitis.

Research results

Our results showed that IFN-y upregulated PD-L1 expression in hUC-MSCs to enhance their immunosuppressive
activities through the JAK/STAT1/interferon regulatory factor 1 (IRF1) pathway. TNF-o synergistically enhanced IFN-y-
induced PD-L1 expression in hUC-MSCs by upregulating nuclear factor kappa-B (NF-kB)-mediated expression of IFN-y
receptor 1 to activate JAK/STAT1/IRF1 signaling. Furthermore, high PD-L1 expression in hUC-MSCs induced by IFN-y
and TNF-a significantly attenuated DSS-induced acute colitis in mice.

Research conclusions

Our study revealed that IFN-y and TNF-o synergistically induce the high PD-L1 expression of hUC-MSCs through the
JAK/STAT1/IRF1 pathway and the NF-«xB pathway, which effectively improves the immunosuppressive capacity of
hUC-MSCs.

Research perspectives
The results of the present study could facilitate the optimization of clinical application strategies of MSCT.
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Abstract

BACKGROUND

Bone marrow mesenchymal stromal cells (BMSCs) are the commonly used seed
cells in tissue engineering. Aryl hydrocarbon receptor (AhR) is a transcription
factor involved in various cellular processes. However, the function of
constitutive AhR in BMSCs remains unclear.

AIM
To investigate the role of AhR in the osteogenic and macrophage-modulating
potential of mouse BMSCs (mBMSCs) and the underlying mechanism.

METHODS

Immunochemistry and immunofluorescent staining were used to observe the
expression of AhR in mouse bone marrow tissue and mBMSCs. The overex-
pression or knockdown of AhR was achieved by lentivirus-mediated plasmid. The
osteogenic potential was observed by alkaline phosphatase and alizarin red
staining. The mRNA and protein levels of osteogenic markers were detected by
quantitative polymerase chain reaction (qQPCR) and western blot. After coculture
with different mBMSCs, the cluster of differentiation (CD) 86 and CD206
expressions levels in RAW 264.7 cells were analyzed by flow cytometry. To
explore the underlying molecular mechanism, the interaction of AhR with signal
transducer and activator of transcription 3 (STAT3) was observed by co-immuno-
precipitation and phosphorylation of STAT3 was detected by western blot.

RESULTS
AhR expressions in mouse bone marrow tissue and isolated mBMSCs were
detected. AhR overexpression enhanced the osteogenic potential of mBMSCs
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while AhR knockdown suppressed it. The ratio of CD86+ RAW 264.7 cells cocultured with AhR-overexpressed
mBMSCs was reduced and that of CD206+ cells was increased. AhR directly interacted with STAT3. AhR overex-
pression increased the phosphorylation of STAT3. After inhibition of STAT3 via stattic, the promotive effects of
AhR overexpression on the osteogenic differentiation and macrophage-modulating were partially counteracted.

CONCLUSION
AhR plays a beneficial role in the regenerative potential of mBMSCs partially by increasing phosphorylation of
STATS.

Key Words: Aryl hydrocarbon receptor; Bone marrow mesenchymal stromal cells; Osteogenesis; Macrophage; Signal
transducer and activator of transcription 3; Interaction

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Aryl hydrocarbon receptor (AhR) was positively expressed in murine bone marrow tissue and bone marrow
mesenchymal stromal cells (BMSCs). In vitro, overexpression of AhR enhanced the osteogenic potential of mouse BMSCs.
Additionally, AhR-overexpressed BMSCs had an increased ability to polarize macrophages to an anti-inflammatory
phenotype. While knockdown of AhR showed the opposite effects. Mechanistically, the beneficial effects of AhR were
partially dependent on increased phosphorylation of signal transducer and activator of transcription 3. This study suggests
that AhR might be a target for achieving optimal bone regeneration in mouse BMSCs-based tissue engineering.

Citation: Huang J, Wang YN, Zhou Y. Constitutive aryl hydrocarbon receptor facilitates the regenerative potential of mouse bone
marrow mesenchymal stromal cells. World J Stem Cells 2023; 15(8): 807-820

URL: https://www.wjgnet.com/1948-0210/full/v15/i8/807.htm
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INTRODUCTION

Cell-based tissue engineering is an important method for the treatment of bone defects. Bone marrow mesenchymal
stromal cells (BMSCs) are one of the most commonly used seed cells. The osteogenic potential of BMSCs is the premise of
their applications in bone regeneration[1]. Additionally, the crosstalk between BMSCs and immune cells like
macrophages has been recognized as a critical element in achieving ideal bone tissue repair[2]. Plenty studies have
demonstrated that BMSCs are able to trigger a functional switch in macrophages from pro-inflammatory classically
activated macrophages (M1) to anti-inflammatory alternatively activated macrophages (M2)[3]. In turn, macrophage
polarization is essential for the osteogenic potency of BMSCs. M2 macrophages promote the osteogenesis of BMSCs by
secreting pro-regenerative cytokines[4], while M1 macrophages suppress the process[5]. Accordingly, approaches to
enhance the osteogenic potential and macrophage-modulating capacity of BMSCs, such as genetic engineering to express
specific genes, are continuously being explored.

Aryl hydrocarbon receptor (AhR) is a member of the helix-loop-helix transcription factor superfamily[6]. Historically,
AhR has been recognized as a nuclear receptor that responds to environmental toxic stimuli. Recently, increasing number
of studies have demonstrated that AhR is an essential modulator in bone turnover[7] and immune responses[8]. AhR can
be activated by chemosynthetic agonists such 6-formyl (3,2-b) carbazole (FICZ)[9]. In our previous studies, AhR signaling
was suppressed in periodontitis, and FICZ alleviated the inflammatory responses by activating AhR and promoting the
phosphorylation of signal transducer and activator of transcription 3 (STAT3)[10]. In another study of our group, FICZ
was found to play a beneficial role in the proliferation, osteogenic potential and macrophage-modulation of rat BMSCs
and primed cartilage templates[11].

Except for ligand-activated AhR, the role of constitutive unligated AhR in the osteogenic and macrophage-modulating
potential of BMSCs has not been investigated. Therefore, the aim of the present study was to: (1) Establish stable AhR-
overexpressing or AhR-knockdown mouse BMSCs (mBMSCs); (2) explore the osteogenic differentiation of different
mBMSCs; (3) observe the phenotype of macrophages cocultured with different mBMSCs; and (4) investigate the involved
molecular mechanism.

MATERIALS AND METHODS

Animal

Six-week-old male C57BL/6 mice were obtained from the Hubei Research Centre of Laboratory Animals (Wuhan, China)
and kept in specific pathogen free condition. All experimental protocols were approved by the Institutional Animal Care
and Use Committee of School and Hospital of Stomatology, Wuhan University (No. 2020-A08).
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Isolation of BUSCs

BMSCs was isolated from 6-week-old male C57BL/6 mice via whole femur bone marrow adherent culturing. The femora
were excised aseptically, cleaned of soft tissues, and passed through 3 washes with phosphate buffered saline (PBS). The
ends of the bones were removed, and the marrow flushed out. The released cells were collected in two 75 cm? flasks
(Corning) containing 10 mL of 10% fetal bovine serum (Hyclone) in -minimum essential medium. Cultures were
maintained in a humidified atmosphere of 95% air and 5% CO,, at 37°C. After 72 h, all medium was aspirated and
replaced to remove the non-adherent cells. The medium was replaced every 2-3 d.

Immunohistochemistry staining

The mice femurs were collected and fixed with 4% paraformaldehyde and then decalcified in 10% ethylene diamine
tetraacetic acid for 6 wk. The tissue was subsequently processed for paraffin embedding and serial 4-mm-thick sections
were prepared. Then the sections were dewaxed in xylene and rehydrated through graded ethanol to water. Antigen
retrieval was conducted in stomach enzyme antigen repair solution for 30 min at 37 °C. Immunostaining was performed
by incubating the sections with anti-AhR (NB300-515, 1:200, Novus) at 4 °C overnight. The slides were then washed with
PBS and incubated with secondary antibody (Maxim Biotechnology) for 30 min at 37 °C. Staining was visualized with 3,
3-diaminobenzidine and counterstained with hematoxylin.

Immunofiuorescent staining

BMSCs at third passage were seeded in cell dish (801002, NEST). After the cells reached 80% confluence, BMSCs were
fixed with 4% paraformaldehyde for 15 min and permeabilized with 0.1% Triton X-100 for 20min. Then the cells were
blocked with bovine serum albumin (BSA) for 1 h. Subsequently, the cells were incubated with primary antibody against
AhR (NB300-515, 1:100, Novus) at 4 °C overnight. After washing, cells were incubated with dylight 594-conjugated
secondary antibody (1:200, A23420, Abbkine) for 1 h at room temperature. Then, the cells were stained with 4',6-
diamidino-2-phenylindole staining solution (C1005, Beyotime) for 5 min. Finally, the stained cells were observed and
photographed under confocal microscope (Leica-LCS-SP8-STED).

Short hairpin RNA design and plasmid preparation

Based on the published sequence of mouse AhR (NM_013464), certain short hairpin RNA (shRNAs) specifically targeting
AhR were designed to knockdown their expressions in mBMSCs. The shRNA sequences are as follows: 5-CATCGA-
CATAACGGACGAAAT-3 (AhR sense) and 5-ATTTCGTCCGTTATGTCGATG-3’ (antisense). These plasmid DNAs
transcribed shRNAs with loop sequences of 5-CTCGAG-3'. In parallel, a negative control (NC) sequences were projected
(sense: 5’-TTCTCCGAACGTGTCACGT-3, antisense: 5'-ACGTGACACGTTCGGAGAA-3’), which had no homology with
human proteins. The generated oligo DNA was cloned into GV493 vector (hU6-MCS-CBh-gcGFP-IRES-puromyecin)
(GENECHEM, Shanghai).

AhR overexpression plasmid
The coding sequences of mouse AhR (NM_013464) was cloned into GV358 vector (Ubi-MCS-3FLAG-5V40-EGFP-IRES-
puromycin) (GENECHEM, Shanghai). The empty Ubi-MCS-5V40-EGFP-IRES-puromycin vector was served as NC.

Lentiviral packaging and infection of mBMSCs

The 293T packaging cell line was co-transfected with plasmid and lentiviral helper vectors (GENECHEM, Shanghai). The
medium was replaced with fresh dulbecco’s modified eagle medium overnight. After another 48 h, the supernatants were
collected and filtered. The viral supernatants were concentrated via ultracentrifuging at the speed of 25000 rpm for 2 h at
4°C. One day prior to infection, mBMSCs were seeded in 6-well plates at the density of 10° cells/well. Then the mBMSCs
were infected with lentiviral particles containing plasmids of knockdown-NC (sh-NC), knockdown-AhR (sh-AhR),
overexpression-NC (oe-NC) or overexpression-AhR (oe-AhR) via multiplicity of infection level of 20. After 12-16 h, the
culture medium was refreshed. Then the cells were cultured in complete medium containing 2 mg/mL puromyecin.

gPCR

Total RNA from different cell samples were isolated by Trizol reagent (Takara Bio). SYBR Green Reagent (Takara Bio)
was used to perform qPCR in a 7500 Fast Real-Time PCR system (Applied Biosystem). The primer sequences used in the
study was showed in Table 1. The relative expression levels were calculated using the 2-DDCt method. Three biological
replicates were conducted.

Western blot

Total proteins were extracted from cells with radio immunoprecipitation assay buffer supplemented with 1:100
proteinase and phosphatase inhibitors. The proteins were separated by 10% sodium dodecyl sulphate (SDS)-
polyvinylidene fluoride membranes (Roche). After blocked with 5% milk, the membranes were incubated with primary
antibody at 4°C overnight. Then the membranes were then incubated with horseradish peroxidase-conjugated secondary
antibody for 1 h at room temperature. Subsequently, the bands were visualized with electro-chemi-luminescence
detection reagents (Thermo Scientific). Anti-AhR (NB300-515, 1:200, Novus), anti-biomineralization associated [tissue-
nonspecific alkaline phosphatase (ALPL)] (11187-1-AP, 1:1000, Proteintech), anti-runt-related transcription factor 2
(RUNX2) (PB0171, 1:2000, Boster), anti-phosphorylated STAT3 (Tyr705) (9145, 1:1000, CST), anti-STAT3 (9139, 1:1000,
CST) and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (BM3876, 1:5000, Boster) primary antibodies were
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Table 1 Primer sequences for quantitative polymerase chain reaction (5’-3’)

Gene Sequences

GAPDH Forward: TGGAAAGCTGTGGCGTGAT
Reverse: GTCATCATACTTGGCAGGTTTCT
AhR Forward: GGCTTTCAGCAGTCTGATGTC
Reverse: CATGAAAGAAGCGTTCTCTGG
ALPL Forward: GGGCGTCTCCACAGTAACCG
Reverse: ACTCCCACTGTGCCCTCGTT
RUNX2 Forward: GAGTCAGATTACAGATCCCA

Reverse: TGGCTCTTCTTACTGAGAGA

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; AhR: Aryl hydrocarbon receptor; ALPL: Tissue-nonspecific alkaline phosphatase; RUNX2: Runt-

related transcription factor 2.

used. Three biological replicates were conducted.

Osteogenic induction, alkaline phosphatase staining and alizarin red staining

For osteogenic induction, mBMSCs at passage 3 from different groups (sh-NC, sh-AhR, oe-NC or oe-AhR) were cultured
in medium supplemented with 50 mg/mL ascorbic acid, 10 mmol/L b-glycerophosphate and 10* mol/L dexamethasone
(Sigma). Then, cells were fixed in 4% paraformaldehyde for 10 min and stained using alkaline phosphatase (ALP) Color
Development Kit (C3206, Beyotime) following the manufacturer’s instructions. For alizarin red staining (ARS), cells were
fixed and stained with alizarin red solution (Cyagen) for 10 min. Three biological replicates were conducted.

Co-culture of mBMSCs and RAW264.7 cells
For direct coculture, mBMSCs from all groups (sh-NC, sh-AhR, oe-NC or oe-AhR) were plated in monoculture at the
density of 5 10° cells/well at 6-well plate. After the adherence of mBMSCs, the macrophage linage RAW264.7 cells
(ScienceCell, Shanghai) (1 10° cells/well) were seeded into the wells. The cells were harvested after 24 h of coculture.

For indirect coculture, conditional medium from the culture of sh-NC, sh-AhR, oe-NC or oe-AhR mBMSCs were
collected. The conditioned medium was harvested and centrifuged for 10 min at 1000 rpm and then frozen at -20 °C until
used. The RAW 264.7 was treated with 1:2 fresh medium and conditioned medium for 24 h.

Flow cytometry
The macrophage surface markers of RAW264.7 cells in the coculture system was detected by flow cytometry. Three
biological replicates were conducted.

For direct coculture, the mBMSCs and RAW264.7 cells were collected from 6-well plates after coculture for 24 h and
washed three times with PBS. The cell suspensions were divided into 1.5 mL Eppendorf micro test tubes (EP tubes) and
incubated with blocking 3% BSA. Then the cell suspensions were incubated with allophycocyanin anti-F4/80 (157305,
BioLegend), combined with fluorescein isothiocyanate (FITC) anti-cluster of differentiation (CD) 86 (105005, BioLegend)
or PerCP/Cyb5.5 anti-CD206 (141715, BioLegend) at 4°C for 1 h.

For indirect coculture, the RAW264.7 cells were collected and washed three times with PBS. The cell suspensions were
divided into 1.5 mL EP tubes and incubated with blocking 2% BSA. Then the cell suspensions were successively
incubated with CD86 (13395-1-AP, Proteintech) or CD206 (18704-1-AP, Proteintech), and FITC conjugated immuno-
globulin G (BA1105, Boster).

The above cells were washed three times after incubation and suspended in 500 mL containing 3% fetal bovine serum
and then detected by Beckman Coulter CytoFLEX S and analyzed by CytoExpert.

Co-immunoprecipitation

The AhR and p65 protein-protein interaction was detected by co-immunoprecipitation (Co-IP) kit (P2179S, Beyotime)
following manufacturer’s instructions. The mBMSCs protein sample was extracted from cells with lysis buffer supple-
mented with protease inhibitor cocktail. The AhR antibody (NB300-515, 1:100, Novus) was incubated with protein A+G
beads at room temperature for 2 h and then washed three times using Tris buffered saline. Then the beads-antibody
complex was immunoprecipitated with mBMSCs protein sample at 4°C overnight. After washed three times using lysis
buffer, the beads-antibody-antigen complex was eluted SDS-polyacrylamide gel electrophoresis sample loading buffer.
After magnetic separation, the expression of STAT3 in the supernatant was detected using STAT3 primary antibody
(9139, 1:1000, CST) via western blot. Three biological replicates were conducted.

STATS3 inhibitor stattic
To testify whether the effects of AhR in osteogenic differentiation and macrophage-modulating was partially STAT3-
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dependent or not, a specific STAT3 inhibitor stattic (Selleck) was introduced. In osteogenic induction, oe-NC and oe-AhR
mBMSCs were cultured in osteogenic medium supplemented with or without 2 mmol/L stattic. For indirect coculture
system of mBMSCs and RAW 264.7 cells, the mixed fresh and conditioned medium from mBMSCs was supplemented
with or without 2 mmol/L stattic. Three biological replicates were conducted for each treatment.

Statistical analysis

All data were expressed as the mean + SD. For comparison between two groups, statistical differences were evaluated by
a two-tailed Student’s t test. For multiple comparisons, a one-way analysis of variance (ANOVA) followed by Tukey’s
test were conducted. P-value < 0.05 was considered statistically significant.

RESULTS

The expression of AhR in bone marrow of mouse femurs and isolated mBMSCs

The immunohistochemistry (IHC) staining showed that AhR was expressed in parts of mouse femur bone marrow
(Figure TA-C). In isolated mBMSCs derived from femurs, AhR expression was positively observed via immunofluor-
escence staining (Figure 1D-I), which was consistent with the IHC results.

AhR overexpression or knockdown in mBMSCs

At 48 h after infection with oe-AhR or sh-AhR and their NC lentivirus (oe-NC and sh-NC), the efficiencies of AhR overex-
pression or knockdown were confirmed by qPCR and western blot. The qPCR data (Figure 2A) showed that the relative
AhR mRNA expression level of the oe-NC and oe-AhR groups were 0.85 + 0.08 and 4.39 + 0.23 respectively, and those of
the sh-NC and sh-AhR groups were 1.13 £ 0.14 and 0.16 + 0.01, respectively. The western blot results (Figure 2B and C)
demonstrated that the relative AhR/GAPDH protein levels of the oe-NC and oe-AhR groups were (0.29 + 0.05) and (0.45
+0.07), and those of the sh-NC and sh-AhR groups were 0.31 + 0.11 and 0.04 + 0.01 respectively. The data indicated that
AhR was significantly overexpressed or knocked down in oe-AhR or sh-AhR mBMSCs.

The effect of oe-AhR or sh-AhR on the osteogenic differentiation of mBMSCs

At the 7 day of osteogenic induction, ALP staining showed that AhR overexpression resulted in more positive nodules
than the NC (Figure 3A). Consistently, after 14 d of osteogenic induction, the visualization of calcium deposits and
mineralized nodules by ARS also demonstrated that AhR overexpression promoted the osteogenic potential of mBMSCs
(Figure 3A). In contrast, AhR knockdown suppressed the nodules formation and calcium deposition, as showed by ALP
staining and ARS, compared to the NC (Figure 3A).

At the 7 day of osteogenic induction, the mRNA levels of the osteogenic markers ALP, ALPL and RUNX2 in oe-AhR
mBMSCs were significantly higher than those in oe-NC mBMSCs (Figure 3B), while those in sh-AhR cells were lower
than those in sh-NC cells (Figure 3C). Then, the protein samples were harvested after 7 d of osteogenic induction and
were subjected to western blotting. The bands showed increased protein expressions of ALPL and RUNX2 in oe-AhR
mBMSCs compared to oe-NC mBMSCs, while sh-AhR inhibited their expressions compared to sh-NC (Figure 3D), which
was basically consistent with the mRNA results.

The effect of oe-AhR or sh-AhR on the macrophage-modulating capacity of mBMSCs

Brightfield images of direct coculture were captured prior to analysis (Figure 4A), and the morphologies of the RAW
264.7 cells and different groups of mBMSCs were similar. In flow cytometry analysis of direct coculture samples, the ratio
of M1-like macrophages among RAW 264.7 cells was calculated as CD86 + (Q1-UR)/F4/80 + (Q1-UR + QI1-LR)
(Figure 4B). Similarly, the ratio of M2-like macrophages among RAW 264.7 cells was calculated as CD206 + (Q2-UR)/F4/
80 + (Q2-UR + Q2-LR) (Figure 4C). Quantitative analysis (Figure 4D) demonstrated that the ratio of CD86+ cells and
CD206+ cells was not significantly different between RAW 264.7 cells cocultured with oe-AhR and those cocultured with
o0e-NC mBMSCs. While the ratio of CD86+ cells among RAW 264.7 cocultured with sh-AhR mBMSCs was significantly
higher than that among RAW 264.7 cocultured with sh-NC mBMSCs.

In the indirect coculture system, RAW 264.7 cells were cultured with conditioned medium from different mBMSCs.
The CD86 and CD206 expressions were demonstrated using histograms (Figure 5A and B). Quantitative analysis
(Figure 5C) showed that the ratio of CD86+ cells was significantly lower and the ratio of CD206+ cells was significantly
higher in the oe-AhR group than oe-NC. The ratio of CD86+ cells in the sh-AhR group was significantly higher than that
in sh-NC.

The above data suggested that knockdown of AhR in mBMSCs tends to drive macrophages toward the M1-like
phenotype and inhibit M2-like polarization. Overexpression of AhR in mBMSCs showed the opposite macrophage-
modulating effect.

The molecular mechanism underlying the role of AhR in the osteogenic differentiation and macrophage modulation of

mBMSCs

First, the AhR and STAT3 protein-protein interaction was detected via Co-IP (Figure 6A). Then, the effect of AhR overex-
pression or knockdown on the phosphorylation of STAT3 was explored by western blotting (Figure 6B). The results
showed that oe-AhR promoted the phosphorylation of STAT3 while sh-AhR suppressed it. To test whether the effects of
AhR on osteogenic differentiation and macrophage-modulating were partially STAT3-dependent or not, a specific STAT3

WJSC | https://www.wjgnet.com 811 August 26,2023 | Volume15 | Issue8 |

Jaishideng®



Huang J et al. AhR promotes regenerative potential of mBMSCs

0_pm 10} 0 pm 10

DOI: 10.4252/wjsc.v15.i8.807 Copyright ©The Author(s) 2023.

Figure 1 The expression of aryl hydrocarbon receptor in bone marrow tissue of mouse femur and isolated bone marrow mesenchymal
stromal cells. A-C: Immunochemistry staining showed positive aryl hydrocarbon receptor (AhR) expression in bone marrow tissue [bar: 200 mm (left), 100 mm
(middle) and 50 mm (right)]. D-I: Immunofluorescence staining of AhR in mouse bone marrow mesenchymal stromal cells via confocal microscopy (red: AhR; blue:
4' B-diamidino-2-phenylindole; pink: Merge) [bar: 25mm (D-F) and 10mm (G-I)].

inhibitor, stattic, was introduced. The western blotting lanes testified that 2 mmol/L stattic partially alleviated the AhR
overexpression-mediated increase in STAT3 phosphorylation (Figure 6C). ALP staining at the 7" day of osteogenic
induction and ARS at the 15* day indicated that 2 mmol/L stattic partially reversed the elevated osteogenic potential
mediated by AhR overexpression (Figure 6D). Regarding macrophage modulation, the flow cytometry and quantitative
analysis manifested that 2 mmol/L stattic partially reversed the inhibition of CD86 expression and promotion of CD206
in RAW 264.7 cells cultured with conditioned medium from oe-AhR mBMSCs (Figure 6E and F). The above data
suggested that AhR promoted the osteogenic and macrophage-modulating potentials of mBMSCs partially by interacting
with STAT3 and increasing the phosphorylation of STAT3.

DISCUSSION

Based on the results, and within the limitations of the present study, it could be concluded that: (1) Endogenous unligated
AhR promoted osteogenic potential of mBMSCs; (2) endogenous unligated AhR played a positive role in polarizing
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Figure 2 Overexpression or knockdown of aryl hydrocarbon receptor in mouse bone marrow mesenchymal stromal cells. A: Quantitative
polymerase chain reaction data of aryl hydrocarbon receptor (AhR) mRNA level of overexpression-AhR (oe-AhR) or knockdown-AhR (sh-AhR) and their negative
controls; B: Representative images of western blot of AhR in oe-AhR or sh-AhR; C: Semi-quantitation of lanes in western blot. AhR: Aryl hydrocarbon receptor;
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; oe-NC: Overexpression-negative control; oe-AhR: Overexpression-AhR; sh-NC: Knockdown-negative control;
sh-AhR: Knockdown-AhR.

macrophages towards the M2-like phenotype of mBMSCs; and (3) the function of AhR was partially dependent on
interacting with STAT3 and increasing the phosphorylation of STAT3. The present study offered new insights into the
role of AhR and the involved molecular mechanism in the regenerative potential of mBMSCs, which might be a target for
achieving optimal bone regeneration in mBMSCs-based tissue engineering.

The nuclear receptor AhR is positively expressed in bone tissue, including osteoblasts and osteoclasts, and the AhR
signaling pathway plays a vital role in bone homeostasis[12]. AhR was previously considered as an environment
xenobiotic sensor and mediates oxidative stress[13]. In recent decades, the roles of AhR as a transcription factor in
regulating various biological processes have been revealed. Plenty studies have focused on the functions of ligand-
activated AhR in biological processes. However, the effects of AhR might vary due to interactions with different ligands.
The first identified AhR ligand was a dioxin-like compound (DLC), 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), which
mediates toxic effects after binding to AhR. Then, various kinds of non-dioxin-like endogenous ligands were identified,
such as FICZ, 2-(1'-H-indole-3-carbonyl) thiazole-4-carboxylic acid methyl ester, and tryptophan metabolites such as
kynurenine, which demonstrated functional diversity[9].

Regarding osteogenic potential, AhR activated by DLC ligands such as TCDD is basically harmful[14], but the effects of
endogenous ligands such as FICZ are controversial. In a recent study, two different AhR ligands, benzo[a]pyrene (B[a]P)
and FICZ, were analyzed in mice temporomandibular joint osteoarthritis[15]. The above study demonstrated that B[a]P
induced mandibular subchondral bone resorption in an AhR-dependent manner. However, FICZ exerted a therapeutic
effect and rescued the bone loss in vivo at both low (100mg/kg) and high (100mg/kg) concentrations. Moreover, 200ng/
mL FICZ promoted the osteogenic differentiation on MC3T3 El1 cells in vitro, resulting in more obvious ALP staining and
ARS, and increased mRNA expressions of osteogenic markers, including ALP, osteocalcin (OCN) and collagen type I
alpha 1. Consistently, in a previous study by our group, 500 nM FICZ enhanced the ALP staining and ARS of rat BMSCs
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GAPDH

Figure 3 The effect of aryl hydrocarbon receptor overexpression or knockdown on the osteogenic differentiation in mouse bone marrow

mesenchymal stromal cells. A: Alkaline phosphatase (ALP) staining (upper) at 7" day and Alizarin red staining staining (lower) at 14" day of osteogenic
induction; B: Relative mRNA expression of ALP, biomineralization associated [tissue-nonspecific alkaline phosphatase (ALPL)] and runt-related transcription factor 2
(RUNX2) of overexpression-negative control and overexpression-aryl hydrocarbon receptor (AhR) mouse bone marrow mesenchymal stromal cells (nBMSCs); C:
Relative ALPL and RUNX2 mRNA expression of knockdown-negative control and knockdown-AhR mBMSCs at 7™ day of osteogenic induction; D: Representative
images of western blot of ALPL and RUNX2 in mBMSCs of different groups at 7" day of osteogenic induction. oe-NC: Overexpression-negative control; og-AhR:
Overexpression-aryl hydrocarbon receptor; sh-NC: Knockdown-negative control; sh-AhR: Knockdown-aryl hydrocarbon receptor; ALPL: Tissue-nonspecific alkaline
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phosphatase; RUNX2: Runt-related transcription factor 2; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.
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Figure 4 The cluster of differentiation (CD) 86 and CD206 expressions of RAW 264.7 cells that directly co-cultured with different mouse
bone marrow mesenchymal stromal cells. A: The brightfield images of the coculture system (10 objective lens); B: The typical four-quadrant images of flow
cytometry after direct coculture of RAW 264.7 cells and mBMSCs (X-axis: F4/80; Y-axis: CD86); C: The typical four-quadrant images of flow cytometry after direct
coculture of RAW 264.7 cells and mBMSCs (X-axis: F4/80; Y-axis: CD206); D: Quantitative analysis of CD86 + (Q1-UR)/F4/80 + (Q1-UR + Q1-LR) and CD206 + (Q2-
UR)/F4/80 + (Q2-UR + Q2-LR) ratios in direct coculture system. oe-NC: Overexpression-negative control; oe-AhR: Overexpression-aryl hydrocarbon receptor; sh-NC:
Knockdown-negative control; sh-AhR: Knockdown-aryl hydrocarbon receptor; NS: Not significant.

after osteogenic induction[11]. In addition to ligand-activated AhR, its role in bone ossification was investigated in
transgenic mice. In the semistable fracture healing model in mice, the expression of AhR in the healing callus tissue was
more than 2-fold higher on the seventh day after fracture than in uninjured samples. On the 14* day after fracture, AhR
expression had increased by 10-fold in callus tissue. To determine whether the loss of AhR affects bone healing, the
researchers established a tibial fracture model in wild type (WT) mice and AhR knockout (KO) mice and performed
micro-computed tomography (micro-CT) scan analysis two weeks later. Mineralized callus tissue in the fracture gap was
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Figure 5 The cluster of differentiation (CD) 86 and CD206 expressions of RAW 264.7 cells that cocultured with conditioned medium from
different mouse bone marrow mesenchymal stromal cells. A: The typical histograms of CD86 expressions of RAW 264.7 cells; B: The typical histograms
of CD206 expressions of RAW 264.7 cells; C: Quantitative analysis of ratios of CD86+ and CD206+ cells. oe-NC: Overexpression-negative control; oe-AhR:
Overexpression-aryl hydrocarbon receptor; sh-NC: Knockdown-negative control; sh-AhR: Knockdown-aryl hydrocarbon receptor; NS: Not significant.

observed in the former but not the latter mice. At the third week, micro-CT analysis also showed that AhR KO mice had
less bone formation than WT mice[7]. In another study[16], the ALP and OCN mRNA expression levels of BMSCs
obtained from AhR KO mice were lower than those of WT mice after 8-10 d of osteogenic induction. Interestingly, the
ALP and OCN expression patterns in the BMSCs of AhR KO mice after osteogenic induction were rather parallel to the
TCDD-suppressed responses in BMSCs from WT mice. The results of present study were consistent with above
literatures.

Additionally, AhR has been proven to be involved in modulating immune/inflammatory disease by targeting specific
gene expression and altering immune differentiation[8]. Similarly, complex ligand interactions that control AhR function
might result in diverse immunologic effects including immunosuppressive or pro-inflammatory downstream functions
[17]. In another study, peritoneal macrophages from WT and AhR-null mice were polarized toward the M1 or M2
phenotype by stimulation with lipopolysaccharide/interferon-g or interleukin (IL)-4[18]. The results indicated that AhR-
null macrophages presented higher levels of M1 markers including IL-1b, IL-6, IL-12 and tumor necrosis factor-a, and
lower levels of M2 markers, including chitinase-like 3 (or called Ym1) and IL-10. It was found that the binding of AhR to
the promoters of IL-10 and arginase-1 was increased in macrophages after uptake of apoptotic cells to promote M2
polarization[19]. AhR not only affects the phenotype of macrophages themselves but also influences the results of other
cells in regulating macrophage polarization. Treatment with the AhR ligand FICZ attenuated calcium oxalate nephrocal-
cinosis in a mouse model. Bone marrow-derived macrophages (BMDMs) and calcium oxalate monohydrate (100mg/mL)-
treated renal tubular epithelial cells were cocultured in transwell system. FICZ supplement in the system promoted the
expression of M2 markers and diminished the expression of M1 markers in BMDMSs. The molecular mechanism was that
AhR directly targeted downstream microRNA-142a-3p, which suppressed interferon regulatory factor 1 and hypoxia
inducible factor 1 alpha by binding to their 3" untranslated region[20]. In another study, another AhR ligand, TCDD, was
added to a coculture system of mBMSCs and macrophages. Treatment of BMSCs with TCDD resulted in a significant
increase in M2 markers and a decrease in M1 markers in macrophages. The AhR antagonist CH223191 alleviated the
macrophage-modulating effect[21]. In the present study, AhR overexpression in mBMSCs promoted its ability of
polarizing macrophages into M2-like phenotype.
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Figure 6 The molecular mechanism of the role of aryl hydrocarbon receptor in osteogenic differentiation and macrophage-modulating in
mouse bone marrow mesenchymal stromal cells. A: Co-immunoprecipitation assay showed that aryl hydrocarbon receptor (AhR) and signal transducer and
activator of transcription 3 (STAT3) directly interacted in mouse bone marrow mesenchymal stromal cells (mBMSCs); B: Western blot lanes demonstrated that AhR
overexpression promoted phosphorylation of STAT3 compared to negative control, while AhR knockdown suppressed it; C: The specific STAT3 inhibitor stattic (2
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mmol/L) partially alleviated the promoted STAT3 phosphorylation by AhR overexpression; D: Alkaline phosphatase (upper) and alizarin red staining (lower) staining
indicated that 2 mmol/L stattic partially inhibited the elevated osteogenic potential by AhR overexpression; E and F: The histograms of flow cytometry and quantitative
analysis manifested that 2 mmol/L stattic partially reversed the CD86 inhibition and CD206 promotion in RAW 264.7 by conditioned medium from overexpression-AhR
mBMSCs. AhR: Aryl hydrocarbon receptor; oe-NC: Overexpression-negative control; oe-AhR: Overexpression-AhR; sh-NC: Knockdown-negative control; sh-AhR:
Knockdown-AhR; STAT3: Signal transducer and activator of transcription 3; p-STAT3: Phosphorylated STAT3; GAPDH: Glyceraldehyde-3-phosphate
dehydrogenase.

It was reported that AhR signaling exhibits considerable crosstalk with other transcription factors, such as those in the
nuclear factor-kB family and signal transducer and activator of transcription family[17,22]. AhR can bind to other
molecules to undergo a conformational change exposing a nuclear localization signal[17]. STAT3 is critical in regulating
immune responses[23] and osteogenic differentiation processes[24]. Our previous study showed that FICZ-stimulated
AhR alleviated the inflammatory response in periodontal ligament cells by increasing the phosphorylation of STAT3[10].
The interplay between AhR and STAT3 was explored in various cell types. In A549 cells the interaction of AhR and
STAT3 was detected via Co-IP. Increased AhR by reduning upregulated the expression of STAT3 and the downstream IL-
10, which alleviate severe pneumonia[25]. Lactobacillus johnsonii N6.2-derived nano-sized vesicles led to the nuclear
translocation of AhR in pancreatic b cells and enhanced the phosphorylation of STAT3 and expression of IL-10, which
reduced the apoptosis and improved the expression of genes related to glucose transport[26]. In the present study, the
direct AhR and STATS3 interaction was also observed in mBMSCs. Moreover, AhR overexpression upregulated the
phosphorylation of STAT3. However, the further research is needed to fully understand the precise molecular
mechanisms underlying the AhR-STAT3 interaction.

CONCLUSION

In conclusion, AhR plays a promotive role in the regenerative potential of mBMSCs, including osteogenic differentiation
and polarizing macrophages to an anti-inflammatory phenotype. Mechanistically, AhR can interact with STAT3, thereby
increasing the phosphorylation level of STAT3. Inhibition of STAT3 partially counteracted the beneficial effect of AhR.
Hence, AhR might be a target for achieving optimal bone regeneration in mBMSCs-based tissue engineering.

ARTICLE HIGHLIGHTS

Research background

Bone marrow mesenchymal stromal cells (BMSCs) are one of the most commonly used seed cells in bone tissue
engineering. Aryl hydrocarbon receptor (AhR) has been recognized as a nuclear receptor that modulates bone turnover.
However, the function of constitutive AhR in BMSCs remains unclear.

Research motivation
To explore whether AhR is involved in the regenerative potential of mouse BMSCs (mBMSCs).

Research objectives

To investigate the role of AhR in the osteogenic and macrophage-modulating potential of mBMSCs and the underlying
mechanism.

Research methods

Immunochemistry and immunofluorescent staining were used to observe the expression of AhR in mouse bone marrow
tissue and mBMSCs. The overexpression or knockdown of AhR was achieved by lentivirus-mediated plasmid. The
osteogenic potential was observed by alkaline phosphatase and alizarin red staining. The mRNA and protein levels of
osteogenic markers were detected by quantitative polymerase chain reaction and western blot. After coculture with
different mBMSCs, the cluster of differentiation (CD) 86 and CD206 expressions levels in RAW 264.7 cells were analyzed
by flow cytometry. To explore the underlying molecular mechanism, the interaction of AhR with signal transducer and
activator of transcription 3 (STAT3) was observed by co-immunoprecipitation and phosphorylation of STAT3 was
detected by western blot.

Research results

AhR expressions in mouse bone marrow tissue and isolated mBMSCs were detected. AhR overexpression enhanced the
osteogenic potential of mBMSCs while AhR knockdown suppressed it. The ratio of CD86+ RAW 264.7 cells cocultured
with AhR-overexpressed mBMSCs was reduced and that of CD206+ cells was increased. AhR directly interacted with
STAT3. AhR overexpression increased the phosphorylation of STAT3. After inhibition of STAT3 via stattic, the promotive
effects of AhR overexpression on the osteogenic differentiation and macrophage-modulating were partially counteracted.
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Research conclusions
AhR plays a beneficial role in the regenerative potential of mBMSCs partially by increasing phosphorylation of STAT3.

Research perspectives
This study suggested that AhR and its interaction with STAT3 might be a potential candidate target for achieving optimal
bone regeneration in mBMSCs-based tissue engineering.
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Abstract

BACKGROUND

Cardiovascular diseases particularly myocardial infarction (MI) are the leading
cause of mortality and morbidity around the globe. As cardiac tissue possesses
very limited regeneration potential, therefore use of a potent small molecule,
inhibitor Wnt production-4 (IWP-4) for stem cell differentiation into cardio-
myocytes could be a promising approach for cardiac regeneration. Wnt pathway
inhibitors may help stem cells in their fate determination towards cardio-
myogenic lineage and provide better homing and survival of cells in vivo.
Mesenchymal stem cells (MSCs) derived from the human umbilical cord have the
potential to regenerate cardiac tissue, as they are easy to isolate and possess
multilineage differentiation capability. INP-4 may promote the differentiation of
MSCs into the cardiac lineage.

AIM

To evaluate the cardiac differentiation ability of IWP-4 and its subsequent in vivo
effects.

METHODS

Umbilical cord tissue of human origin was utilized to isolate the MSCs which
were characterized by their morphology, immunophenotyping of surface markers
specific to MSCs, as well as by tri-lineage differentiation capability. Cytotoxicity
analysis was performed to identify the optimal concentration of IWP-4. MSCs
were treated with 5 pM IWP-4 at two different time intervals. Differentiation of
MSCs into cardiomyocytes was evaluated at DNA and protein levels. The MI rat
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model was developed. IWP-4 treated as well as untreated MSCs were implanted in the MI model, then the cardiac
function was analyzed via echocardiography. MSCs were labeled with 1,1'-dioctadecyl-3,3,3",3'-tetramethylindocar-
bocyanine perchlorate (Dil) dye for tracking, while the regeneration of infarcted myocardium was examined by
histology and immunohistochemistry.

RESULTS

MSCs were isolated and characterized. Cytotoxicity analysis showed that IWP-4 was non-cytotoxic at 5 pM concen-
tration. Cardiac specific gene and protein expression analyses exhibited more remarkable results in fourteen days
treated group that was eventually selected for in vivo transplantation. Cardiac function was restored in the IWP-4
treated group in comparison to the MI group. Immunohistochemical analysis confirmed the homing of pre-differ-
entiated MSCs that were labeled with Dil cell labeling dye. Histological analysis confirmed the significant
reduction in fibrotic area, and improved left ventricular wall thickness in IWP-4 treated MSC group.

CONCLUSION

Treatment of MSCs with IWP-4 inhibits Wnt pathway and promotes cardiac differentiation. These pre-conditioned
MSCs transplanted in vivo improved cardiac function by cell homing, survival, and differentiation at the infarcted
region, increased left ventricular wall thickness, and reduced infarct size.

Key Words: Myocardial infarction; Inhibitor Wnt production-4; Differentiation; Mesenchymal stem cells; Wnt pathway;
Cardiac function

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study highlights the role of Wnt signaling pathway in the differentiation of mesenchymal stem cells (MSCs)
into cardiac progenitor cells and the therapeutic potential of MSCs conditioned with inhibitor Wnt production-4 (IWP-4) for
the treatment of heart disease. Further studies are required to comprehend the mode of action of IWP-4 on MSCs and to
assess its potency and safety in human clinical trials. Nevertheless, this research is an exciting step forward for new
treatments for heart diseases and is more focused on the importance of continued investment in the development of
innovative therapies for this devastating condition.

Citation: Muneer R, Qazi REM, Fatima A, Ahmad W, Salim A, Dini L, Khan I. Wnt signaling pathway inhibitor promotes
mesenchymal stem cells differentiation into cardiac progenitor cells in vitro and improves cardiomyopathy in vivo. World J Stem Cells
2023; 15(8): 821-841

URL: https://www.wjgnet.com/1948-0210/full/v15/i8/821.htm

DOI: https://dx.doi.org/10.4252/wjsc.v15.i8.821

INTRODUCTION

Cardiovascular diseases (CVDs) remain the major mortality cause around the globe[1]. The associated morbidity and
mortality may rise to 23.6 million by 2030, which emphasizes the urgent need of addressing the issue of regenerating the
damaged heart[2]. CVDs account for a wide range of pathological changes in the blood vessels and heart. Current
treatment strategies include inhibitors of beta and aldosterone, angiotensin altering enzyme inhibitors, and biventricular
striding. However, heart failure related morbidity and mortality cause temporary success due to these therapeutic
interventions and highlight the need for novel therapy that can inhibit and reverse heart dysfunction. Cell therapy
emerged in the 1990s and was perceived as a promising strategy to repair an injured heart after myocardial infarction
MD[3].

Mesenchymal stem cells (MSCs) are the epitome of tissue regeneration due to their easy isolation and existence in
almost all types of tissues. They can be differentiated into multiple lineages. Their immunological properties such as
immunosuppressive, anti-inflammatory, and immunoregulatory potential make them potent immunotolerant cells[4].
MSCs isolated from the umbilical cord are relatively advantageous over other adult sources owing to their ability to high
passaging, expansion on a larger scale, higher anti-inflammatory effects, and more significant senescence retardation[5].

The Wnt signaling pathway comprises a complex network of signaling molecules that play a crucial role in stem cell
growth, survival, and differentiation. Wnt antagonists (IWPs) inhibit Wnt ligand release by inhibiting a membrane bound
O-acyltransferase, Porcn, responsible for catalyzing Wnt palmitoylation[6]. Several studies reported that the inhibition of
Wnt pathway promotes the differentiation of stem cells toward cardiomyocytes. Inhibitor Wnt production-4 (IWP-4) was
also reported to produce functional cardiomyocytes from induced pluripotent stem cells and embryonic stem cells[7,8].

In this study, we investigated the role of IWP-4, a potent inhibitor of the Wnt signaling pathway on human umbilical
cord derived MSCs. Our results showed that treatment with IWP-4 promotes MSCs differentiation into cardiac progenitor
cells in vitro, which is a promising step towards the development of stem cell treatment for heart disease. To assess the
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therapeutic potential of IWP-4 treated MSCs, cells were transplanted in rat MI model. Our results demonstrated that
treatment with IWP-4 improves the efficacy of the MSCs to recover cardiac function of the MI rats, as evidenced by an
increase in the ejection fraction. These findings suggest that preconditioning of MSCs with IWP-4 may be a promising
approach for the treatment of heart diseases and that targeting Wnt signaling pathway may represent a promising
approach for this debilitating condition.

MATERIALS AND METHODS

In vitro studies

Ethical approval: This study was conducted according to the institutional ethical standards outlined in the protocol
#ICCBS/IEC-067-HT/UCB-2021/Protocol/1.0, which was approved by the ethical review committee. Healthy donors'
umbilical cords were obtained from Zainab Panjwani Memorial Hospital with informed consent after C-section delivery.
The cord samples were collected aseptically and transferred into a sterile glass bottle filled with 0.5% EDTA in phosphate
buffer saline (PBS) and kept at 4 °C. The samples were processed immediately after collection.

Human umbilical cord tissue processing: The biosafety cabinet class II, type A2 (ESCO, Singapore) was used for sample
processing. The cord sample was washed with sterile PBS and then cut into 1-3 mm pieces. These pieces were placed in T-
75 flasks containing 10-12 mL complete DMEM (10% fetal bovine serum, 100 U of streptomycin/penicillin, and 1 mmol/L
sodium pyruvate). The flasks were kept at 37 °C in a humidified CO, incubator. The flask was monitored regularly for cell
growth, and the medium was changed after every 3 d. After 10-14 d of initial culture, MSCs from the explant were
migrated and adhered to the surface of the flask. When the cells were adequately attached, explants were removed and
cells were supplied with fresh medium for further propagation. The cells were labeled as passage zero (Po). When the
cells became 80% confluent, they were trypsinized for the next passage using 1% trypsin-EDTA. The experiments were
carried out using passages (P, to P,) MSCs.

Characterization of MSCs: The isolated MSCs were characterized based on phase contrast microscopy, immunocyto-
chemistry, immunophenotyping, and trilineage differentiation.

Phase contrast microscopy: Phase contrast microscopy was performed for the morphological analysis of MSCs at
different passages. The images were captured with phase contrast microscope (Ti-2, Nikon, Tokyo, Japan).

Immunocytochemistry: Coverslips were placed in a 24-well tissue culture plate and 5000 cells were seeded with 200 pL
of complete DMEM in each well, then the plate was incubated in a CO, incubator at 37 °C for 24-48 h to allow for
monolayer formation. The next day, DMEM was discarded and cells were washed with 1x PBS, and fixed with 200 pL of
4% Paraformaldehyde (PFA) for 10 min. Cells were again washed with PBS and then permeabilized with 300 pL of 0.1%
Triton X-100 for 10 min followed by 3 washes with PBS. The cells were then blocked for 1 h at 37 °C using a blocking
solution containing 2% BSA, 0.1% Tween-20, and 1x PBS to prevent non-specific binding. After blocking, the monoclonal
primary antibodies CD117 (32-9000, Zymed, United States), CD29 (MAB-1981, Chemicon International, United States),
Lin28 (PA1- 096, Invitrogen, United States), CD105 (560839, BD Pharmingen, United States), Vimentin (V6389, Sigma-
Aldrich, United States), and CD45 (CBL415, BD Pharmingen, United States) were added to each well, and the plate was
incubated at 4 °C overnight. The next day, primary antibodies were removed, and cells were washed with 1x PBS. Cells
were then incubated with Alexa Fluor 546 conjugated goat anti-mouse secondary antibody (A-11010, Molecular Probes,
Invitrogen, United States) at 37 °C for 1 h, followed by washing with 1x PBS. The cells were stained with a 0.5 pg/mL
solution of DAPI-PBS (4', 6-diamidino-2-phenylindole) for 15 min at room temperature followed by washing with 1x PBS.
Finally, coverslips were placed on a glass slide, and then slides were mounted with 5 pL of aqueous mounting medium.
The fluorescence microscope (Nikon Ti2; Nikon, Japan) was used to observe the slides.

Flow cytometry: Immunophenotypic characterization was performed by flow cytometry. MSCs were trypsinized and
washed with PBS then resuspended in FACS buffer (1 mmol/L EDTA, 1% BSA, and 0.1% sodium azide). Cells were
incubated with primary antibody CD73 (550256, BD Pharmingen, United States), CD105, Vimentin, and CD45 incubated
at 37 °C for 2 h. The primary antibody was removed and cells were washed with PBS. Then Alexa Fluor 488 goat anti-
mouse secondary antibody was added for 1 h at 37 °C. Cells were washed and analyzed via FACS Calibur (Becton
Dickinson, United States). For control, unlabeled and isotype labeled cells were used.

Tri-lineage differentiation: For the characterization of MSCs through tri-lineage differentiation, cells were allowed to
grow in complete DMEM in a 6-well plate. For the differentiation of MSCs into adipocytes, MSCs were allowed to grow
in adipogenic induction medium containing complete DMEM, 1 pM dexamethasone, 10 pg/mL insulin, 200 ptM
indomethacin, and 0.5 pM isobutyl methylxanthine for 21 d. MSCs were differentiated into osteocytes in osteogenic
induction medium containing complete DMEM with 0.1 pM dexamethasone, 0.2 mmol/L L-ascorbic acid-2-phosphate,
and 10 mmol/L glycerol-2- phosphate for 28 d. For chondrogenic differentiation, MSCs were allowed to grow in
chondrogenic induction medium containing complete DMEM, 1 pM dexamethasone, 20 ng/mL transforming growth
factor-B, 100 mmol/L ascorbic acid, and 10 ng/mL insulin for 21 d. Differentiated cells were stained with Oil Red O for
the detection of lipid droplets inside the cells for adipocytes. Alizarin Red staining was performed to detect calcium
deposits in osteocytes. Alcian Blue staining confirmed the presence of proteoglycans and glycosaminoglycans (GAG).
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Cytotoxicity analysis of IWP-4 by JC-1 assay: JC-1 cytotoxicity analysis was performed to determine the cytotoxic effect
of IWP-4 on MSCs. MSCs were grown in complete DMEM in T-75 flasks and then treated with the different concen-
trations (5, 10, 20, 30, 50, and 100 pM) of IWP-4 for 24 h. Cells were trypsinized, washed, and then stained with 500 pL of
10pg/mL JC-1 dye working dilution and incubated for 15 min at 37 °C. Afterwards, MSCs were washed and resuspended
in PBS. Data were analyzed with BD CellQuest pro software.

Treatment with IWP-4: The concentration of 5 pM was selected for cardiac differentiation based on JC-1 cytotoxicity
assay. Working solutions were prepared from 2 mmol/L IWP-4 stock solution. Complete DMEM was used for the
preparation of conditioned medium. 20 pL stock compound was added in 50 mL of media and stored at 4 °C. When cells
became 60% confluent, normal media was discarded, and conditioned media was added to the flask and then kept in a
CO, incubator for seven, and fourteen days. The conditioned medium was replaced every 3 d.

Gene expression of cardiac markers: For cardiac gene expression analysis, RNA was isolated from untreated, seven and
fourteen days IWP-4 treated MSCs via Trizol method according to the manufacturer's instructions. The concentration and
purity of RNA were checked by using Nanodrop2000 (Thermo Fisher Scientific, United States) at 260 nm absorbance. A
260/280 absorbance ratio was used to determine the purity of isolated RNA. cDNA was synthesized from 1 pg of RNA by
using RevertAid First Strand cDNA Synthesis Kit (K1621, Thermo Fisher Scientific, United States), according to the
manufacturer’s protocol. Cardiac specific genes were amplified using primer sequences enlisted in Table 1, by quanti-
tative real-time polymerase chain reaction (qPCR) using a CFX96 Touch Real-Time PCR Detection System (Bio-Rad
Laboratories, United States). Bright Green 2x qPCR master mix (Applied Biological Materials, Canada) was used for the
amplification. For gene amplification, initial denaturation was performed at 95 °C for 10 min, 40 cycles of denaturation at
95 °C for 15 s, and extension at 60 °C for 1 min. The GAPDH gene (a housekeeping gene) was used as endogenous control.
To analyze the relative gene expression level, the cycle threshold (Ct) value was acquired after the completion of the
reaction, and the fold change was calculated using 24 method.

Gene expression of Wnt pathway genes: For Wnt pathway gene expression analysis, total RNA was isolated and cDNA
was prepared and amplified as described above. For gene amplification, initial denaturation was performed at 95 °C for
10 min, and 40 cycles of denaturation at 95 °C for 15 s, and extension at 60 °C for 1 min. Wnt specific genes were
amplified using primer sequences enlisted in Table 2. The GAPDH gene (a housekeeping gene) was used as endogenous
control. To analyze relative gene expression level, the Ct value was acquired after completion of the reaction, and the fold
change was calculated using 24“* method.

Immunocytochemistry of cardiac protein: To examine protein expression, immunofluorescence staining was performed
on both untreated and fourteen days IWP-4 treated MSCs by the same protocol as explained earlier for the character-
ization of MSCs. Untreated and IWP-4 treated MSCs were washed with PBS and fixed with 4% PFA, and then incubated
in cardiac specific antibodies such as a-actinin (sc-17829, Santa Cruz Biotech, United States), Connexin-43 (C-43) (13-8300,
Thermo scientific, United States), cardiac troponin I (cTnI) (Ab209809, Abcam, United Kingdom), Desmin (MAB3430
Chemicon International, United States), GATA-4 (sc-25310, Santa Cruz Biotech, United States), Nkx 2.5 (sc-376565, Santa
Cruz Biotech, United States). Next, Alexa Fluor 488 conjugated goat anti-mouse secondary antibody (A-11001, Invitrogen,
United States) was added followed by washing with 1x PBS. The cell nuclei were counterstained with DAPI in 1x PBS for
15 min at room temperature and washed again with 1x PBS. Protein expression was observed using a fluorescence
microscope. Fluorescent images were processed and quantified by Image] software.

In vivo studies

Animal care and ethical approval: MI model was developed using Wistar rats weighing between 220-230 g. The study
was conducted in compliance with the international guidelines for laboratory animal care and use under protocol number
2021-006, with ethical approval obtained from the Institutional Animal Care and Use Committee at the Dr. Panjwani
Center for Molecular Medicine and Drug Research, International Center for Chemical and Biological Sciences, University
of Karachi. The animals were housed in separate cages, in a room maintained at a temperature of 22 °C + 2 °C, 55 + 5%
relative humidity, and a 12 h light: 12 h dark cycle, with unrestricted access to water and food.

Cardiac model development: To develop the MI model, a metal rod was cooled in liquid nitrogen for 15 min. Rats were
anesthetized with xylazine and ketamine (7 mg/kg and 60 mg/kg, respectively), according to their body weights. To
initiate artificial ventilation, a rodent ventilator was used and endotracheal intubation was performed. Left thoracotomy
was performed through the anterolateral 4" and 5" intercostal space, and a retractor was used to expose the heart. Then
the rod was removed from liquid nitrogen and placed on the left ventricle of the heart for 10 s. Successful MI model
development was confirmed with the change in color of the infarcted region from red to pale color. The chest cavity was
closed with 5-0 suture (Ethicon, United States), and the skin was closed with a 4-0 suture. Trachea was closed with the
help of 6-0 suture. Animals were administered diclofenac sodium (25 mg/mL) and antibiotics (penicillin and
streptomycin 10000 U/mL) subcutaneously. Animals were observed until they regained consciousness. In the sham
control group, the chest cavity was opened and then closed without the exposure of an ultracold rod.

Transplantation of cells in MI model: After model development, one million cells resuspended in 1x PBS were
transplanted in the left ventricular wall immediately after infarction. For in vivo cell tracking, untreated and IWP-4 treated
MSCs were labeled with the red fluorescent dye, 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil)
according to the manufacturer’s instructions and transplanted into the rats.
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Table 1 Details of cardiac specific primers

Gene Primer sequences (5’-3’) Annealing temperatures (°C) Product size (bp)
a-actinin (F) 5'-CTCTTGCTTCTACCACGCTTT-3' 58.0 297
a-actinin (R) 5'-AGCGTGTTGAAGTTGATCTCC-3'

cMHC (F) 5-GAGGAGCAAGCCAACACCA-3’ 58.0 106
cMHC (R) 5'-GCAGCTTGTTGACCTGGGA-3'

Mef2D (F) 5'-GGGGGCTGGAGGAGTTACC-3' 58.0 292
Mef2D (R) 5 -TGGGGGAACGGTGTTGTCA-3’

MLC-20 (F) 5'-CCTGAGGAAACCATTCTCAACG-3' 58.0 98
MLC-2v (R) 5-GATGTGCACCAGGTTCTTGTAG-3’

cTnC (F) 5'-CTCAACCCCAAATCCCCCGA-3 58.0 148
TnC (R) 5'-AGGAAGCGGCCATTGGGTAA-3'

cTnl (F) 5-GAACATCACGGAGATTGCAGA-3 58.0 236
cTnl (R) 5-TCAGTGCATCGATGTTCTTCC-3

cTnT (F) 5-TCCAGAAGGCCCAGACAGAG-3’ 58.0 89
cTnT (R) 5'-CACCTTCCTCCTCTCAGCCA-3’

Ca- channel (F) 5-GAGAGCACCCCGGCTTC-3' 58.0 164
Ca-channel (R) 5-GAAGTCCTGCCCCGCTC-3'

Na-channel (F) 5'-ACTAGGCAATTTGTCGGCTC-3’ 58.0 325
Na-channel (R) 5-GCCGTTCTTGAGCAGGTAAT-3'

GATA4 (F) 5'-CTGCCCTCCGTCTTCTGC-3' 58.0 286
GATA4 (R) 5'-CTCGCAGGTCAAGGAGCC-3'

Nkx-2.5 (F) 5-CAAGTGTGCGTCTGCCTTTC-3 58.0 106
Nkx-2.5 (R) 5'-CGCGCACAGCTCTTTCTTT-3’

GAPDH (F) 5'-CAC CAT GGG GAA GGT GAA GG-3' 58.0 274
GAPDH (R) 5'-AGC ATC GCC CCA CTT GAT TT-3'

Echocardiography: Cardiac functional analysis was performed by echocardiography after 2 and 4 wk of MI with the help
of an Echo machine (Aloka, Japan) provided with 7-MHz transducer. Motion-mode (M-mode) and 2D-bright mode (B-
mode) were used to scan the parasternal long-axis view of papillary muscles. Left ventricular internal systolic and
diastolic dimensions (LVIDs and LVIDd) were calculated using M-mode scans, and averaged three consecutive cardiac
cycles were taken for measurements. Percent ejection fraction (%EF) and fractional shortening (%FS), and end diastolic
and systolic volumes (EDV and ESV) were calculated by using the formula as given below:

FS (%) = (LVIDd - LVIDs)/LVIDd x 100

EF (%) =SV/EDV x 100

EDV =[7/(2.4) + LVIDd] x LVIDd?

ESV =[7/(2.4) + LVIDs] x LVIDs®

Heart harvesting and tissue processing for histology: After 4 wk from surgery and cell transplantation, rats were
anesthetized, perfused with 1x PBS, and then fixed with 4% PFA. The hearts were removed and placed in 4% PFA
overnight, then dehydrated in graded alcohol, and afterward immersed in xylene then xylene-paraffin mixture followed
by embedding in paraffin. Microtome sectioning was performed to cut 5 pm thick sections of paraffin blocks. Sections
were taken on gelatin coated slides. Hematoxylin-Eosin (H&E) and Masson's trichrome staining were performed
according to the manufacturer's instructions. For histological analysis, the stained section images were observed under a
bright-field microscope (NiE, Nikon, Japan).

Tracking of Dil labeled cells in MI model: For Dil labeled cell tracking in animals, hearts were perfused with 1x PBS,
fixed with 4% PFA for 4 h, and then mold was prepared in optimal cutting temperature medium. Mold was cryosectioned
and cells were tracked by observing them under a fluorescent microscope. To assess the long-term survival, distribution,
and differentiation of the transplanted cells in the MI model, tissue was permeabilized with triton-X 100, and blocked
with blocking solution. The sections were stained with cardiac specific primary antibodies against GATA-4, ¢Tnl, and
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Table 2 Details of Wnt pathway primers

Genes Primer sequences (5-3’) Annealing temperatures (°C) Product size (bp)
GAPDH (F) 5-CAC CAT GGG GAA GGT GAA GG-3' 58.0 274
GAPDH (R) 5'-AGC ATC GCC CCA CTT GAT TT-3'

Wnt-2 (F) 5-GTCGGGAATCTGCCTTTGTT-3' 58.0 376
Wat-2 (R) 5-GTTTTCCTGAAGTCGGCCAT-3'

DVL (F) 5 CTATGGATCAGGATTTCGGGGT-3' 58.0 121
DVL (R) 5'-ATCTCGGGTTGGGGATTATCTG-3’

GSK 34 (F) 5-TGTGTTGGCTGAGCTGTTACTA-3’ 58.0 200
GSK 38 (R) 5-TGAAATGTCCTGTTCCTGACGA-3’

B-catenin (F) 5-TGATATTGGTGCCCAGGGAG-3’ 58.0 102
B-catenin (R) 5'-TCCATACCCAAGGCATCCTG-3’

c-myc (F) 5'-CACTAACATCCCACGCTCTGA-3' 58.0 217
c-myc (R) 5-CGCATCCTTGTCCTGTGAGTA-3

cye-D (F) 5-CAGAGGCGGAGGAGAACAAA-3 58.0 219
cye-D (R) 5'-CCGGGTCACACTTGATCACT-3

c-jun (F) 5-TGAGCCTACAGATGAACTCTTTCT-3' 58.0 191
c-jun (R) 5'-ACTCAGAGTGCTCCAAATCTCTTA-3'

TCF (F) 5-CGAGAAGAGCAGGCCAAGTA-3' 58.0 219
TCF (R) 5-GAGCACTGTCATCGGAAGGA-3'

Axin (F) 5-GCATGGAGGAGGAAGGTGAG-3’ 58.0 165
Axin (R) 5'-CCAGGATGCTCTCAGGGTTC-3'

alpha actinin. Alexa fluor 488 secondary antibody was used to detect primary antibodies. Fluorescent microscope images
were captured and quantified using Image ] software and plotted using GraphPad Prism software.

Statistical analysis

The statistical analysis was conducted using IBM SPSS Statistics software version 23. For comparison between the two
groups, independent sample t-test analysis was performed. However, for the comparison between multiple groups, One-
way analysis of variance with post-hoc Bonferroni corrections was used. The results were expressed as mean + SEM, and
statistical significance was determined at *P < 0.05, ®P < 0.01, and °P < 0.001.

RESULTS

In vitro studies

Morphology of human umbilical cord-derived MSCs: MSCs culture exhibited spindle shape morphology. Explant of
cord tissue culture showed outgrowth of MSCs after 7-10 d of processing after adhering to the tissue culture flask which
then showed gradual expansion and propagation. After 15 d, P, cells were grown in colonies and possessed elongated,
fibroblast like morphology. P, cells were trypsinized and sub-cultured to get the homogeneous population of MSCs at P,.
Human umbilical cord processing and morphology of MSCs sub-culture at different passages are shown in Figure 1A.

Immunocytochemistry of MSCs: MSCs showed positive expression of specific cell surface markers CD117, CD29, Lin28,
CD105, Vimentin, and negative expression of CD45 which is a hematopoietic marker, as shown in Figure 1B.

Flow cytometric analysis

Immunophenotyping was performed with flow cytometry that showed greater than 90% of the cell population expressed
CD105, Vimentin, and CD73, while CD45 exhibited negative expression that confirms the presence of MSCs in culture, as
shown in Figure 1C.

Tri-lineage differentiation: MSCs possess tri-lineage differentiation potential that was confirmed by differentiating them
into adipogenic, osteogenic, and chondrogenic lineages. Mineral deposition confirmed the differentiation of MSCs into

WJSC | https://www.wjgnet.com 826 August 26,2023 | Volume15 | Issue8 |

Jaishideng®



Muneer R et al. INP-4 promotes MSCs differentiation into cardiac cells

Explant
B DAPI F-actin Antibody Merge

WJSC | https://www.wjgnet.com 827 August 26,2023 | Volume15 | Issue8 |

Jaishideng®



Muneer R et al. IWP-4 promotes MSCs differentiation into cardiac cells

| . ‘ "
. v

Vimentin

CD45

C Specimen_001-CD45 Specimen_001-Cont b_001 D Control Treated
400 4 350 4 [ ; 7
350 3 300 o g
300 3 250

200

150

100 3 100

50 50

Count

P3

Count
N
o
o
L
o5

Adipogenic
differentiation
¥

10° 10° 10 10° 10? 10°  10° 10°
PE-A PE-A
Specimen_001-Vimentin-b_003 Specimen_001-CD105 b_003

350
300 3 300
250 3 250
200 3, - 200
150 3
100 3
50 3

0 : TTTT l‘lllll”l

10° 10° 10° 10° 10° 10° 10 10°
PE-A PE-A
Specimen_001-CD73 b_002

450
400
350 4
300 4
250 3
200 E ke ]
150 3
100
50 3
(E
10> 10°  10*  10°

PE-A
DOI: 10.4252/wjsc.v15.i8.821 Copyright ©The Author(s) 2023.

w
ul
o
Lagaalas
Osteogenic
differentiation

100pm

Count
Count

R P ._ Fo »

=
u o u
o o o

[FEETEFETRY STETE IRUTI FRUTE FUTHY FTETU N

o

Chondrogenic
differentiation
e

100pum i

Do
=
H

Count

Figure 1 Isolation, propagation, and characterization of human umbilical cord-derived mesenchymal stem cells. A: Explant processing and
isolation of human umbilical cord-derived mesenchymal stem cells (MSCs). Phase contrast images showing homogenous fibroblast like morphology and growth; B:
Characterization of MSCs by immunocytochemistry representing the positive expression of CD117, CD29, Lin28, CD105, Vimentin, and negative expression of CD45;
C: Immunophenotyping of MSCs by flow cytometry showing positive expression of CD105, Vimentin, and CD73, and negative expression of CD45; D: Tri-lineages
differentiation of MSCs into osteogenic, adipogenic, and chondrogenic lineages.

the osteogenic lineage. Adipogenic differentiation was confirmed by the accumulation of intracellular lipid droplets in
treated MSCs, which turn out to be bright red with an Oil Red O stain. Alizarin Red stained differentiated MSCs into
orange red color, while large mineral deposits appeared dark red. Chondrogenic differentiation was observed by the
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accumulation of GAG that stained blue after Alcian Blue staining. The results are shown in Figure 1D.

Cytotoxicity analysis by JC-1 assay: MSCs treated with different concentrations of IWP-4 were stained with JC-1 dye.
Percent cell cytotoxicity was calculated by the shift of cells in the lower right quadrant of density plot in flow cytometer

software. JC-1 assay showed that IWP-4 at 5 pmol/L concentration was non cytotoxic for MSCs. The results are shown in
Figure 2.

Cardiac gene expression analysis: After fourteen days of treatment of MSCs with IWP-4, cardiac gene expression
analysis showed significant upregulation of early and late cardiac genes. After seven days of treatment with IWP-4,
myosin light chain-2 (MLC-2v) (P < 0.01), and Ca-channel (P < 0.05) genes were significantly upregulated, while MHC-f
and cardiac troponin C (cTnC) showed non-significant change. However, Na-channel (P < 0.05), cardiac troponin T
(cTnT), GATA4 (P < 0.01), alpha-actinin, cTnl, Mef2D, and Nkx2.5 (P < 0.001) showed significant downregulation as
shown in Figure 3A. After fourteen days treatment of MSCs with IWP-4, when compared to control, alpha-actinin (P <
0.05), MHC-B, MLC-2v, Mef2D, cTnT, cTnC, cTnl, Ca-channel, Na-channel, Nkx2.5, and GATA4 (P < 0.001) were
significantly upregulated as shown in Figure 3B.

Gene expression analysis of Wnt pathway genes: Wnt pathway gene expression profile was analyzed after seven and
fourteen days treatment of MSCs with IWP-4. Gene expression profile showed that seven days treatment of MSCs with
IWP-4 inhibit Wnt pathway. When compared to control, Wnt pathway genes, GSK, DVL, Wnt, TCF, p-catenin, and
downstream transcription factors C-jun, C-myc, Cyc-D (P < 0.001) were significantly downregulated, while Axin showed
upregulation (P < 0.01) (Figure 4A). After fourteen days treatment of MSCs with IWP-4, Wnt pathway was further
downregulated. When compared to control, Wnt pathway genes DVL, Wit, and f-catenin (P < 0.001) showed significant
downregulation, while negative regulators of pathway GSK (P < 0.01), and Axin (P < 0.05) were upregulated. However,
downstream transcription factors C-jun, Cyc-D, TCF showed non-significant change, while C-myc (P < 0.05) was
upregulated as shown in Figure 4B.

Analysis of differentiated cells: Differentiated MSCs showed cardiac like cell morphology as shown in Figure 5A. Seven
days IWP-4 treated MSCs showed positive expression of C-43, cTnl, (P < 0.001), desmin, GATA-4, and Nkx2.5 (P < 0.05),
while alpha-actinin protein expression showed non-significant change. As compared to untreated MSC control, fourteen
days IWP-4 treated MSCs showed positive expression of alpha-actinin, C-43, cTnl, desmin, GATA-4, and Nkx2.5 (P <
0.001). As compared to seven days IWP-4 treated MSCs, fourteen days IWP-4 treated MSCs showed positive expression of
alpha-actinin, C-43, cTnl, desmin, GATA-4, and Nkx2.5 (P < 0.001) as shown in Figure 5B and C.

In vivo studies

Cardiac function analysis by echocardiography: Echocardiographic analysis of cardiac function showed decreased left
ventricular wall contraction in rats with an infarcted heart (MI group) as compared to the sham control. A significant
difference (P < 0.001) in the left ventricular systolic and diastolic dimensions, %EF, %FS, and end-systolic and -diastolic
volumes were measured after two and four weeks of MI as compared to sham control. The infarcted hearts that received
untreated MSCs and IWP-4 treated MSCs showed significant improvement in heart function. As compared to the MI
group, left ventricular systolic and diastolic dimensions were significantly decreased (P < 0.001) after two and four weeks
of transplantation. The %EF and %FS showed significant improvement (P < 0.001) in untreated and IWP-4 treated MSCs.
End-systolic and -diastolic volumes were also significantly improved (P < 0.001) in both the cell transplantation groups as
compared to the MI group as shown in Figure 6.

Analysis of isolated rat hearts: Treated and untreated MSCs were transplanted immediately after the MI model
development. Hearts were isolated after 4 wk of surgery for histological (Figure 7A and B) and macroscopic analysis
(Figure 7C). Macroscopic analysis revealed a major difference in the appearance of hearts in all groups. Hearts from the
sham control group appeared normal, containing healthy myocardium, while in the case of MI group, the left ventricular
wall of the heart showed a white fibrous scar. In the untreated MSCs transplanted group, the area of white fibrous scar
was lower as compared to that of MI group, while in IWP-4 treated MSCs transplanted group, the white fibrous scar was
greatly reduced as shown in Figure 7C.

Histological analysis: Cross-sections of heart tissue were differentially stained with Masson’s trichrome staining which
showed the fibrotic green regions of the collagen deposition in the left ventricle of the MI heart as compared to sham
control, while red stained regions showed the normal tissue and myocytes with blue/black stained nuclei. At high
magnification, the infarcted region of the MI heart showed fibrous tissue and tightly packed collagen fibrils. The sham
control heart section showed healthy myocytes with interconnected cytoplasmic junctions in the left ventricle. The
untreated MSCs transplanted group showed reduced fibrosis, while the IWP-4 treated MSCs transplanted group showed
complete restoration of the left ventricle and regeneration of the myocytes as shown in Figure 7A and B. Quantification of
the total fibrotic area showed that the IWP-4 treated MSCs transplanted group has significantly reduced (P < 0.001)
fibrosis as compared to the MI model and untreated MSCs transplanted group (Figure 7D). Measurements of left
ventricular wall thickness revealed that in the untreated MSCs transplanted group, the restoration of left ventricular wall
thickness was non-significant, while in the case of IWP-4 treated MSCs, the left ventricular wall thickness was
significantly improved (P < 0.001) as compared to the MI group as shown in Figure 7E. H&E staining showed the
accumulation of inflammatory cells in the left ventricular region of the infarcted heart in the MI group as compared to the

sham control. However, it was improved in untreated MSCs and IWP-4 treated MSCs transplanted group as shown in
Figure 8.
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Percent cell cytotoxicity

Figure 2 Cytotoxicity analysis of mesenchymal stem cells treated with different concentrations of inhibitor Wnt production-4 by JC-1
assay. A: Mesenchymal stem cells (MSCs) treated with 5 uM concentration of inhibitor Wnt production-4 showed non-significant number of apoptotic cells, while 10
UM concentration or above showed significant cytotoxic effect on MSCs; B: Quantification of apoptotic and non-apoptotic cells presented in bar graphs. For statistical
analysis, One-way ANOVA was used followed by the Bonferroni post-hoc test. Values are expressed as means + SEM; level of significance is P < 0.05 (*P < 0.05, °P
<0.001).

Tracking of Dil labeled cell: Fluorescence images of Dil labeled untreated MSCs, as well as IWP-4 treated MSCs showed
cell distribution and homing in the infarcted myocardium, in both transplanted heart sections. The Dil labeled cells in the
cardiac tissue were immunohistochemically stained for cardiac proteins including GATA-4, cTnl, and alpha actinin which
showed that the transplanted cells differentiated into cardiac lineage. However, more pronounced cardiac differentiation
and cell density were observed in the IWP-4 treated MSCs transplanted group, with GATA-4, cTnl (P < 0.001), and alpha
actinin (P < 0.01) as compared to untreated MSCs group as shown in Figure 9.

DISCUSSION

In this study, we explored the role of IWP-4 on MSCs in cardiac differentiation in vitro and cardiac function restoration in
vivo. Human umbilical cord derived MSCs are a potential candidate for cell therapy as they are easy to isolate and have a
high proliferation rate, low immunogenicity, and immunomodulatory effects. MSCs have various therapeutic advantages
that have been explained in several MI models[9]. Unfortunately, transplanted MSCs show poor survival and homing in

Boishidenge WVISC | https://www.wjgnet.com 830 August 26,2023 | Volume15 | Issue8 |



Muneer R et al. INP-4 promotes MSCs differentiation into cardiac cells

B c
100.0 c 3 MsCs 300 1 3 MSCs
m [ 1wWP4 1 IWP4
[‘] <
’ b : e & f ¢
© 3.2 - c c |'|
g C ns c b |n_S| C |—| a c b :léx d - n - o n - rl
5 I 1 M N r N g i
s o241 MO A A~ A& OO A A A A| AL S 41
e 2 |a
0.0 T T ‘I T T ‘I ‘I ﬂ ‘I 0 H- T I_l- I_l- I-I’-& ”é, n- I-I-\ ”\ ”. ”.‘x
2 R O L8 O Q0 2 Q@ 5 > & R Q S @ & 0
& R DD S E S @@ P S LV VS &8 S N
F GO E S S S EFE ST
K4 > 2> (J’b éb
(SRS
Cardiac markers Cardiac markers

DOI: 10.4252/wjsc.v15.i8.821 Copyright ©The Author(s) 2023.

Figure 3 Cardiac markers gene expression analysis by quantitative real-time polymerase chain reaction. A: Seven days treatment of
mesenchymal stem cells (MSCs) with inhibitor Wnt production-4 (IWP-4); B: Fourteen days treatment of MSCs with IWP-4 in comparison with untreated control
showing significant increase in the expression of early cardiac markers, GATA-4, Nkx2.5, and late cardiac markers, MHC-B, MLC-2v, Mef-2D, ¢TnT, cTnC, cTnl, a-
actinin, Ca-channel and Na-channel. Quantitative two fold (222°T) difference of mean is represented by AACt method. Statistical analysis was performed using an
Independent sample t-test. Values are presented as mean + SEM from three independent biological triplicates; level of significance is P < 0.05 (2P < 0.05, °P < 0.01,
and °P < 0.001). IWP-4: Inhibitor Wnt production-4; MSC: Mesenchymal stem cell; NS: No significant.
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Figure 4 Wnt pathway gene expression analysis: Wnt pathway gene expression analysis by quantitative real-time polymerase chain
reaction. Seven days, and fourteen days treatment of mesenchymal stem cells with inhibitor Wnt production-4, in comparison with untreated control showing
significant decrease in the expression of Wnt pathway genes, DVL, Wnt, TCF, Axin, and B-catenin, and downstream transcription factors C-jun, C-myc, and Cyc-D. A:
Seven days; B: Fourteen days. GSK increased in the fourteen days treatment. Quantitative two fold (222°T) difference of mean is represented by AACt method.
Statistical analysis was performed using an Independent sample t-test. Values are presented as mean + SEM from three independent biological triplicates; level of
significance is P < 0.05 (3P < 0.05, °P < 0.01, and °P < 0.001). IWP-4: Inhibitor Wnt production-4; MSC: Mesenchymal stem cell; NS: No significant.

the infarcted myocardium[10], while pre-differentiated MSCs have several advantages over MSCs[11].

Wnt and Smad signaling pathways play an important role in the fate determination of stem cell and their potential for
cardiovascular differentiation. Several studies reported that Wnt and Smad signaling pathways play an important role in
the fate determination of stem cells and their potential for cardiovascular differentiation. Several studies reported that
early application of Wnt/p-catenin signaling pathway inhibitor, INR1 promotes cardiomyocyte differentiation[12].
Similarly, IWP-4 is a potent small molecule that has been reported to differentiate embryonic stem cells into
cardiomyocyte like cells[7]. IWP-4 was also reported to differentiate human umbilical cord derived induced pluripotent
stem cells into cardiomyocyte like cells[13].

In this study, IWP-4 was used to differentiate human umbilical cord derived MSCs into cardiomyocyte like cells. First,
MSCs were isolated, propagated, and expanded from cord tissue according to the minimum criteria established by the
International Society for Cellular Therapy.

To identify the optimal non-toxic concentration of IWP-4, MSCs were treated with different concentrations of IWP-4. 5
M concentration was found to be non-cytotoxic after 24 h of treatment and analyzed via JC-1 assay.
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Figure 5 Analysis of fourteen days inhibitor Wnt production-4 treated mesenchymal stem cells. A: Morphology of untreated mesenchymal stem
cells (MSCs), seven days inhibitor Wnt production-4 (IWP-4) treated MSCs and fourteen days IWP-4 treated MSCs; B: Immunocytochemical analysis of untreated
MSCs, seven days and fourteen days IWP-4 treated MSCs showing positive expression of cardiac-specific proteins a-actinin, connexin-43, ¢Tnl, Desmin, GATA-4,
Nkx2.5, secondary control, and DAPI control. Alexa fluor 488 secondary antibody was used for detection, then counterstained with DAPI to stain the nuclei; C:
Quantification of fluorescence intensities in untreated MSCs, seven days, and fourteen days IWP-4 treated MSCs. For statistical analysis, One-way ANOVA was used
followed by the Bonferroni post-hoc test. Data are presented as mean + SEM with significance level P < 0.05 (where 2P < 0.05, °P < 0.001). IWP-4: Inhibitor Wnt
production-4; MSC: Mesenchymal stem cell; NS: No significant.
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Figure 6 Cardiac functional analysis by echocardiography. A: Ultrasound images taken at parasternal long axis showing B and M mode scans of left
ventricle in sham control, myocardial infarction (MI+) group, mesenchymal stem cells (MI+MSC) treated group, and inhibitor Wnt production-4 (IWP-4) (MI+IWP-4)
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treated groups; B: Bar graphs representing cardiac functional analysis in terms of left ventricular systolic internal dimensions, left ventricular diastolic internal
dimensions, end-systolic volume and end-diastolic volume, ejection fraction and fractional shortening, after 2 and 4 wk of Ml model development. Both untreated and
IWP-4 treated MSC groups showed cardiac functional improvement. However, IWP-4 treated group exhibited more significant results. Statistical analysis was
performed using One-way ANOVA followed by Bonferroni post-hoc test. Data are presented as mean + SEM with significance level P < 0.05 (where °P < 0.01; °P <
0.001). IWP-4: Inhibitor Wnt production-4; MSC: Mesenchymal stem cell; MI: Myocardial infarction; LVIDs: Left ventricular systolic internal dimensions; LVIDd: Left
ventricular diastolic internal dimensions.
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Figure 7 Histological analysis of heart sections. A: Large scan images showing Masson’s trichrome stained transverse section of the whole heart; B:
Magnified images showing Masson’s trichrome stained sections in sham control, myocardial infarction (MI+), mesenchymal stem cells (MSCs) (MI+MSCs), and
inhibitor Wnt production-4 (IWP-4) treated MSCs (MI+IWP-4) groups after 4 wk of MI; C: Images showing isolated rat hearts of sham control, MI+ group, MI+MSC
group, and MI+IWP-4 groups; D: Bar graph showing percent infarcted area as compared to M+ group. Percent infarcted area was significantly decreased in MI+MSC
and MI+IWP-4 groups after 4 wk of MI; E: Bar graph showing left ventricular wall thickness as compared to MI+ group; left ventricular wall thickness was non-
significant in MI+MSC group and significantly increased in the MI+IWP-4 group after 4 wk of MI. For statistical analysis, One-way ANOVA was used followed by the
Bonferroni post-hoc test. Data is presented as mean + SEM with significance level P < 0.05 where (°P < 0.01, °P < 0.001). IWP-4: Inhibitor Wnt production-4; MSC:
Mesenchymal stem cell; MI: Myocardial infarction; NS: No significant.

To confirm the Wnt pathway inhibition, Wnt pathway gene expression profile was analyzed after seven and fourteen
days treatment of MSCs with IWP-4. Gene expression profile revealed that seven days treatment of MSCs with IWP-4
inhibits Wnt pathway as compared to untreated MSCs; Wnt pathway genes, GSK, DVL, Wnt, TCF, f-catenin, and
downstream transcription factors C-jun, C-myc, Cyc-D (P < 0.001) were significantly downregulated, while Axin showed
upregulation (P < 0.01). However, fourteen days treatment of MSCs with IWP-4, further downregulated the Wnt pathway
as compared to untreated control; Wnt pathway genes DVL, Wnt, f-catenin (P < 0.001) showed significant downregu-
lation, while negative regulators of the pathway GSK (P < 0.01), and Axin (P < 0.05) were upregulated. Downstream
transcription factors C-jun, Cyc-D, TCF were non-significant, while C-myc (P < 0.05) was upregulated.

The Wnt (B-catenin dependent) comprises several proteins that are crucial for embryonic development as well as adult
tissue homeostasis. In the absence of Wnt ligands, cytoplasmic B-catenin is captured by the destruction complex including
glycogen synthase kinase-3f (GSK3p), axin, adenomatous polyposis coli, and casein kinase 1 (CK1). This destruction
complex induces the B-catenin phosphorylation at the amino terminus by CK1 and GSK3p, that results in the ubiquit-
ination and degradation of p-catenin[14]. In the presence of ligands, Wnt binds to its receptor and activates the signaling
pathway. This ligand receptor binding recruits the axin and DVL protein towards the cell membrane, thus resulting in the
inactivation of the destruction complex. As a result, f-catenin translocate to the nucleus where it binds to the transcription
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Figure 8 Hematoxylin-Eosin staining of heart section. Large scan images showing Hematoxylin-Eosin (H&E) stained transverse section of the whole heart.
Magnified images showing H&E stained sections in sham control, myocardial infarction (MI) group, mesenchymal stem cells (MSCs) (MI+MSC) group, and inhibitor
Wnt production-4 (IWP-4) treated MSCs (MI+IWP-4) group after 4 wk of MI. IWP-4: Inhibitor Wnt production-4; MSC: Mesenchymal stem cell; MI: Myocardial
infarction.

factor TCF and increases the expression of Wnt target genes[13,15].

In our study, IWP-4 treatment was given for seven and fourteen days. Morphological features of fourteen days treated
MSCs showed cardiomyogenic differentiation; the cells were flattened and appeared larger with myotube like structures.
To confirm the differentiation of cells toward cardiac lineage, cardiac specific gene expression profile was analyzed
through qPCR. In the seven days treated MSCs, only two cardiac genes MLC-2v (P < 0.01) and Ca-channel (P < 0.05)
showed upregulation, while Na-channel (P < 0.05), cTnT, GATA4 (P < 0.01), alpha-actinin, cTnl, Mef2D and Nkx2.5 (P <
0.001) genes showed significant downregulation; MHC-f and cTnC were non-significant. However, fourteen days treated
MSCs showed significant upregulation of all cardiac genes including alpha-actinin (P < 0.05), MHC-f, MLC-2v, Mef2D,
cTnT, cTnC, cTnl, Ca-channel, Na-channel, Nkx2.5 and GATA4 (P < 0.001) as compared to untreated MSCs.

The cardiac markers GATA-4 and Nkx2.5 play important role in the cardiac development[16]. GATA-4 is an important
early cardiac transcription factor that regulates several cardiac genes[17]. Nkx2.5 is another important transcription factor
that showed high expression in the cardiac progenitor cells and promotes cardiomyocyte maturation[18]. Cardiac
troponin exists in three different subunits, cInT, cTnl, and ¢TnC. Troponin proteins are linked with tropomyosin which is
present in all skeletal and cardiac muscle cells and plays an essential role in cardiac contractile movement. cTnT directly
binds with the thin filaments, while cTnl and ¢TnC bind with ¢TnT. It is also reported to be circulated into the blood after
cardiomyocyte injury[19]. cTnl and cTnT are the essential components of the cardiac troponin complex particularly
involved in the formation of cardiomyocyte contractile network and regulate cardiac contraction and relaxation[20,21].

In the human heart, cardiac myosin heavy chain is expressed in two isoforms i.e. e-MHC and B-MHC. -MHC is an
important cardiac marker, predominant ventricular isoform, and principal mediator of cardiac contractile function[22].
Any change regarding the expression of MHC isoforms disturbs the cardiac contractile functions[23]. Ventricular MLC-2v
is the ventricular cardiac muscle form of myosin light chain 2. MLC-2v is regarded as a ventricular-specific marker of the
myocardium. MLC-2v is expressed during early cardiac development in humans[24]. Mef2 is a transcription factor that is
important for right ventricle development[25]. Cardiac a-actinin-2, also known as alpha actinin, is a homodimer, Z-disk
component of sarcomere responsible for three important functions: Anchoring of thin filaments actin, sarcomere
formation, and interaction with titin[26]. The upregulation of cardiac ion channels (sodium and calcium) decides the cell
fate to become mature functional cardiomyocytes[27]. Calcium acts as a second messenger in signal transduction
pathways as well as necessary for muscular contraction. Calcium is controlled by calcium transport proteins, calcium
channels, carriers and pumps[28]. Voltage-gated sodium channels are transmembrane proteins that generate action
potentials in neurons and cardiac cells[29].
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Figure 9 Immunohistochemistry of heart tissue section. A: Inmunohistochemical images of heart sections showing the transplanted untreated
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mesenchymal stem cells (MSCs) and fourteen days inhibitor Wnt production-4 (IWP-4) treated MSCs labeled with red fluorescent Dil dye. Cardiac specific proteins o-
actinin, cTnl, and GATA-4 were immunostained for the expression of cardiac proteins. Alexa fluor 488 secondary antibody was used for detection; B: Quantification of
the fluorescence intensities of the Dil labeled cells presented in bar graphs. As compared to normal MSCs, fluorescence intensity was significantly increased in case
of alpha actinin, GATA-4, and cTnl in the fourteen days IWP-4 treated MSCs group in the infarcted myocardium. For statistical analysis, One-way ANOVA was used
followed by the Bonferroni post-hoc test. Data are presented as mean + SEM with significance level P < 0.05 where (°P < 0.01, °P < 0.001). IWP-4: Inhibitor Wnt
production-4; MSC: Mesenchymal stem cell; MI: Myocardial infarction.

Cardiac specific protein expression analysis was also performed to further confirm myogenic differentiation. Cardiac
protein expression was analyzed in untreated, and seven and fourteen days treated MSCs. Seven days treated MSCs
showed less protein expression of C-43, cTnl, (P < 0.001), desmin, GATA-4, and Nkx2.5 (P < 0.05), while alpha-actinin
protein expression was non-significant. Fourteen days treated MSCs showed significant positive expression of cardiac
proteins including alpha-actinin, C-43, cTnl, desmin, GATA-4, and Nkx2.5 (P < 0.001). C-43 is a gap junction protein that
connects the neighboring cardiac cells. C-43 is abundant and expressed in atrial as well as ventricular cardiomyocytes
[30]. Desmin is an important intermediate filament that maintains the cytoskeletal structure and cellular integrity in
skeletal, smooth, and cardiac muscles[31]. The presence of cardiac specific proteins further confirmed the differentiation
of MSCs into cardiomyocytes, as these proteins are necessary for several developmental processes and functioning of the
heart. Hence, a pronounced effect was observed in fourteen days treated MSCs, so it was selected for in vivo studies.

To examine the ability of pre-differentiated MSCs to regenerate the infarcted myocardium in vivo, a rat MI model was
established and fourteen days treated pre-differentiated MSCs were transplanted. In previous studies, it was reported
that the pre-differentiated MSCs homed and survived better than the untreated MSCs in the injured myocardium[11,32].
To confirm, untreated MSCs, as well as IWP-4 treated MSCs, were transplanted in the left ventricular wall of the infarcted
hearts immediately after MI induction.

For cardiac functional analysis, echocardiography was performed after 2 and 4 wk of MI. Functional studies revealed a
significant increase in LVIDd, LVIDs, EDV, and ESV in the MI model; however, FS and EF were significantly decreased as
compared to the sham control. These results confirmed the successful MI model development. When compared with the
MI group, LVIDd, LVIDs, EDV, and ESV were significantly reduced, while EF and FS were significantly improved after 2
and 4 wk in both untreated and IWP-4 treated MSCs transplanted groups. However, the IWP-4 treated group showed
more pronounced results.

For histological analysis, heart tissue was harvested after 4 wk of infarction. The MI heart exhibited a whitish scar with
no blood vessels in the infarcted area, while in the IWP-4 transplanted heart, the area of scar was reduced with blood
vessels in the repaired myocardium. To observe the histology, and to calculate the fibrotic area and wall thickness, H&E
and Masson’s trichrome staining were performed. Histological analysis revealed that the fibrotic area was reduced and
wall thickness was increased in the untreated MSCs transplanted heart sections, while the IWP-4 treated group showed
significantly reduced fibrosis, and improved wall thickness as compared to the MI group. Untreated as well as IWP-4
treated MSCs were labeled with Dil dye to track the localization and homing of cells in the infarcted myocardium, and
analyzed through immunohistochemistry. Cardiac functional proteins GATA-4, alpha actinin and c¢Tnl were used for
immunohistochemical analysis of the cryosectioned heart that showed cardiac proteins as well as Dil dye expression in
the myocardium. Fluorescence intensity calculation revealed the transplanted cell density and significantly higher cardiac
protein expression in the IWP-4 treated MSCs group as compared to the untreated group. This data further supports the
histological results that revealed a markedly decreased fibrotic area and increased regeneration of the infarcted
myocardium. Altogether, the results showed that INP-4 treated MSCs regenerated myocardium, ventricular remodeling,
and improved heart function.

CONCLUSION

This study focused on the treatment of hUC-MSCs with IWP-4 for differentiation of MSCs into cardiomyogenic lineage
vig inhibiting Wnt pathway and their consequent role in the cardiac function restoration in the rat MI model. Fourteen
days IWP-4 treatment increases the expression of cardiac markers in MSCs, both at the gene and protein levels, as
compared to the untreated control. Transplanted pre-differentiated cells in the rat MI model not only distributed,
survived, and homed, but also differentiated into mature cardiomyocytes better than untreated MSCs. The results
obtained from the current preclinical study suggests that treatment with the small molecule IWP-4 could be a good option
for the differentiation of MSCs into functional cardiomyocytes in clinical trials of MI patients in future.

ARTICLE HIGHLIGHTS

Research background

Cardiovascular diseases particularly myocardial infarction (MI) is a global health complication with high mortality and
morbidity rate. As cardiac tissue lacks regeneration potential, so cardiac tissue regeneration using a potent small molecule
inhibitor Wnt production-4 (IWP-4) for stem cell fate transition towards cardiomyocytes could be an effective approach.
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Research motivation

Inhibition of Wnt pathway is important in stem cell fate determination towards cardiomyocytes. Wnt pathway inhibitor,
such as IWP-4, may promote the differentiation of mesenchymal stem cells (MSCs) into cardiac lineage. These pre-
conditioned cells may provide better survival, homing and migration capability at the site of injury.

Research objectives
This study was designed to evaluate the IWP-4 cardiac differentiation capability and its subsequent in vivo effects.

Research methods

Human umbilical cord-derived MSCs were characterized on the basis of morphology, immunophenotyping of surface
markers associated with MSCs and tri-lineage differentiation capability. Isolated MSCs were treated with 5 pM IWP-4 at
two different time intervals. Cardiomyogenic differentiation of treated MSCs was evaluated at DNA and protein levels.
MI rat model was developed. IWP-4 treated as well as untreated MSCs were implanted in the MI model, and cardiac
function was analyzed via echocardiography. MSCs were labeled with 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocar-
bocyanine perchlorate (Dil) dye for tracking, and regeneration of the infarcted myocardium was examined by histology
and immunohistochemistry.

Research results

Isolated MSCs were characterized and then pre-conditioned with 5 ptM concentration of IWP-4. The cardiac specific gene
and protein expression analysis exhibited more remarkable results in fourteen days treated group that was eventually
selected for in vivo transplantation. Cardiac function was restored in the IWP-4 treated group in comparison to the MI
group. Immunohistochemical analysis confirmed the homing of pre-differentiated MSCs that were labeled with Dil cell
labeling dye. Histological analysis confirmed the significant reduction in the fibrotic area, and improved the left
ventricular wall thickness in the INWP-4 treated MSC group.

Research conclusions

Our data suggest that treatment of MSCs with IWP-4 inhibits Wnt pathway and promotes cardiac differentiation. These
pre-conditioned MSCs transplanted in vivo improved cardiac function by cell homing, survival, and differentiation at the
infarcted region, increased left ventricular wall thickness, and reduced infarct size.

Research perspectives

The study demonstrated that treatment with IWP-4 improves the efficacy of the MSCs to ameliorate the cardiac function
of the Ml rats, as evidenced by an increase in the ejection fraction. Pre-conditioning of MSCs with IWP-4 may serve as a
promising strategy to treat heart disease. Targeting the Wnt signaling pathway may represent a promising therapeutic
approach for this debilitating condition.
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Abstract

BACKGROUND

Intervertebral disc degeneration (IDD) is a main contributor to low back pain.
Oxidative stress, which is highly associated with the progression of IDD, increases
senescence of nucleus pulposus-derived mesenchymal stem cells (NPMSCs) and
weakens the differentiation ability of NPMSCs in degenerated intervertebral discs
(IVDs). Quercetin (Que) has been demonstrated to reduce oxidative stress in
diverse degenerative diseases.

AIM

To investigate the role of Que in oxidative stress-induced NPMSC damage and to
elucidate the underlying mechanism.

METHODS

In vitro, NPMSCs were isolated from rat tails. Senescence-associated pB-
galactosidase (SA-B-Gal) staining, cell cycle, reactive oxygen species (ROS), real-
time quantitative polymerase chain reaction (RT-qPCR), immunofluorescence,
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and western blot analyses were used to evaluated the protective effects of Que. Meanwhile the relationship
between miR-34a-5p and Sirtuins 1 (SIRT1) was evaluated by dual-luciferase reporter assay. To explore whether
Que modulates tert-butyl hydroperoxide (TBHP)-induced senescence of NPMSCs via the miR-34a-5p/SIRT1
pathway, we used adenovirus vectors to overexpress and downregulate the expression of miR-34a-5p and used
SIRT1 siRNA to knockdown SIRT1 expression. In vivo, a puncture-induced rat IDD model was constructed, and X
rays and histological analysis were used to assess whether Que could alleviate IDD in vivo.

RESULTS

We found that TBHP can cause NPMSCs senescence changes, such as reduced cell proliferation ability, increased
SA-B-Gal activity, cell cycle arrest, the accumulation of ROS, and increased expression of senescence-related
proteins. While abovementioned senescence indicators were significantly alleviated by Que treatment. Que
decreased the expression levels of senescence-related proteins (p16, p21, and p53) and senescence-associated
secreted phenotype (SASP), including IL-1p, IL-6, and MMP-13, and it increased the expression of SIRT1. In
addition, the protective effects of Que on cell senescence were partially reversed by miR-34a-5p overexpression and
SIRT1 knockdown. In vivo, X-ray, and histological analyses indicated that Que alleviated IDD in a puncture-
induced rat model.

CONCLUSION
In summary, the present study provides evidence that Que reduces oxidative stress-induced senescence of

NPMSCs via the miR-34a/SIRT1 signaling pathway, suggesting that Que may be a potential agent for the treatment
of IDD.

Key Words: Quercetin; Nucleus pulposus-derived mesenchymal stem cells; Oxidative stress; Senescence; Intervertebral disc
degeneration; miR-34a-5p/SIRT1 pathway

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In our article, we provide the evidence that quercetin (Que) can prevent oxidative stress induced senescence of
nucleus pulposus-derived mesenchymal stem cells via miR-34a/SIRT1 signaling pathway. Moreover, Que could ameliorate
the progression of intervertebral disc degeneration (IDD) in rat model. Thus, Que can be considered as a potential agent for
the treatment of IDD.
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INTRODUCTION

As a widely known musculoskeletal disorder, low back pain (LBP) is the leading cause of disability and results in a huge
economic burden on the family and society[1,2]. Intervertebral disc degeneration (IDD) is a main contributor to LBP, but
the etiology of IDD is multifactorial[3]. Therefore, elucidating the underlying molecular mechanisms of IDD will help
develop solutions for the prevention and treatment of IDD.

Several previous studies have indicated that oxidative stress and reactive oxygen species (ROS) are highly associated
with the progression of IDD[4-7]. While ROS production is inevitable during the metabolic processes of disc cells, the
progression of IDD is considered to be the result of disc cell senescence caused by ROS accumulation[7,8]. Recently, stem
cell-based endogenous repair has been shown to play a significant role in the repair and regeneration of degenerative
intervertebral discs (IVDs)[9,10]. Nucleus pulposus-derived mesenchymal stem cells (NPMSCs) were first reported by
Risbud et al[11] in 2007, which rendered a basis for the endogenous repair of IDD[11]. We also previously found NPMSCs
in normal and degenerated IVDs[12-15]. Wu et al[16] indicated that the regenerative potential of NPMSCs decreases with
aging and degeneration of IVDs[16]. In addition, Ma et al[17] proposed that the decrease in endogenous NPMSCs caused
by adverse microenvironments, such as oxidative stress, low nutrition, and inflammation, is one of the main reasons for
the failure of endogenous repair of IDD[17]. Therefore, inhibition of oxidative stress-induced senescence of NPMSCs may
be of great significance in alleviating IDD.

Quercetin (Que), a natural flavonoid widely present in various plants, has antioxidative stress, anti-inflammatory, and
antiaging properties. Que has been used as a senolytic to prevent diverse degenerative diseases[18-20]. Zhu et al[21]
found that Que reduces senescent cells by selectively killing senescent human epithelial cells and mouse bone marrow
mesenchymal stem cells[21]. Feng et al[22] reported that Que attenuates oxidative stress-induced apoptosis in rat
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chondrocytes and prevents the progression of osteoarthritis in a rat model[22]. Previous clinical studies have also
demonstrated that Que reduces the expression levels of senescence-related markers[23].

MicroRNAs (miRNAs) are small double-stranded noncoding RNAs that are approximately 20 nucleotides in length
and interfere with RNA translation by binding to the 3'UTR sequence of the target gene RNA. Abnormal expression of
miRNAs has been observed in degenerative IVD, indicating that miRNAs play an important role in the patho-
physiological process of IDD[24,25]. A previous study has also demonstrated that the expression of miR-34a-5p is
significantly upregulated in degenerated IVDs and that miR-34a-5p increases extracellular matrix degradation and cell
apoptosis. Sirtuins 1 (SIRT1), the target of miR-34a, is a member of the sirtuin family and plays a significant role in cancer,
age-related diseases, and degenerative diseases[26-28]. Several studies have reported that SIRT1 delays the senescence of
IVD cells by decreasing oxidative stress and inflammation as well as by improving mitochondrial function[29,30].
However, the protective effect of Que on NPMSCs is still unknown.

In the present study, tert-butyl hydroperoxide (TBHP) was used to trigger oxidative stress in NPMSCs, which is widely
accepted as an apoptosis and senescence in vitro model. The effects of Que on senescence in NPMSCs under oxidative
stress and the role of the miR-34a-5p/SIRT1 pathway were investigated. Finally, the therapeutic effects were also
evaluated in a puncture-induced rat IDD model.

MATERIALS AND METHODS

Isolation and culture of NPMSCs

All the procedures performed in this study were approved by the Ethical Committee of the Clinical Medical College of
Yangzhou University. Sprague-Dawley (SD) rats (2-4 mo old and weighing 200-300 g) were obtained from Yangzhou
University, No. SYXK (Su) 2017-0044. The separation of nucleus pulposus (NP) tissues and the isolation of NPMSCs were
performed as previously described[14]. Briefly, the NP tissues obtained from SD rats were carefully separated by a
microscope under sterile conditions, and the NP tissue was mechanically fragmented into 1 mm? pieces and digested with
0.2% collagenase type II (Gibco, United States) at 37 °C in 5% CO, for 12 h. Cells were filtered through a 75-um cellular
filter, centrifuged at 1000 rpm for 3 min, washed with phosphate-buffered saline (PBS), resuspended in Mesenchymal
Stem Cell Complete Medium (Cyagen, United States) with 10% fetal bovine serum (FBS; HyClone, United States) and 1%
antibiotics (Gibco, United States), and cultured in an incubator at 37 °C with 5% CO,. NPMSCs were subcultured at a ratio
of 1:3 when they reached 80% confluence. The third passages of NPMSCs were used for the subsequent experiments.

Surface marker identification of NPMSCs

NPMSCs were cultured in a 12-well plate with a 25 mm diameter cell slide in complete medium. Cells were fixed in 4%
paraformaldehyde for 15 min and permeabilized with 0.5% Triton X-100 for 15 min. Subsequently, cells were blocked
with 10% bovine serum albumin for 1 h at room temperature and incubated with the following primary antibodies (1:100)
overnight at 4 °C according to the International Society for Cellular Therapy (ISCT): CD34 (ABclonal, China), CD45
(ABclonal, China), CD73 (ABclonal, China), CD90 (ABclonal, China), CD105 (Proteintech, China), and tyrosine kinase
with Ig and EGF homology domains 2 (Tie2, a disc NP progenitor marker) (Biodragon, China). Cells were then incubated
with FITC- or Cy3-conjugated secondary antibodies (1:200) at room temperature for 1 h in the dark. After treatment with
4’ ,6-diamidino-2-phenylindole (DAPI) for 5 min, the cell slides were observed under a fluorescence microscope (Leica,
Wetzlar, Germany).

Cell treatment and cell viability assay

To establish an oxidative stress-induced model of NPMSCs, NPMSCs were cultured in complete medium with different
concentrations (0, 25, 50, 100, 200, and 400 uM) of TBHP (Sigma-Aldrich, United States) for 12 h. Cells were pretreated
with different concentrations (0, 10, 20, 40, 80, and 160 pM) of Que (MedChem Express, China) for 24 h before the
addition of a suitable concentration of TBHP to investigate the suitable dose of Que. A cell counting kit-8 (CCK-8,
Beyotime, China) was used to evaluate cell viability according to the manufacturer’s instructions. Briefly, 2 x 10° cells/
well were seeded in 96-well plates and cultured overnight at 37 °C in 5% CO,. After the cells were treated as described
above, a mixture of 10 pL of CCK-8 reagent and 100 pL of fresh medium was added to each well for 1 h at 37 °C. The
optical density (OD) value of each well was measured at 450 nm by a microplate reader (Bio-Rad, United States). Cells
were divided into the following groups: Control group (untreated), TBHP group (treated with 100 pM TBHP) and Que +
TBHP group (treated with 20 pM Que and 100 pM TBHP).

Cell proliferation assay

Cell proliferation was evaluated by an 5-ethynyl-2’-deoxyuridine (EdU) assay (Beyotime, China). Cells (5 x 10° cells/well)
were seeded in 12-well plates and cultured at 37 °C in 5% CO,. According to the manufacturer’s instructions, NPMSCs
were incubated with EAU for 2 h, fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.5% Triton X-100 for
15 min, and incubated with Click Reaction Mixture for 30 min. After washing with PBS, cells were counterstained with
Hoechst 33342 in the dark for 10 min. Finally, cells were observed under a fluorescence microscope and analyzed by
Image] software (NIH, United States).

Senescence-associated B-galactosidase (SA-B-Gal) staining
NPMSCs were seeded in a 6-well plate at a density of 4 x 10° cells/well at 37 °C in 5% CO,. Cells were stained with SA-f-

WJSC | https://www.wjgnet.com 844 August 26,2023 | Volume15 | Issue8 |

Jaishideng®



Zhao et al. Quercetin ameliorates oxidative stress in NPMSCs

Gal using a SA-B-Gal staining kit (Beyotime, China) according to the manufacturer’s instructions. Cells were fixed with
SA-B-gal fixing solution for 15 min at room temperature and then incubated overnight with an SA-B-Gal working solution
at 37 °C without CO,. Cells were observed under a microscope and analyzed by Image] software.

ROS assay

According to the manufacturer’s instructions provided by a ROS detection fluorescent probe-DHE kit (Keygen, China),
NPMSCs were incubated with 20 uM DHE for 30 min at 37 °C. Cells were then observed under a fluorescence microscope
and analyzed by Image] software.

JC-1 assay for mitochondrial membrane potential

A JC-1 Detection Kit (Keygen, China) was used to measure mitochondrial membrane potential (MMP). Briefly, NPMSCs
were cultured in medium containing 2 pM JC-1 dye, a cationic dye, for 20 min. After being washed twice with incubation
buffer, cells were cultured in complete medium, observed by fluorescence microscopy, and analyzed by Image]J software.

Cell cycle assay

The cell cycle phases of TBHP-induced senescent NPMSCs were determined by flow cytometric analyses using a Cell
Cycle Detection Kit (Keygen, China). Briefly, NPMSCs were harvested from 6-well plates, washed twice with ice-cold
PBS, fixed with 75% ethanol at 4 °C for 2 h, and incubated with a mixed solution of propidium iodide (PI) and RNase A
for 30 min in the dark. Flow cytometry (BD Company, USA) was used to analyze the cell cycle phases.

Cell transfection

Adenovirus vectors containing miR-34a-5p mimic, miR-34a-5p inhibitor, and their corresponding negative controls were
obtained from GeneChem (Shanghai, China). SIRT1 siRNA and scrambled siRNA were obtained from Gene Pharma
(Shanghai, China). NPMSCs (5%10°/well) were seeded in 6-well plates and then transfected with miR-34a-5p mimic or
miR-34a-5p inhibitor using Lipofectamine 2000 (Thermo Fisher, UT, USA) for 12 h at 37 °C according to the
manufacturer’s protocol. After replacing the medium with fresh complete medium, NPMSCs were cultured for an
additional 24 h. Cells were then harvested for subsequent experiments.

Dual-luciferase reporter assay

The TargetScan Human database (https://www.targetscan.org/vert_80/) was used to predict the complementary
binding site of miR-34a-5p in the 3'-UTR of SIRT1 mRNA. According to the Lipofectamine 2000 transfection protocol,
SIRT1 3'-UTR wild-type plasmids or mutant plasmids were cotransfected with miR-34a-5p mimic and mimic control into
cells. After 48 h, a dual-luciferase reporter assay kit was used to detect luciferase activity.

qRT-PCR

TRIzol reagent (Invitrogen, United States) was used to extract total RNA from NPMSCs. To measure the expression levels
of mRNA, RNA was reverse-transcribed into complementary DNA (cDNA) by a Prime Script-RT reagent kit (Vazyme
Biotech, China) according to the manufacturer’s protocol. cDNA was amplified by SYBR Premix Ex Taq (Vazyme Biotech,
China). To measure the expression levels of miR-34a, reverse transcription of RNA and amplification of cDNA were
performed using the miRNA 1st Strand cDNA Synthesis Kit (by stem-loop) (Vazyme Biotech, China) and miRNA
Universal SYBR qPCR Master Mix (Vazyme Biotech, China). The 2-*4“T method was used to calculate the expression level
of target genes. The expression levels of mRNA or miRNA were normalized to Gapdh or U6. The primers for the target
genes used in this study are listed in Table 1.

Western blot analysis

The total protein of NPMSCs was extracted by a Whole Cell Lysis assay (Keygen Biotech, China), and the protein concen-
tration was determined by a BCA protein assay kit (Beyotime, China). Each sample containing 30 ug of protein was
separated by 10%-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a
polyvinylidene difluoride membrane (Millipore, United States). After being blocked in 5% skim milk for 2 h at room
temperature, the membranes were incubated overnight with the following primary antibodies at 4 °C: P16 (1:1000;
Proteintech, China), p21 (1:1000; Proteintech, China), p53 (1:5000; Proteintech, China), SIRT1 (1:1000; ABclonal, China), IL-
1P (1:1000; ABclonal, China), IL-6 (1:1000; ABclonal, China), matrix metalloproteinase-13 (MMP-13, 1:1000; ABclonal,
China) and Gapdh (1:1000; Servicebio, China). The membranes were then incubated with horseradish peroxidase (HRP)-
labeled secondary antibodies (1:5000; Abcam). The protein bands were observed with an enhanced chemiluminescence
system, and the expression of protein was analyzed by Image] software.

Puncture-induced rat IDD model

In total, 15 male SD rats (2-4 mo old and weighing 200-300 g) were randomly divided into the following three groups:
Control group (n = 5), IDD group (n = 5), and Que group (n = 5). The IDD model of SD rats was established as previously
described[13]. Briefly, the rats were anesthetized with pentobarbital, and the tail skin was sterilized by povidone iodine.
A 21 G needle was used to puncture the coccygeal IVD (Co 6-7), and the needle was rotated 180° and kept in the disc for 5
s at a depth of 5 mm. After surgery, the Que group was treated with Que (100 mg/kg, 5 mg/mL of Que suspended in
0.5% sodium carboxymethyl cellulose solution) every other day by intragastric administration for 4 wk. The control
group and IDD group were treated with 0.5% sodium carboxymethy]l cellulose solution for 4 wk.
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Figure 1 Identification of nucleus pulposus derived mesenchymal stem cells. A: Primary nucleus pulposus-derived mesenchymal stem cells
(NPMSCs) presented with elongated spindle shape and grew in flower formation; B: NPMSCs exhibited low fluorescent expression of CD34 and CD45, but a high
fluorescent expression of CD73, CD90, and CD105. Scar bar = 100 um.

Radiographic evaluation and histological analysis

At 4 wk postinjury, all rats were placed in a prone position after anesthetization with pentobarbital, and X-ray images
were acquired. Image] software was used to calculate the disc height index (DHI) as previously described[31]. The tails
were harvested after the rats were euthanized with an overdose of sodium pentobarbital. The specimens were fixed in 4%
paraformaldehyde for 48 h, decalcified in EDTA for 1 mo, dehydrated in gradient alcohol, and embedded in paraffin. The
specimens were cut into 5 pm sections, and the sections were stained with hematoxylin-eosin (HE), Alcian blue, and
Safranin O-fast Green. Histological scores were evaluated as previously described[31,32] based on the following scale: 5,
normal discs; 6-11, moderately degenerated discs; and 12-14, severely degenerated discs.

Immunofluorescent staining

After the IVD specimens were prepared, a freezing microtome (Leica, Wetzlar, Germany) was used to cut the specimens
into 5-um sections. The sections were fixed in 4% paraformaldehyde for 15 min and permeabilized with 0.5% Triton X-100
for 15 min. Subsequently, the sections were blocked with 10% bovine serum albumin for 1 h at room temperature and
incubated with the following primary antibodies (1:100) at 4 °C overnight: Collagen type II (ABclonal, China) and
aggrecan (ABclonal, China). The sections were then incubated with FITC- or Cy3-conjugated secondary antibodies (1:200)
at room temperature for 1 h in the dark. Fluorescence microscopy and Image]J software were used to observe and analyze
the sections.

Statistical analysis

All data were analyzed by GraphPad Prism 8 (GraphPad, La Jolla). Data are expressed as the mean + SD. Student’s t test
and one-way analysis of variance (ANOVA) was used to analyze the data of two groups and multiple independent
groups, respectively. The Kruskal-Wallis H test was used to analyze the histological score. A P value < 0.05 was
considered significant.

RESULTS

Characterization of NPMSCs

Elongated spindle-shaped NPMSCs were successfully isolated and cultured from rat IVDs (Figure 1A). Based on the
immunofluorescence staining analysis, the MSC-associated markers, namely, CD73, CD90, and CD105 were highly
expressed, whereas the expression of CD34 and CD45 was low (Figure 1B). Moreover, the expression of Tie2, a disc NP
progenitor marker, was also high in NPMSCs (Figure 1B). These results indicated that NPMSCs isolated from IVD
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Figure 2 Cell viability assay and cell proliferation assay. A: Cell counting kit-8 (CCK-8) results of nucleus pulposus-derived mesenchymal stem cells
(NPMSCs) treated with different concentrations of quercetin for 24 h; B: CCK-8 results of NPMSCs treated with different concentrations of tert-butyl hydroperoxide
(TBHP) for 24 h; C: EdU assay results of NPMSCs in different groups. Green fluorescence represents cells in a proliferating state, and blue fluorescence represents
cell nucleus (scale bar = 200 um); D: Quantitative analysis of EdU results. Data are represented as mean + SD. 2P < 0.05 compared with control group, n = 3. TBHP:
Tert-butyl hydroperoxide; Que: Quercetin.

correspond to the standards of stem cells described by ISCT.

Effects of Que and TBHP on the viability and proliferation of NPMSCs

A CCK-8 assay was used to evaluate the effect of Que and TBHP on NPMSC viability. As shown in Figure 2A, Que
showed no significant cytotoxic effect at concentrations up to 20 uM for 24 h. Therefore, a concentration of 20 pM Que
was selected for the subsequent experiments. NPMSC viability was decreased after treatment with TBHP in a dose-
dependent manner (Figure 2B), and 100 pM TBHP was selected for use in subsequent experiments. The effect of Que on
NPMSC proliferation was detected by EdU staining. Compared to the control group, the positive rate of EAU in the TBHP
group was significantly lower (P < 0.05), and the positive rate of EQU was partially increased in the Que + TBHP group (P
<0.05) (Figure 2C and D).

Effects of Que on SA-B-Gal staining and the cell cycle in NPMSCs

SA-B-Gal accumulation is an indicator of cellular senescence. Compared to the control group, the number of SA-B-Gal-
positive senescent NPMSCs in the TBHP group was significantly higher (P < 0.05), while the number of SA-B-Gal-positive
cells was decreased in Que + TBHP group (Figure 3A). Compared to the control group, the percentage of NPMSC in the
G2/M phase in TBHP group was higher, which indicated cell cycle arrest, but treatment with Que decreased the
percentage of NPMSCs arrested in G2/M phase (Figure 3B).
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Figure 3 Senescence-associated B-Galactosidase staining assay and cell cycle assay. A: Senescence-associated p-Galactosidase (SA-B-gal)
staining results of nucleus pulposus-derived mesenchymal stem cells (NPMSCs) in different groups. Senescent cells exhibit high expression of SA-B-gal in blue
staining; B: Cell cycle results of NPMSCs in different groups. Scar bar = 200 um. Data are represented as mean + SD. Significant differences between groups are
indicated as 2P < 0.05, n = 3. TBHP: Tert-butyl hydroperoxide; Que: Quercetin.

Effects of Que on MMP and ROS generated in TBHP-treated NPMSCs

When the MMP is high, JC-1 exists in the mitochondria as J-aggregates of polymers, which produce red fluorescence.
When the MMP is low, JC-1 is released from the mitochondria matrix and exists in the cytoplasm in the form of
monomers, which produce green fluorescence. As shown in Figure 4A and B, the MMP was decreased after TBHP
treatment, and this effect was partially reversed by pretreatment with Que. Figure 4C and D show that NPMSCs in the
TBHP group had higher ROS levels compared to the control group, and pretreatment with Que partially reversed the
effect of TBHP on ROS generation.

Que inhibits oxidative stress-induced senescence of NPMSCs

Cell senescence is broadly characterized by cell cycle arrest and the production of SASP. To explore the effect of Que in
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Figure 4 Mitochondrial membrane potential assay and reactive oxygen species assay. A: Results of Mitochondrial membrane potential (MMP) in
different groups detected by fluorescence. Red fluorescence represents the mitochondrial aggregate JC-1 and green fluorescence indicates the monomeric JC-1.
Scale bar = 100 um; B: Quantitative analysis of MMP results; C: Results of ROS in different groups detected by fluorescence. Red fluorescence represents high level
of reactive oxygen species assay (ROS). Scale bar = 200 pm; D: Quantitative analysis of ROS results. Data are represented as mean + SD. Significant differences
between groups are indicated as 2P < 0.05, n = 3. TBHP: Tert-butyl hydroperoxide; Que: Quercetin; ROS: Reactive oxygen species assay.

TBHP-induced NPMSCs, western blot analysis and immunofluorescence staining were used to evaluate the expression of
SIRT1, cell senescence-related proteins (p16, p21, and p53), and SASP (IL-1pB, IL-6, and MMP-13). The expression of SIRT1
was downregulated after TBHP treatment, and this effect was partially reversed by Que pretreatment (P < 0.05; Figure 5).
Moreover, Que treatment significantly decreased the upregulation of p16, p21, p53, IL-1p, IL-6, and MMP-13 expression
induced by TBHP (P < 0.05; Figures 5 and 6). Taken together, these results indicated that Que may have a protective role
in TBHP-induced oxidative stress injury of NPMSCs.

MiR-34a-5p represses SIRT1 expression by targeting the 3-UTR of SIRT1

According to the TargetScan online prediction database, SIRT1 is a potential target of miR-34a-5p (Figure 7A). A dual-
luciferase reporter assay revealed that the miR-34a-5p mimic significantly inhibited the relative luciferase activity in the
wild-type SIRT1 reporter vector (WT-SIRT1), whereas there was no significant change in the luciferase activity in the
mutant SIRT1 reporter vector (MUT-SIRT1) (Figure 7B). These data indicated that miR-34a-5p inhibits SIRT1 expression
by directly binding to the 3UTR of SIRT1. In addition, the mRNA and protein expression levels of SIRT1 were
significantly inhibited by overexpression of miR-34a-5p (Figure 7C-E). Conversely, downregulation of miR-34a-5p
increased the expression level of SIRT1 (Figure 7F-I). Moreover, the expression of SIRT1 was successfully downregulated
by siRNA (Figure 71-K).

MiR-34a-5p enhances oxidative stress-induced senescence of NPMSCs

According to the qRT-PCR analysis, the expression of miR-34a-5p was increased by TBHP treatment, and it was
suppressed and promoted by the miR-34a-5p inhibitor and miR-34a-5p mimic, respectively (Figures 8A and 9A). In
contrast, the expression of SIRT1 was suppressed after TBHP treatment, and it was promoted and suppressed and by
miR-34a-5p inhibitor and miR-34a-5p mimic, respectively (Figures 8 and 9). The TBHP-enhanced senescence-related
proteins (p16, p21, and p53) and SASP (IL-1B, IL-6, and MMP-13) were significantly suppressed after miR-34a-5p
knockdown (Figure 8). In contrast, the expression levels of senescence-related proteins and SASP were increased when
cells were treated with the miR-34a-5p mimic (Figure 9).
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Figure 5 Quercetin upregulates the expression of SIRT1 and downregulates the expression of p16 and p21 and p53. A and B:
Immunofluorescence staining and quantitative analysis of SIRT1; C and D: Immunofluorescence staining and quantitative analysis of p16; E and F:
Immunofluorescence staining and quantitative analysis of p21; G and H; Immunofluorescence staining and quantitative analysis of p53; I-M: The protein expressions
and quantitative analysis of SIRT1, p16, p21 and p53 in the different groups. Scale bar = 100 um. Data are represented as mean + SD. Significant differences
between groups are indicated as ®P < 0.05, n = 3. TBHP: Tert-butyl hydroperoxide; Que: Quercetin.

Que modulates TBHP-induced senescence of NPMSCs via the miR-34a-5p/SIRT1 pathway

To explore the relationship between miR-34a-5p/SIRT1 and oxidative stress-induced senescence in Que-treated NPMSCs,
the miR-34a-5p mimic and siSIRT1 were used to investigate whether overexpression of miR-34a-5p and knockdown of
SIRT1, respectively, counteracts the effects of Que on the expression of senescence-related proteins (p16, p21, and p53),
SASP (IL-1B, IL-6, and MMP-13), and SIRT1. As shown in Figures 10 and 11, Que suppressed the expression of
senescence-related proteins and SASP but promoted the expression of SIRT1, whereas overexpression of miR-34a-5p and
knockdown of SIRT1 impaired this protective effect in TBHP-treated NPMSCs. These results suggested that Que may
protect NPMSCs from TBHP-induced senescence via the miR-34a-5p/SIRT1 pathway.
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Figure 6 Quercetin downregulates the expression of senescence associated secreted phenotype: IL-18, IL-6 and MMP13. A and B:
Immunofluorescence staining and quantitative analysis of IL-1f; C and D: Immunofluorescence staining and quantitative analysis of IL-6; E and F:
Immunofluorescence staining and quantitative analysis of MMP-13; G-J: The protein expressions and quantitative analysis of IL-1p, IL-6 and MMP-13 in different
groups. Scale bar = 100 um. Data are represented as mean + SD. Significant differences between groups are indicated as 2P < 0.05, n = 3. TBHP: Tert-butyl
hydroperoxide; Que: Quercetin.

Que ameliorates disc degeneration in a rat model

A puncture-induced rat model was established to investigate the effect of Que in IDD in vivo, and disc height was
measured by X-ray images at Week 0 and Week 4 after puncture (Figure 12A). Compared to the control group, the DHI of
the IDD group was significantly decreased (Figure 12B-E). Interestingly, the DHI of the Que group was significantly
higher than that of the IDD group (P < 0.05) (Figure 12B-E). According to the Hematoxylin & eosin staining, NP tissues
occupied most of the area in the discs, and NP cells were well dispersed in the matrix. The annulus fibrosus (AF) was well
organized in the remaining area. In the IDD group, the NP tissues almost disappeared, and the border between NP and
AF was severely disrupted (Figure 12F). However, Que treatment alleviated the degeneration and morphological changes
in the NP and AF (Figure 12F). The histological score was higher in the IDD group compared to the control group (P <
0.05) (Figure 12G). Both Safranin-O Fast Green and Alcian blue staining showed that the proteoglycan matrix area was
lower in the IDD group compared to the control group (Figure 12F). However, Que treatment alleviated the proteoglycan
decrease compared to the IDD group (Figure 12H). Immunofluorescence was also used to assess the expression of
collagen II and aggrecan in the disc tissue. Compared to the control group, the expression of collagen type II and
aggrecan was significantly lower in the IDD group, and Que treatment significantly attenuated the decrease in collagen
type II and aggrecan compared to the IDD group (Figure 121 and ]). Taken together, these results suggested that Que
alleviates the IDD process in a puncture-induced rat model.

DISCUSSION

In the present study, the results demonstrated that Que ameliorates oxidative stress-induced senescence in NPMSCs via
the miR-34a-5p/SIRT1 axis. The in vivo results also demonstrated that Que inhibits the expression of senescence-related
proteins (p16, p21, and p53) and SASP (IL-1B, IL-6, and MMP-13) as well as promotes the expression of SIRT1, suggesting
that it has a therapeutic effect in the IDD rat model.

Several previous studies have found that oxidative stress is highly associated with the progression of IDD[4,7].
Oxidative stress is triggered in the microenvironment of degenerative IVD when the balance between generation and
elimination of ROS is broken[33]. ROS not only trigger oxidative damage of the extracellular matrix of IVD but also
induce oxidative damage to DNA, proteins, and mitochondria[33]. Moreover, ROS promote the production of ROS in IVD
cells, forming a positive feedback loop[5-7,34]. The discovery of NPMSCs provides a theoretical basis for the endogenous
repair of IDD[9,11]. The endogenous repair ability of NPMSCs in degenerative IVD is achieved by differentiation into NP
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Figure 7 miR-34a-5p represses SIRT1 expression by targeting the 3'-UTR of SIRT1. A: Schematic of the predicted miR-34a-5p binding sites in the 3'-
UTR of SIRT1 mRNA from TargetScan online database; B: Luciferase reporter activity of SIRT1 co-transfected with miR-34a-5p nc or miR-34a-5p mimic; C-E: The
protein and mRNA expression level of SIRT1 in nucleus pulposus-derived mesenchymal stem cells (NPMSCs) transfected with miR-34a-5p mimic; F-H: The protein
and mRNA expression level of SIRT1 in NPMSCs transfected with miR-34a-5p inhibitor; I-K: The protein and mRNA expression level of SIRT1 in NPMSCs
transfected with Si-SIRT1. Data are represented as mean + SD. Significant differences between groups are indicated as 2P < 0.05, n = 3. TBHP: Tert-butyl
hydroperoxide.

cells and inhibiting cell apoptosis and/or senescence[10,35]. Oxidative stress in the microenvironment of IVD induces
NPMSC senescence, and senescent NPMSCs decrease multipotency and self-renew ability, thus decreasing the
regenerative potential and endogenous repair ability of NPMSCs[17,36-38]. In the present study, we found increased
expression of senescence-related proteins (p16, p21, and p53), increased SASP (IL-1B, IL-6, and MMP-13), increased SA-B-
Gal-positive senescent cells, decreased expression of SIRT1, decreased proliferation, and decreased viability after TBHP
treatment in NPMSCs. Therefore, it is important to understand how to maintain the quantity and quality of NPMSCs
under adverse microenvironments in degenerative IVD, such as oxidative stress, hypoxia, nutrient deficiency, and
compression.

As a potent antioxidant, Que scavenges ROS, scavenges free radicals, inhibits lipid peroxidation, and inhibits xanthine
oxidase activity[18-20,39]. Previous studies have reported that Que is an effective activator of SIRT1[40-42]. Feng et al[22]
reported that Que attenuates oxidative stress-induced apoptosis of rat chondrocytes via the SIRT1/mitogen-activated
protein kinase (AMPK) pathway and prevents the progression of osteoarthritis in a rat model[22]. Lou et al[43] confirmed
that Que inhibits HepG2 cell apoptosis through the p53/miRNA-34a/SIRT1 pathway[43]. To evaluate the effect of Que in
TBHP-induced NPMSCs, we pretreated cells with Que (20 uM) for 24 h before the addition of TBHP (100 pM) in the
present study. Pretreatment with Que decreased ROS generation, decreased SA-B-Gal activity, and partially restored cell
proliferation in oxidative stress induced-NPMSCs. Further, Que significantly reduced the expression of senescence-
related proteins (p16, p21, and p53), reduced SASP (IL-1f, IL-6, and MMP-13), and increased the expression of SIRT1.
Therefore, these results indicated that Que may have a protective effect against TBHP-induced oxidative stress in
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Figure 8 Downregulation of miR-34a-5p alleviated oxidative stress-induced nucleus pulposus-derived mesenchymal stem cells
senescence. A: The RNA levels of miR-34a-5p in nucleus pulposus-derived mesenchymal stem cells (NPMSCs) were transfected with miR-34a-5p inhibitor and
treated with tert-butyl hydroperoxide; B: The protein levels of SIRT1, p16, p21, p53, IL-1B, IL-6 and MMP-13 in NPMSCs transfected with miR-34a-5p inhibitor; C-I:
Quantitative analysis of protein expression in the different groups. Data are represented as mean + SD. Significant differences between groups are indicated as 2P <
0.05, n = 3. TBHP: Tert-butyl hydroperoxide.

NPMSCs.

A previous study has also demonstrated that the expression of miR-34a-5p is significantly upregulated in degenerative
IVD and that miR-34a-5p increases extracellular matrix degradation and cell apoptosis. Chen et al[44] reported that miR-
34a increases apoptosis in degenerated cartilage endplate (CEP) chondrocytes. In addition, inhibition of miR-34a reduces
cell apoptosis, while upregulation of miR-34a has an opposite effect in CEP cells[44]. In the present study, TBHP
significantly upregulated miR-34a-5p expression. Overexpression miR-34a aggravated the oxidative stress damage
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Figure 9 Overexpression of miR-34a-5p enhanced oxidative stress-induced nucleus pulposus-derived mesenchymal stem cells
senescence. A: The RNA levels of miR-34a-5p in nucleus pulposus-derived mesenchymal stem cells (NPMSCs) were transfected with miR-34a-5p mimic and
treated with TBHP; B: The protein levels of SIRT1, p16, p21, p53, IL-1, IL-6 and MMP-13 in NPMSCs transfected with miR-34a-5p mimic; C-I: Quantitative analysis
of protein expression in different groups. Data are represented as mean + SD. Significant differences between groups are indicated as P < 0.05, n = 3. TBHP: Tert-
butyl hydroperoxide.

induced by TBHP in NPMSCs, including increased the expression of senescence-related proteins and SASP as well as and
decreased the expression of SIRT1, whereas knockdown of miR-34a had an opposite effect in NPMSCs. Accumulating
studies have demonstrated that SIRT1 exerts important function in the progression of IDD. The expression level of SIRT1
in IVD cells decreases with the progression of IDD[45], and SIRT1 expression is negatively correlated with Pfirrmann
grade in IDD[46]. It has been reported that SIRT1 decreases the oxidative stress-induced senescence in CEP cells through
the p53/p21 pathway[47]. H,O,-induced oxidative stress reduces the expression of SIRT1 as the expression of SIRT1 is
downregulated with the increasing concentration of H,O,, and SIRT1 activation alleviates oxidative stress-induced
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Figure 10 Quercetin alleviates TBHP-induced senescence via miR-34a-5p/SIRT1 axis. A: The protein levels of SIRT1, p16, p21, p53, IL-1B, IL-6 and
MMP-13 in different groups; B-H: Quantitative analysis of protein expression in different groups. Data are represented as mean + SD. Significant differences between
groups are indicated as *P < 0.05, n = 3. TBHP: Tert-butyl hydroperoxide; Que: Quercetin.

senescence in NP cells[29,48]. Xia et al[49] found that the expression of p16 is downregulated by activating SIRT1 in rat
IDD model[49]. The present study found that SIRT1 expression was downregulated in TBHP induced-NPMSCs, which
was rescued by Que and inhibiting miR-34a-5p. These results suggested that SIRT1 plays a protective role in TBHP
induced-NPMSCs. miR-34a-5p overexpression and SIRT1 downregulation in NPMSCs were utilized to investigate
whether Que reduces oxidative stress damage via the miR-34a/SIRT1 pathway to delay NPMSC senescence. The results
demonstrated that the protective effect of Que is reversed by miR-34a-5p overexpression and SIRT1 knockdown.

In the present study, Que was also administered to IDD animal models to evaluate the protective effect of Que in vivo.
X-ray analysis indicated the loss of DHI in the IDD model, but Que treatment ameliorated the decreased DHI. Moreover,
histological analysis using HE, Alcian blue, and S-O staining as well as immunofluorescence analysis of collagen type II
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Figure 11 Quercetin alleviates TBHP-induced senescence via miR-34a-5p/SIRT1 axis. A: The protein levels of SIRT1, p16, p21, p53, IL-1B, IL-6 and
MMP-13 in different groups; B-H: Quantitative analysis of protein expression in different groups. Data are represented as mean + SD. Significant differences between
groups are indicated as *P < 0.05, n = 3. TBHP: Tert-butyl hydroperoxide; Que: Quercetin.

and aggrecan confirmed that Que had a positive effect on delaying the degree of IDD.

The present study had several limitations. Previous studies have shown Que has pleiotropic properties. In addition to
the activation of SIRT1, Que has anti-inflammatory and antioxidative effects via activating nuclear factor erythroid 2-
related factor 2 (NRF2)[39], mitogen-activated protein kinase (MAPK)[39], and phosphatidylinositol 3-kinases/protein
kinase B (PI3K/AKT)[50]. Hence, it remains unknown whether Que plays a role in NPMSC senescence induced by
oxidative stress via other signaling pathways, suggesting that further study is needed to explore the other mechanisms
underlying the protective effect of Que on NPMSCs. Moreover, future clinical studies are needed to evaluate the effect of
Que on IDD progress.
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Figure 12 Quercetin ameliorates IVDD in vivo. A: Schematic of the basic process of in vivo experiment (By Figdraw); B: Macroscopic appearances of rat tail
intact disc mid-sagittal sections in control group, intervertebral disc degeneration group and quercetin group (Scar bar = 2 mm); C: The X-ray in different groups at 0
wk and 4 wk after puncturing; D: Measurements of intervertebral disc height index (DHI); E: Quantitative analysis of DHI; F-G: Hematoxylin-eosin staining and
quantitative analysis of histological score at 4 wk after puncture in different groups (scale bar = 1mm); H: The expression of aggrecan and collagen type Il in different
groups (scale bar = 400 um); I-J: Quantitative analysis of aggrecan and collagen type Il in different groups. Data are represented as mean * SD. Significant
differences between groups are indicated as 2P < 0.05, n = 3. HE: Hematoxylin-eosin; NP: Nucleus pulposus; AF: Annulus fibrosus; IDD: Intervertebral disc
degeneration; TBHP: Tert-butyl hydroperoxide; Que: Quercetin.

CONCLUSION

In summary, the present study demonstrated that Que prevents oxidative stress-induced senescence of NPMSCs via the
miR-34a/SIRT1 signaling pathway (Figure 13). Moreover, Que ameliorates the progression of IDD in a rat model. These
findings suggested that Que may be a potential agent for the treatment of IDD.

Table 1 Sequences of primers used for real-time polymerase chain reaction

Gapdh F: CTGGAGAAACCTGCCAAGTATG
R: GGTGGAAGAATGGGAGTTGCT
SIRT1 F: TGACCTCCTCATTGTTATTGGG
R: GGCATACTCGCCACCTAACCT
U6 F: CTCGCTTCGGCAGCACA
R: AACGCTTCACGAATTTGCGT
miR-34a-5p F: ACACTCCAGCTGGGTGGCAGTGTCTTAGCT

R: TGGTGTCGTGGAGTCG
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Figure 13 Schematic representation of the mode of action of quercetin. Quercetin ameliorates oxidative stress-induced senescence in nucleus
pulposus-derived mesenchymal stem cells via miR-34a-5p/SIRT1 axis. HE: Hematoxylin-eosin; NP: Nucleus pulposus; AF: Annulus fibrosus; IVD: Intervertebral disc;
TBHP: Tert-butyl hydroperoxide; ROS: Reactive oxygen species assay. By Figdraw.

ARTICLE HIGHLIGHTS

Research background

Intervertebral disc degeneration (IDD) is a main contributor to low back pain. Oxidative stress, which is highly associated
with the progression of IDD, increases senescence of nucleus pulposus-derived mesenchymal stem cells (NPMSCs) and
weakens the differentiation ability of NPMSCs in degenerated intervertebral discs (IVDs). Quercetin (Que) has been
demonstrated to reduce oxidative stress in diverse degenerative diseases.

Research motivation

An adverse microenvironments of degenerative intervertebral disc such as oxidative stress, low nutrition, and inflam-
mation leads to increased senescence NPMSCs, which severely affects endogenous repair. Therefore, inhibition
senescence of NPMSCs may be of great significance in alleviating IDD.

Research objectives
The present study aimed to investigate the role of Que in oxidative stress-induced NPMSC damage and to elucidate the
underlying mechanism.

Research methods

In vitro, NPMSCs were isolated from rat tails. Senescence-associated p-galactosidase (SA-B-Gal) staining, cell cycle,
reactive oxygen species (ROS), real-time quantitative polymerase chain reaction (RT-qPCR), immunofluorescence, and
western blot analyses were used to evaluate the protective effects of Que. Meanwhile the relationship between miR-34a-
5p and Sirtuins 1(SIRT1) was evaluated by dual-luciferase reporter assay. To explore whether Que modulates tert-butyl
hydroperoxide (TBHP)-induced senescence of NPMSCs via the miR-34a-5p/SIRT1 pathway, we used adenovirus vectors
to overexpress and downregulate the expression of miR-34a-5p, and used SIRT1 siRNA to knockdown SIRT1 expression.
In vivo, a puncture-induced rat IDD model was constructed, and X rays and histological analysis were used to assess
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whether Que could alleviate IDD in vivo.

Research results

We found that TBHP can cause NPMSCs senescence changes, such as reduced cell proliferation ability, increased SA-B-
Gal activity, cell cycle arrest, the accumulation of ROS, and increased expression of senescence-related proteins. While
abovementioned senescence indicators were significantly alleviated by Que treatment. Que decreased the expression
levels of senescence-related proteins (p16, p21, and p53) and senescence-associated secreted phenotype (SASP), including
IL-1B, IL-6, and MMP-13, and it increased the expression of SIRT1. In addition, the protective effects of Que on cell
senescence were partially reversed by miR-34a-5p overexpression and SIRT1 knockdown. In vivo, X-ray, and histological
analyses indicated that Que alleviated IDD in a puncture-induced rat model.

Research conclusions

In summary, the present study provides evidence that Que reduces oxidative stress-induced senescence of NPMSCs via
the miR-34a/SIRT1 signaling pathway, suggesting that Que may be a potential agent for the treatment of IDD.

Research perspectives
We demonstrated Que ameliorates oxidative stress-induced senescence of NPMSCs and delays the progression of IDD.
Que may be a potential agent for the treatment of IDD.
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Abstract

BACKGROUND

Local mesenchymal stem cell (MSC) therapy for complex perianal fistulas (PFs)
has shown considerable promise. But, the long-term safety and efficacy of MSC
therapy in complex PFs remain unknown.

AIM
To explore the long-term effectiveness and safety of local MSC therapy for
complex PFs.

METHODS
Sources included the PubMed, EMBASE, and Cochrane Library databases. A
standard meta-analysis was performed using RevMan 5.3.

RESULTS

After screening, 6 studies met the inclusion criteria. MSC therapy was associated
with an improved long-term healing rate (HR) compared with the control
condition [odds ratio (OR) = 2.13; 95% confidence interval (95%CI): 1.34 to 3.38; P
= 0.001]. Compared with fibrin glue (FG) therapy alone, MSC plus FG therapy
was associated with an improved long-term HR (OR = 2.30; 95%ClI: 1.21 to 4.36; P
= 0.01). When magnetic resonance imaging was used to evaluate fistula healing,
MSC therapy was found to achieve a higher long-term HR than the control
treatment (OR = 2.79; 95%CI: 1.37 to 5.67; P = 0.005). There were no significant
differences in long-term safety (OR = 0.77; 95%Cl: 0.27 to 2.24; P = 0.64).

CONCLUSION
Our study indicated that local MSC therapy promotes long-term and sustained
healing of complex PFs and that this method is safe.
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Core Tip: The long-term safety and efficacy of mesenchymal stem cell (MSC) therapy for complex perianal fistulas (PFs)
remain unknown. So, we explored the long-term effectiveness and safety of local MSC therapy for complex PFs. We found
that MSC treatment is a safe and effective method that can significantly improve the long-term healing of complex PFs, and
this method confers no risk of MSC-related adverse events.
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INTRODUCTION

A perianal fistula (PF) is an epithelialized tract that connects the luminal surface of the anal canal or rectum with the
perianal or perineal skin. It affects approximately 2 in 10000 people and represents a difficult therapeutic challenge and a
source of physical and psychological morbidity with a long-term risk of proctectomy[1]. The most severe form is complex
PF, which is difficult to manage, as it has a high rate of recurrence and may cause sphincter damage and fecal
incontinence. Complex PF is defined as cases with more muscle involvement or anterior fistulas in female patients, as
well as recurrent fistulas, suprasphincteric fistulas, extrasphincteric fistulas, horseshoe fistulas, fistulas associated with
irritable bowel disease, transsphincteric fistulas that involve greater than 30% of the external sphincter and fistulas
associated with preexisting fecal incontinence, inflammatory bowel disease, radiation, malignancy, or chronic diarrhea.
PFs are also a probable consequence of Crohn’s disease (CD) since as many as 26% of CD patients eventually develop a
PF within 20 years after diagnosis[2,3]. Complex PFs in patients with CD have a high recurrence rate and cause a vast
range of complications that significantly reduce quality of life (QoL)[4]. In addition, there is a risk of developing a
neoplasm in the PF area related to the complexity and perianal disease duration[5]. The results of one study showed that
complex PFs may lead to anal cancer in approximately 28% of patients within 20 years after diagnosis[6]. Complex PF is a
chronic, recurrent immune-mediated disease with a variety of treatment options. Its exact pathogenesis is unknown. The
key long-term therapeutic goals for the treatment of complex PF are to: (1) Resolve fistula discharge; (2) achieve fistula
healing; (3) prevent fistula recurrence; (4) maintain fecal continence; (5) avoid long-term diversion (protectomy with
stoma), and hence; and (6) improve and maintain QoL for patients. Although current treatments for PFs include a range
of medical and surgical options, managing this condition is difficult. Patients with complex PFs tend to have poor
treatment outcomes or experience frequent relapses, and most interventions are ineffective in providing long-term
healing[7-10]. Immunomodulators can have serious side effects. Additionally, there is a risk of opportunistic infection
associated with the use of biological treatments. In more severe cases of complex PF, fecal incontinence can occur,
furthering morbidity. Complex PF is often not permanently cured by surgery, leading to multiple procedures and
complications such as fecal incontinence. Therefore, there is a need for an effective therapy that provides long-term
healing of complex PFs without the risk of fecal incontinence.

In recent years, local injection of mesenchymal stem cells (MSCs) has shown notable promising results in the treatment
of PFs[11]. MSCs are a heterogeneous subset of stromal stem cells. They can be isolated from a wide variety of tissues and
expanded in vitro to obtain large quantities. MSCs are characterized by multilineage differentiation and powerful
immunomodulatory effects and are able to mitigate inflammatory states. Complex PF is thought to arise from an
epithelial defect, which may be caused by ongoing inflammation. Current treatments cannot maintain long-term healing
of the disease. Possible alternative treatments include cell therapy, especially MSC therapy. Local administration is the
most performed approach to deliver MSCs. After being delivered directly to fistula tracts, MSCs induce peripheral
tolerance and migrate to injured tissues, where they can inhibit the release of proinflammatory cytokines and promote the
survival of damaged cells. Consequently, MSCs are capable of repairing damaged tissues and promoting tissue healing,
which can lead to long-term fistula healing, significantly improving patients’” quality of life. An increasing number of
studies have indicated that local MSC therapy is safe and efficacious for complex PFs. In 2020, to evaluate whether local
MSC therapy for complex PFs is effective and safe, we conducted a meta-analysis. That study, with a follow-up of 8 wk to
2 years, showed that local MSC therapy for complex PFs was safe and feasible. However, the efficacy and safety
evaluation period of the study was short and middle term[12]. Therefore, the long-term efficacy of MSC therapy is
unclear. To date, an increasing number of studies have aimed to perform long-term evaluations of MSC therapy for PFs.
Thus, based on a previous study[12], this study aimed to explore the long-term effectiveness and safety of MSC therapy
for complex PFs (48 wk to 4 years of follow-up after MSC therapy).
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MATERIALS AND METHODS

Data source and search strategies

This meta-analysis followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines[13]. In August 2022, a search was performed in the PubMed, EMBASE and Cochrane Library databases for
clinical studies written in English regarding local MSC treatment in patients with complex PFs. The following search

A

terms were used: “Mesenchymal stem cell”, “mesenchymal stromal cell”, “complex perianal fistula”, “perianal fistula”,

“complex perianal Crohn’s disease”, “Crohn’s perianal fistula”, “perianal Crohn’s disease”, “Crohn’s disease”, “perianal

fistulizing Crohn’s disease”, “cryptoglandular perianal fistula”, and “long-term”. We also checked the reference lists of
the screened full-text studies to identify other potentially eligible trials.

Study selection

Two authors independently assessed studies for inclusion by screening titles and abstracts. The inclusion criteria were: (1)
Studies of human subjects; (2) randomized clinical trials (RCTs) and retrospective studies or cohort studies of patients
with complex PFs treated with local injection(s) of autologous or allogeneic MSCs from any source; (3) local injection of
MSCs or MSCs combined with fibrin glue (FG) for complex PFs; and (4) assessment of the efficacy and/or safety of MSC
therapy at least 48 wk after treatment.

Data extraction and quality assessment

A customized data extraction form was used by two authors to extract data. These authors extracted study data features
including: (1) Study characteristics (first author, publication year); (2) MSC origin; (3) definition of fistula healing [clinical
and/or magnetic resonance imaging (MRI)]; (4) study outcomes; (5) dosage and modalities of intervention adminis-
tration; (6) adverse events (AEs); and (7) concomitant treatment (anti-TNF). Table 1 lists the basic characteristics of the 6
identified studies. Quality assessment was performed using Review Manager (version 5.3) according to the recommend-
ations from the Cochrane Collaboration. The bias risk assessment tool recommended by Cochrane was used to assess the
quality of all enrolled studies. Each item of studies was judged as having a high, low or unclear risk of bias.

Statistical analysis

Based on the included studies, odds ratios (ORs) and corresponding 95% confidence intervals (95%Cls) were calculated to
compare the MSC groups and control groups. Heterogeneity was quantified using the I” statistic. If the I value was <
50%, heterogeneity was considered low, and we employed a fixed-effect model. If the I* value was > 50%, heterogeneity
was considered high, and we employed a random-effect model. All statistical analyses were performed using Review
Manager (version 5.3). A value of P < 0.05 was considered statistically significant.

RESULTS

Literature search and quality assessment

The literature search process is illustrated in Figure 1. Using this search strategy, we identified 462 references related to
local MSC treatment for complex PF, of which 358 duplicate articles were removed. After reading the titles and abstracts,
we identified 20 articles for full-text review. Ultimately, after all criteria were applied, 6 articles were included in the
meta-analysis[14-19]. A summary of the risk of bias in the included articles is presented in Figure 2.

Long-term efficacy of MSCs in complex PF (48 wk to 4 years of follow-up after MSC therapy)

Our meta-analysis included 6 studies that assessed the long-term efficacy of post-MSC treatment. The pooled analysis
showed that MSC therapy was associated with an improved long-term healing rate (HR) compared with the control
condition (OR = 2.13; 95%CI: 1.34 to 3.38; P = 0.001) (Figure 3). The benefit was sustained for at least 48 wk of follow-up
after MSC therapy.

Long-term efficacy of MSCs for complex PF (MSCs + FG vs FG alone)

Cell therapy strategies using MSCs carried in FG have shown promising results in regenerative medicine. FG is a natural
polymer involved in the coagulation process. In regenerative medicine, FG can be used as a delivery system for drugs,
biomolecules, growth factors and cells. FG also provides a temporary structure that favors angiogenesis, extracellular
matrix deposition and cell-matrix interactions and it also FG maintains the local and paracrine functions of MSCs,
providing tissue regeneration through less invasive clinical procedures. The biological properties of FG as a growth
environment for MSCs have been reported in several studies[20]. Now, local FG combined with MSCs therapy is still a
relatively new treatment and has not yet gained popularity. So, the need for the local FG combined with MSCs therapy
remains unknown. In our meta-analysis, three studies were included that reported local FG combined with MSCs therapy
for PF[14,15,17], with low heterogeneity between the studies (I = 0%). In a fixed-effects model, MSCs plus FG had more
long-term efficacy for fistula healing than FG alone (OR = 2.30; 95%CI: 1.21 to 4.36; P = 0.01) (Figure 4). So, we think local
FG combined with MSCs therapy have synergistic effect on PF.
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Celltype and Outcome . Concurrent use
Ref. typ Study outcomes Intervention (mean) AEs .
source assessment of anti-TNF
Guadalajaraetal  Autologous, Re-epithelialization 10/18 for MSCs + FG; 3/12  First: 2 x 107 MSCs; / Yes
[14], 2012 ASCs + MRI for FG at 1 yr second: 4 x 10’ MSCs
Herreros et al Autologous, Re-epithelialization 24/42 for MSCs; 22/42 for  First: 2 x 10" MSCs; / Yes
[15], 2012 ASCs +MRI MSCs + FG; 19/51 for FG at  second: 4 x 107 MSCs
48 wk
Garcia-Arranz et Autologous, Re-epithelialization 10/20 for MSCs + FG;5/19  First: 10 x 107 MSCs; 7/23 for MSCs + Yes
al[16], 2020 ASCs for FG at 2 yr second: 10 x 10’ MSCs FG vs 9/21 for
FG
Barnhoorn et al Allogeneic, MRI 8/13 for MSCs; 0/3 for A:1x10” MSCs; B:3x10 / /
[17], 2020 BMSCs placebo group at 4 yr 7 MSCs; C: 9 x 107 MSCs
Panés et al[18], Allogeneic, Re-epithelialization 23/43 for MSC; 21/46 for 12 x 107 MSCs / Yes
2022 ASCs saline solution at 156 wk
Garcia-Olmo et al  Allogeneic, Re-epithelialization 14/25 for MSCs; 6/15 for 12 x 107 MSCs 3/25for MSCs  Yes
[19], 2022 ASCs saline solution at 104 wk vs 1/15 for
placebo

AEs: Adverse events; MSCs: Mesenchymal stem cells; ASCs: Adipose-derived mesenchymal stromal cells; BMSCs: Bone marrow-derived mesenchymal

stromal cells; FG: Fibrin glue; MRI: Magnetic resonance imaging.

Records identified through database searching (7 = 462);
PubMed (7 = 315); EMBASE (7 = 97); Cochrane Library (7 = 50)

Identification

Records after duplicates removed (7 = 104)

Records excluded after reviewing
title and abstract (7 = 84)

Eligibility

Full-text articles assessed for eligibility (7 = 20)

Articles included in meta-analysis (7 = 6)

Figure 1 Study selection process.

DOI: 10.4252/wjsc.v15.i8.866 Copyright ©The Author(s) 2023.

MRI as the standard for evaluating fistula healing
In our meta-analysis, MRI was used to evaluate fistula healing in 3 studies. The pooled analysis showed that MSC
therapy was associated with improved long-term HR (OR = 2.79; 95%ClI: 1.37 to 5.67; P = 0.005) (Figure 5).

Long-term safety

Only two studies[16,19] in this review assessed the long-term safety of MSC treatment for complex PF. The pooled results
demonstrated that MSC treatment did not increase the risk of any long-term adverse or serious AEs (OR = 0.77; 95%ClI:
0.27 to 2.24; P = 0.64) (Figure 6). No serious AEs related to MSC therapy were found.

DISCUSSION

During the past decade, cell therapy-based treatments have been developed to manage several digestive tract diseases,
including PF[21,22]. Previous research has shown that MSCs have a variety of mechanisms that promote wound healing.
These cells also lack substantial immunogenicity and are thus suitable for use across human leukocyte antigen (HLA)
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Figure 2 Risk of bias of the articles included in the meta-analysis.
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Figure 3 Forest plot showing the long-term effectiveness of mesenchymal stem cells for treating complex perianal fistula. MSCs:
Mesenchymal stem cells; CI: Confidence interval.
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Figure 4 Differences in long-term effectiveness between mesenchymal stem cells plus fibrin glue and fibrin glue groups from meta-
analysis. MSCs: Mesenchymal stem cells; Cl: Confidence interval.

barriers[23,24]. An increasing number of studies have shown that MSC therapy is a safe and efficacious option for the
short-term closure of PFs. However, maintaining continuous long-term fistula closure is also very important. A recurrent
fistula is considered more difficult to treat surgically than the original fistula. Recently, an increasing number of studies
have aimed to perform long-term follow-up of patients undergoing MSC administration to treat complex PFs. However,
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Figure 5 Forest plot showing the long-term effectiveness of mesenchymal stem cells for treating complex perianal fistula when magnetic
resonance imaging is considered the standard for evaluating fistula healing. MSCs: Mesenchymal stem cells; Cl: Confidence interval.
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Figure 6 Pooled odds ratio of long-term safety. MSCs: Mesenchymal stem cells; Cl: Confidence interval.

there has been no meta-analysis to comprehensively evaluate the long-term effectiveness and safety of MSC treatment.
Therefore, this study aimed to find a treatment to maintain long-term PF healing and to provide a basis for clinical
application.

To our knowledge, this is the first meta-analysis to evaluate the long-term safety and efficacy of local MSC therapy for
complex PFs. Findings from our study show that MSC therapy promotes sustained healing of complex PFs and that this
therapy alone or combined with FG treatment can promote the long-term healing of complex PFs (OR = 2.13; 95%CI: 1.34
to 3.38; P = 0.001). The benefit over the control was sustained for at least 48 wk after local injection of MSCs. In our study,
the timepoint for the assessment of fistula healing fluctuated greatly (48 wk-4 years), and all included studies showed
good long-term healing of fistulas post-MSC treatment. Therefore, we believe that fistula healing persisted after MSC
treatment. Barnhoorn et al[17] also reported that in addition to high fistula closure rates, MSC-treated patients had a
higher QoL after therapy than at baseline. Some studies have also shown that in patients receiving MSC transplantation,
the PF closure rate is significantly higher and the time to closure significantly shorter than that with anti-TNF drugs and
fistulotomy, and MSC transplantation yields a decreased frequency of recurrence of the disease[25-27]. Therefore, these
data confirm that MSC therapy promotes the long-term healing of complex PFs and significantly improves the QoL of
patients. In the future, in evaluating MSC therapy for PF, it might be useful to consider work productivity and lifestyle
restrictions.

Cell therapy strategies using MSCs carried in FG have shown promising results in regenerative medicine. MSCs have
angiogenic, anti-apoptotic and immunomodulatory properties. FG provides a temporary structure that favors
angiogenesis, extracellular matrix deposition and cell-matrix interactions. Additionally, FG maintains the local and
paracrine functions of MSCs, providing tissue regeneration through less invasive clinical procedures[28]. The use of FG
has been found to be uniformly safe, with minimal adverse effects, an early return to normal activity, and no negative
impact on continence. One study showed that FG had a short-term effectiveness in the treatment of PF. At week 8 of the
study, more than one-third of patients had healed fistulas, and half showed clinical improvement. Most of the patients in
clinical remission at week 8 maintained clinical remission at week 16[29]. There was also a study indicating that FG was
effective over the long term for the treatment of PF, and nearly 2 years after the use of FG to treat PF, over half of the
patients showed clinical signs of remission[30]. Therefore, in association with MSCs, the use of FG has shown promising
results in the field of regenerative medicine[31]. However, there is a lack of long-term success data on the combination of
FG and other treatments for complex PF. In our study, MSCs plus FG had more long-term efficacy for fistula healing than
FG alone (OR = 2.30; 95%CI: 1.21 to 4.36; P = 0.01). Therefore, we believe that the stimulation of the cellular adhesion and
growth action of FG and the differentiation ability of MSCs may have a synergistic effect on the healing of fistulas. In our
study, all patients received cleaning surgery before MSC treatment. Deep curettage had a positive effect on fistula closure
in both groups (MSC recipients and controls). However, Garcia-Arranz et al[16] observed an increased number of long-
term recurrences among control participants. Therefore, we speculate that the inflammatory focus persists, explaining
why “deep curettage” may not provide a lasting resolution. In this scenario, MSCs and their anti-inflammatory and
immunomodulatory effects can promote long-term healing.

Questions persist regarding the safety of MSC treatment for PF. Although MSC therapy has not raised any major safety
concerns thus far in clinical trials, it is important to evaluate the safety of cell therapy in the long term. Our study
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provides evidence that MSC therapy has a good long-term safety profile as a treatment for complex PF (OR = 0.77; 95%CI:
0.27 to 2.24; P = 0.64). In our study, the surgical management was fistula tract curettage and internal opening closure
before MSC therapy. Notably, this is a minimally invasive surgery (involving perioperative antibiotic use, anesthesia,
antisepsis, internal fistula orifice location, de-epithelization of the fistula tract, cleaning of the cavities and fistula tracts,
closure of the internal opening, stem cell handling and resuspension, and cell injection) and does not produce fecal
incontinence[32]. In contrast, anti-TNF therapies used for the treatment of PFs are associated with an increased risk of
opportunistic infections, and surgical procedures often result in fecal incontinence. Tumorigenicity and ectopic tissue
formation are the main concerns with the use of MSCs, and the risk of these SAEs is especially high during long-term
MSC treatment. To date, MSCs have not been reported to cause tumors. Nevertheless, neoplasm development may
become apparent only after longer follow-up periods. In another study conducted by our group, no neoplasm
development was reported over the longest follow-up period of approximately 4 years[17]. To further confirm that
neoplasms are not a concern with MSC treatment, biopsies taken from the fistula region were examined in that study.
However, publication of these results is still pending, and we can continue the follow-up. While MSCs have not been
shown to cause tumors in existing studies, long-term follow-up should be carried out to investigate the risk of cancer
development. In the future, more long-term safety data are needed to fully assess the safety aspects of local MSC
treatment.

Studies included in our meta-analysis used variable definitions of fistula healing. We believe that defining a healed
fistula as complete re-epithelialization of external openings is not objective or accurate, as it does not account for the
inside of the entire fistula. To evaluate the efficacy of MSC treatment, we should use more accurate methods for
evaluating the inside of the entire fistula. MRI is the reference standard and cornerstone of fistula imaging. It
demonstrates high sensitivity and specificity for the number and location of fistula tracts, detecting complexities
frequently missed on clinical examination alone[33]. Therefore, MRI plays a crucial role in the evaluation, detection and
follow-up of complex PFs[34]. In our meta-analysis, 3 RCTs based fistula healing on a combination of clinical examination
and MRI imaging. The results showed that the MSC group had a higher HR than the control group (OR = 2.79; 95%CI:
1.37 to 5.67; P = 0.005). The absence of MRI examinations in some of the included studies at the end of the long-term
follow-up is a limitation of this meta-analysis. In the future, if possible, blood should be drawn for standard measure-
ments, and serum should be used to comprehensively evaluate the long-term healing of MSC therapy.

In this study, we aimed to evaluate the long-term efficacy and safety of MSC therapy through a meta-analysis.
However, there are some unresolved questions. In the current clinical research, there are two ways to inject stem cells: (1)
Systemic (mainly intravenous) injection; and (2) local injection. In our study, all patients received local MSC treatment.
We speculate that for localized digestive tract diseases, local application and delivery seems more logical because side
effects can be minimized and the cells are kept in direct contact with the at-risk tissue. Therefore, local MSC therapy
seems to be a more promising treatment approach for further research. In our study, all eligible patients received a fixed
dose of MSCs (one-time local injection or a second dose). Unfortunately, not all of the studies have compared various
doses of MSCs or the benefit of repeat injections after the initial treatment. Most patients in our study received two doses
of MSCs. Some studies have indicated a relationship between cell dose —or even the number of doses and efficacy[35,36].
In addition, all eligible patients with complex PFs may have branches with multiple tracks involving an extensive area
that cannot always be adequately treated with a fixed dose of cells. Perhaps the cell dosage is related to the length of the
fistula tracts and cavities. Due to the limitations of studies, it is difficult to provide recommendations on the optimal dose.
In future research, we should pay attention to these unresolved questions (such as MSC origin, dosage and modality of
intervention) to ensure that PF patients receive optimal treatment.

Our meta-analysis is the first to evaluate the long-term efficacy and safety of MSCs for PF treatment. Inevitably, this
article has some limitations: (1) The studies used MSCs of different origins (adipose tissue and bone marrow from
autologous as well as allogeneic sources); (2) some included studies defined the healed fistula as re-epithelialization of the
external opening of the fistula. This may cause our results to be overestimated; (3) all patients underwent surgical
procedures such as deep curettage. This may be beneficial to the short-term clinical remission of the fistulas. However,
whether deep curettage will benefit long-term healing remains uncertain; (4) the follow-up period of the included studies
varied significantly. Indeed, some of the studies lacked long-term follow-up data. In the future, we need more patients to
enter the extended follow-up period so that the long-term safety and efficacy of MSCs can be assessed; and (5) the
number of included studies and the sample size were limited, and extrapolation of the meta-analysis results was limited
to some extent. So, our study was limited by its multiple centers and heterogeneity in the study inclusion criteria,
mesenchymal stem cell origin, dose and frequency of delivery, and definition and time point of fistula healing. In the
future, more patients must be evaluated in long-term follow-ups to optimize the efficacy and safety of MSCs for PF
treatment.

CONCLUSION

In summary, MSC treatment is a safe and effective method that can significantly improve the long-term healing of
complex PFs, and this method confers no risk of MSC-related AEs.
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ARTICLE HIGHLIGHTS

Research background

An increasing number of studies have indicated that local mesenchymal stem cell (MSC) therapy is safe and efficacious
for complex perianal fistulas (PFs). But, the long-term efficacy of MSC therapy is unclear. To date, an increasing number
of studies have aimed to perform long-term evaluations of MSC therapy for PFs.

Research motivation
Local MSC therapy for PFs has shown considerable promise. But, the long-term safety and efficacy of MSC therapy in
complex PFs is unknown.

Research objectives
To explore the long-term effectiveness and safety of MSC therapy for complex PFs.

Research methods
PubMed, EMBASE and Cochrane Library databases were searched that reported the long-term evaluation of local MSC
therapy for complex PFs. The effectiveness and safety data analysis were conducted using RevManb5.3.

Research results

After screening, 6 studies met the inclusion criteria. MSC therapy was associated with an improved long-term healing
rate (HR) compared with the control condition [odds ratio (OR) = 2.13; 95% confidence interval (95%CI): 1.34 to 3.38; P =
0.001]. Compared with fibrin glue (FG) therapy alone, MSC plus FG therapy was associated with an improved long-term
HR (OR = 2.30; 95%CI: 1.21 to 4.36; P = 0.01). When magnetic resonance imaging was used to evaluate fistula healing,
MSC therapy was found to achieve a higher long-term HR than the control treatment (OR = 2.79; 95%CI: 1.37 to 5.67; P =
0.005). There were no significant differences in long-term safety (OR = 0.77; 95%ClI: 0.27 to 2.24; P = 0.64).

Research conclusions
Our study indicated that local MSC therapy promotes long-term and sustained healing of complex PFs and that this
method is safe.

Research perspectives

In complex PFs treatment, local MSC therapy should be paid more attention to. Considering that this small number may
not be enough to represent the whole complex PFs population, In the future, to improve on the quality of research, future
studies should be carefully designed and reported.
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