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EDITORIAL
Exploring the promise of glycomedicine: A sweet
revolution in health care

Wei Wang'23*

"First Affiliated Hospital, Shantou University Medical College, Shantou, China
2Beijing Municipal Key Laboratory of Clinical Epidemiology, Capital Medical University, Beijing, China
Centre for Precision Health, Edith Cowan University, Western Australia, Australia

Glycomedicine, a burgeoning field at the intersection of glycobiology and medicine, is
emerging as a game changer in the health-care realm!". While proteins and nucleic acids
have historically dominated scientific discourse, the intricate world of carbohydrates
is now taking center stage as researchers unravel the profound impact of glycans on
human health. This editorial delves into the promising landscape of glycomedicine,
shedding light on its potential to revolutionize diagnostics, therapeutics, and preventive
medicine!™?.

Glycans, complex sugar molecules, play pivotal roles in a myriad of biological
processes. Depending on how glycans bind to proteins, glycosylation is categorized
into N-glycans, O-glycans, C-linked, glypiation, and phosphoglycosylation!!. From
cell signaling and immune response modulation to protein folding and pathogen
recognition, the versatility of glycans is staggering. Unlike the relatively straightforward
world of genomics and proteomics, deciphering the “glycome” poses a formidable
challenge, given the structural diversity and dynamic nature of these sugar chains™*.

The unique glycan signatures associated with various diseases offer a treasure trove
of diagnostic opportunities”. Glycoproteins, adorned with specific sugar structures,
undergo alterations in various pathological conditions™?. Detecting these changes can
serve as highly sensitive and specific diagnostic markers, potentially facilitating early
disease detection and personalized medicine approaches!.

Glycans are increasingly being recognized as both therapeutic targets and agents
themselves. Glycan-based therapies hold promise in treating a diverse range of diseases,
encompassing congenital disorders of glycosylation, cancer, infectious diseases, and
autoimmune disorders!™**.. The manipulation of glycan interactions by researchers is
giving rise to innovative approaches for modulating immune responses, impeding
pathogen invasion, and precisely targeting specific cancer cells! ¢!,

The diversity of glycan structures among individuals underscores the importance of
glycomedicine. Profound insights into an individual’s glycome profile could pave the way
for tailor-made therapies that account for variations in disease susceptibility, treatment
response, and adverse reactions. Glycomedicine holds the promise of transitioning the
prevailing paradigm from a generalized, one-size-fits-all approach to a more precise and
effective model of health care!*.

While the potential of glycomedicine is extensive, challenges persist. Theoretically,
one might inquire about the existence of a “paracentral dogma” that could provide
insights into these revolutionary discoveries by considering sugars as the third life
codes, following nucleic acids and proteins — the first and second life codes for cellular
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materiality™®. Technically, the analysis of the glycome is
demanding and necessitates the utilization of sophisticated
tools and techniques, such as mass spectrometry (MS),
liquid chromatography (LC), capillary electrophoresis (CE),
nuclear magnetic resonance, microarray, cryo-electron
microscopy; and glycan imaging!">*. Each of these methods
has its own drawbacks, leading to the application of
complementary techniques for a comprehensive analysis of
compounds, including gas chromatography-MS, LC-MS,
and CE-MS™. Simultaneously, innovative technologies,
automated workflows, and dedicated software are under
development**l. Furthermore, the standardization of glycan
analysis methods and the establishment of large-scale
glycan databases are critical steps for advancing the field. In
addition, ethical considerations surrounding glycan-based
diagnostics and therapies must be addressed to ensure
responsible and equitable use.

Glycomedicine represents a paradigm shift in our
understanding of health and disease. The intricate
language of glycans, once a mysterious code, is currently
in the process of deciphering to unlock novel diagnostic
and therapeutic avenues™*¢l, As research in this field
gains momentum, the promise of glycomedicine is poised
to revolutionize health care, offering a sweet revolution
that could redefine our approach to precision medicine in
the not-so-distant future. Navigating this exciting frontier
underscores the paramount importance of collaboration
among scientists, clinicians, and ethical stakeholders to
ensure that the benefits of glycomedicine are harnessed
responsibly for the betterment of global health™>**1,
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REVIEW ARTICLE
Unleashing the potential of stem cells for
targeted antimicrobial treatment

Ali Yetgin"**
"Toros Agri Industry and Trade Co. Inc., Research and Development Center, Mersin, Turkey

2Cukurova University, Institute of Nature and Applied Sciences, Department of Biotechnology, Adana,
Turkey

Abstract

Infectious diseases continue to pose a serious threat to human health as a result
of the spread of antibiotic resistance, underscoring the urgent need for new and
focused therapeutic approaches. Due to their regenerative and immunomodulatory
capabilities, stem cells have emerged as a potential source for the development of
antimicrobial therapies. This paper reviews the potential of stem cells as a targeted
strategy for combating infections, focusing on their ability to differentiate into
specific cell types that can directly target and eliminate microorganisms, as well
as their capacity to modulate the immune response and enhance host defenses.
The article discusses the challenges and opportunities associated with the clinical
implementation of antimicrobial therapies derived from stem cells. Among these
obstacles are the need for uniform protocols for cell isolation, expansion, and delivery,
as well as the significance of rigorous evaluations of safety and efficacy. Despite that,
the application of stem cells as a targeted antimicrobial approach holds significant
potential for the development of effective and enduring therapeutic interventions
for infectious diseases.

Keywords: Stem cells; Antimicrobial therapy; Targeted delivery; Regenerative medicine;
Host defense mechanisms

1. Introduction

Infectious illnesses continue to pose a serious danger to global health, significantly
increasing the morbidityand mortality rates everywhere. Despite substantial advancements
in sanitation, antimicrobial medication research, vaccination, and infection management
over the past century, emerging and re-emerging pathogens continue to be a major
concern. It has become more challenging to treat infections using currently available
medications as a result of the escalation of antibiotic resistance. The World Health
Organization estimates that at least 700,000 people die each year from drug-resistant
illnesses, and this fatality rate will reach 10 million by 2050 if no effective measures
are taken to tackle this issuel'l. To address the growing issue of antimicrobial resistance
and improve outcomes for patients with infectious diseases, there is an urgent need for
novel and focused treatment alternatives. Due to their special qualities that make them
suitable for focused antimicrobial treatment, stem cell-based therapies have emerged as
a viable approach to tackling this problem. Utilizing stem cells capacity for regeneration
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and immunomodulation, it may be able to create brand-
new treatments that efficiently target and destroy microbes
while causing the least amount of harm to host tissues!?..

In low- and middle-income nations with limited
access to healthcare and resources for disease control
and prevention, infectious illnesses continue to be a
considerable burden in addition to the threat posed by
antibiotic resistance. For instance, millions of people
continue to be affected by illnesses such as tuberculosis,
malaria, and HIV/AIDS throughout the world, especially
in areas with scarce resources®. To address these global
health issues, there is a need for creative and economical
treatment approaches that can be scaled up. By providing
a tailored and individualized approach to antimicrobial
treatment, stem cell-based therapies have the potential
to solve some of these issues. The ability to develop and
differentiate stem cells into particular cell types that can
specifically target and eradicate microbial pathogens allows
for the isolation of stem cells from either the patient’s own
tissues or from a donor. They are especially desirable for
treating infectious disorders linked to immunological
dysfunction because they can modify the immune
response and strengthen host defensive mechanisms! .
For addressing the problems with infectious diseases and
antimicrobial resistance that threaten global health, stem
cell-based therapies for antimicrobial treatment hold
significant potential. To improve these treatments and
guarantee their safety and efficacy, substantial research and
development is still required.

Due to their unique characteristics that make them
optimal for this application, stem cells have emerged
as a potential source for the development of new and
targeted treatments for infectious diseases. One of the
primary characteristics of stem cells is their ability to
differentiate into specialized cell types that can specifically
target and eradicate microorganisms. It has been shown
that mesenchymal stem cells (MSCs) can differentiate
into macrophages, which are vital immune cells that can
engulf and eradicate invasive infections®. Stem cells can
differentiate, but they also possess immunomodulatory
properties that can enhance the immune response of the
host and promote the healing of infections. MSCs have
been shown to regulate the production of cytokines and
chemokines, which are crucial signaling molecules that
regulate the immune response. MSCs can also inhibit
the activity of immune cells that cause tissue injury and
inflammation to reduce the severity of infections.

Antimicrobial peptides (AMPs),whicharepetiteproteins
of natural occurrence, play a crucial role in safeguarding
the human body from various pathogenic agents. Scientists
have extended this concept by synthesizing AMPs that

mimic the actions of their natural counterparts®. The
synthetic AMPs have showcased remarkable efficacy in
neutralizing harmful microorganisms. MSCs, which are
present in various tissues such as bone marrow and adipose
tissue, hold the potential for producing a diverse range of
bioactive molecules, including AMPs. The fundamental
idea of this treatment strategy is to genetically modify
MSCs to synthesize and secrete synthetic AMPs. On
administering to a patient, these engineered MSCs can
continually release the synthetic AMPs, fortifying the
innate defense mechanism of the body against infections.

Moreover, stem cells, particularly MSCs, can serve as
delivery vehicles for antimicrobial drugs. Researchers
can achieve targeted drug delivery by loading these cells
with antimicrobial agents and guiding their migration
toward infected areas through chemical signals. This
localization enhances the drug’s concentration precisely at
the infection site, optimizing its efficacy while minimizing
systemic side effects. However, this pioneering concept
comes with certain challenges and limitations. Ensuring
consistent production of synthetic AMPs by MSCs demands
intricate genetic engineering techniques, and the long-term
safety implications of introducing genetically modified
cells into patients need to be rigorously evaluated. In
addition, directing stem cells to exclusively target infected
tissues, without affecting healthy ones, remains a complex
endeavor!.,

In addition, stem cells may function as a focused delivery
route for antimicrobial substances™®. It may be possible to
develop a highly targeted and localized therapy that may
directly eradicate microbial agents without hurting host
tissues by engineering stem cells to express AMPs or
antibodies. Due to the tremendous potential of stem cells
as a targeted strategy against infections, there is a growing
interest in developing stem cell-based therapeutics for
a variety of infectious disorders. Significant research
and development are still required to enhance these
treatments and ensure their safety and effectiveness. In
the sections that follow, we will discuss in greater depth
the mechanisms underlying the antimicrobial activity
of stem cells, as well as the challenges and opportunities
associated with the clinical application of stem cell-based
antimicrobial therapy.

Compared to conventional medications, which
frequently target general elements of microbial physiology
and can have considerable off-target effects on host cells,
stem cells offer a novel strategy for antimicrobial therapy.
On the other hand, stem cells can be modified to target
certain pathogens or infected host cells, making them a
highly targeted and customized therapy. In addition, stem
cells have the capacity to encourage tissue regeneration
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and repair, which is crucial in situations where infections
have severely harmed the host tissues!”.. Delivering stem
cells to the infection site may make it possible to stimulate
tissue healing and restoration in addition to eradicating
the microbial invaders.

Antimicrobial resistance is a problem that stem cell
therapymaybeabletoaddress. Sincestem cells can specialize
into specific cell types, they may be able to be engineered
to produce antimicrobial medications that circumvent
resistance mechanisms. It has been demonstrated that a
synthetic AMP produced by MSCs can effectively eradicate
drug-resistant bacteria in vitro and in animal models!"”.
Due to the tremendous potential of stem cells as a targeted
strategy against infections, there is a growing interest in
developing stem cell-based therapeutics for a variety of
infectious disorders. Due to their unique characteristics,
such as differentiation potential, immunomodulatory
abilities, and targeted delivery capacities, stem cells present
a promising avenue for the development of novel and
efficacious antimicrobial therapies.

2. Stem cell properties relevant to
antimicrobial therapy

Due to their capacity for differentiation, regenerative
and immunomodulatory abilities, and capacity to deliver
antimicrobials to particular areas, stem cells are highly
advantageous for antimicrobial therapy. Stem cells may
self-renew and develop into a number of different types of
specialized cells. Stem cells are particularly appealing for
creating treatments that may replace or repair damaged
tissuesafteraninfection dueto their capacity toregenerate!'!l.
For example, stem cells have been shown to promote tissue
regeneration in animal models of pneumonia and lung
injuries. In addition to their regenerative capabilities,
stem cells also possess immunomodulatory properties
that can help regulate the immune system and accelerate
the healing of infections. Cytokines and chemokines are
essential signaling molecules that regulate the immune
response, and stem cells have the capacity to alter their
production!'?,

Stem cells can specialize into particular cell types that
can specifically target and eradicate microorganisms. It has
been shown that MSCs can differentiate into macrophages,
which are vital immune cells that can engulf and eliminate
invasive infections!?.. It has been shown that neural stem
cells can differentiate into neurons capable of combating
viral infections in the brain. Stem cells can be used to
transport antimicrobial medications to specific body
regions. It may be possible to develop a highly targeted
and localized therapy that may directly eradicate microbial
agents without hurting host tissues by engineering stem

cells to express AMPs or antibodies™. In addition, stem
cells can be modified to specifically target infected host
cells such as immune or endothelial cells. Numerous
characteristics of stem cells make them particularly
pertinent for antimicrobial therapy. These include their
capacity for regeneration and immunomodulation, as well
as their capacity for differentiation and capacity to deliver
antimicrobial drugs to particular sites. These distinct
qualities make stem cells a promising source for the
creation of fresh and efficient antimicrobial remedies.

The capacity to self-renew and differentiate into a range
of specialized cell types is a property of stem cells. They
are especially appealing for developing medicines that can
repair or replace damaged tissues after infection due to
their regeneration capacity. Depending on their source and
lineage, stem cells can develop into a variety of cell types!'l.
For instance, MSCs can differentiate into bone, cartilage,
and fat cells, whereas hematopoietic stem cells produce
red and white blood cells. Neurons and glial cells, which
are significant cell types in the central nervous system, can
develop from neural stem cells.

It has been demonstrated that stem cells support tissue
regeneration and restoration in the context of antimicrobial
therapy. In animal models of pneumonia and lung injury,
stem cells have been shown to enhance lung function and
promote tissue repair. Stem cells have been shown to lessen
cerebral inflammation and promote neuronal regeneration
in animal models of bacterial meningitis. In addition, stem
cells have the ability to secrete cytokines and growth factors
that aid in tissue regeneration and repair!’’. For instance,
it has been shown that MSCs release molecules that
encourage the growth of blood vessels and tissue healing.
Depending on the type and stage of the infection as well
as the unique characteristics of the stem cells being used,
the impact of stem cells on tissue repair and regeneration
may differ™. Additional study is necessary to completely
understand stem cells’ ability to regenerate in the context
of antimicrobial therapy.

The immunomodulatory abilities of stem cells can help
control the immune system and eliminate infections. Due
to these qualities, stem cells are particularly appealing for
the creation of anti-infection treatments that lessen tissue
damage and inflammation. The production of cytokines
and chemokines, which are crucial signaling molecules
that control the immune response, can be changed by
stem cells!"*?). By secreting substances that promote an
anti-inflammatory response, stem cells can reduce the
severity of infections and prevent tissue injury. In animal
models of sepsis, MSC therapy has been shown to reduce
inflammation and increase survival rates®!. In addition,
stem cells can inhibit immune cells that cause tissue injury
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and inflammation. It has been demonstrated, for instance,
that MSCs inhibit the function of T-cells, a key immune
cell that can cause tissue injury in autoimmune and
inflammatory diseases. By reducing the activity of these
cells, MSCs can aid in the prevention of tissue injury and
the promotion of tissue healing.

Stem cells have anti-inflammatory properties, but they
can also boost the host immune system and aid in infection
eradication. The cytokines and chemokines that draw
immune cells to the site of infection can be induced by stem
cells. For instance, it has been demonstrated that therapy
with neural stem cells promotes recruitment of immune
cells to the brain in animal models of viral infections,
thereby improving viral clearance. The immunomodulatory
effects of stem cells can, however, differ depending on the
type and stage of infection as well as the unique properties
of the stem cells being employed®. To completely
comprehend the immunomodulatory potential of stem
cells in the context of antimicrobial therapy, more study
is warranted.

Depending on their origin and ancestry, stem cells
can differentiate into a variety of specialized cell types.
Due to their capacity for differentiation, stem cells are
particularly attractive for the development of medications
that can specifically target and eliminate microbes. It has
been shown that MSCs can differentiate into macrophages,
which are vital immune cells that can engulf and eliminate
invasive infections®. MSCs are capable of differentiating
into osteoblasts and chondrocytes, the two cell types that
can directly target microbes and assist in bone and cartilage
regeneration after infections.

It has been demonstrated that neural stem cells can
develop into neurons that can fight viral infections in
the brain. Neural stem cell transplantation has been
demonstrated in animal models of viral encephalitis to
induce the development of new neurons that can specifically
target the virus and eradicate the infection. Stem cells can
be designed to distribute antimicrobial drugs to certain
sites in addition to their direct antimicrobial actions®!.
It may be conceivable to develop a highly targeted and
localized therapy that may directly eradicate microbial
agents without affecting host tissues by engineering stem
cells to express AMPs or antibodies. The differentiation
capacity of stem cells might, however, change based on
their source and lineage as well as the particular properties
of the stem cells being used. To completely comprehend
the potential of stem cell differentiation in the context of
antimicrobial therapy, more study is required.

Stem cells may be used to deliver antimicrobial drugs to
specific areas of the body™®”\. It may be possible to develop
a highly targeted and localized therapy that may directly

eradicate microbial agents without hurting host tissues by
engineering stem cells to express AMPs or antibodies. For
instance, scientists have altered MSCs to express a synthetic
AMP that has been shown to successfully eradicate germs
both in vitro and in animal infection models. The AMP was
effectively delivered to the bacterial cells by the modified
MSCs, which enabled them to move to the infection site.

Stem cells can be designed to specifically target
infected host cells in addition to delivering antimicrobial
agents to microbial cells directly. For instance, it has been
demonstrated that MSCs move to the brain and particularly
target inflamed blood arteries in animal models of bacterial
meningitis. The MSCs were able to lessen inflammation
and encourage bacterial clearance by administering
therapeutic medicines directly to the affected arteries.
In addition, stem cells can be genetically modified to
target particular cell-surface markers that are increased in
response to infection. For instance, a protein that precisely
targets and attaches to inflamed arteries has been designed
and incorporated into MSCs. In animal models of bacterial
meningitis, the MSCs were able to increase bacterial
clearance and lessen inflammation by accumulating in
these arteries™!. The release of antimicrobial drugs using
stem cells may be highly targeted and individualized. It may
be possible to build cutting-edge and potent antimicrobial
medicines that limit harm to host tissues by engineering
stem cells to express particular therapeutic molecules and
target specific cells or tissues damaged by infection.

Stem cells possess distinct characteristics that render
them potentially valuable for conveying medicinal drugs
to particular regions of the body, including infected
sites?l. Through chemical signals, stem cells can be steered
toward specific tissues or areas, and this quality can be
exploited to direct them to infected regions. The concept
of utilizing stem cells, particularly MSCs, as conveyance
mechanisms for antimicrobial drugs is being investigated
by scientists. This process entails loading the stem cells
with antimicrobial drugs and then administering them to
the patient. Once present in the body, the stem cells can
be directed to migrate toward the infected site due to the
presence of signals discharged by the infected tissue. The
stem cells can, then, discharge the antimicrobial drugs
directly at the infected site, which can enhance the drug’s
local concentration and efficacy.

3. Mechanisms of stem cell antimicrobial
activity

Stem cells are capable of exhibiting direct antimicrobial
properties as a result of their capacity to differentiate

into distinct cell lineages that can specifically identify
and eliminate microbial pathogens. MSCs are capable

Volume 2 Issue 4 (2023)

https://doi.org/10.36922/gpd.1230


https://doi.org/10.36922/gpd.1230

Gene & Proteinin Disease

Stem cell-based antimicrobial therapy

of differentiating into macrophages, which are essential
immune cells responsible for phagocytosis and elimination
of foreign pathogens™!. In addition, stem cells have the
ability to produce and release AMPs and proteins, which
can directly inhibit the proliferation of microorganisms
or cause their demise. Peptides and proteins are capable
of disrupting the cell membranes of microorganisms,
impeding the replication of microbial DNA, preventing
protein synthesis, and interfering with the physiology of
micro-organisms as a whole.

The ability of human embryonic stem cells to produce
AMPs with inhibitory effects against bacteria, fungi, and
viruses has been demonstrated™!. However, the ability of
defensins, cathelicidins, and histatins to inhibit microbial
growth and disrupt microbial cell membranes remain
contentious. Similarly, MSCs are capable of releasing
cathelicidin,an AMP thateliminates microbes by interfering
with their cell membranes!. It is possible to manipulate
stem cells to generate artificial AMPs that target specific
microorganisms. For example, scientists have manipulated
MSCs to generate a synthetic AMP that is effective against
methicillin-resistant Staphylococcus aureus, a variant of
S. aureus resistant to many conventional antibiotics. The
modified MSCs showed efficient bactericidal action against
methicillin-resistant S. aureus in both in vitro and in vivo
animal infection models®?. Nonetheless, the antibacterial
abilities of stem cells are complex and situational.

As compact protein molecules, AMPs perform a vital
function in the immune defense mechanism of the body
by combating various pathogens, such as bacteria, viruses,
and fungi. Immune cells represent the natural source of
these peptides. Driven by the desire for more controllable
production of AMPs, recently, there has been a surge in the
studies regarding the feasibility of artificially synthesizing
AMPs as potential therapeutic agents. These peptides are
designed to imitate natural AMPs and can exterminate or
hinder the proliferation of harmful microorganisms. The
human body houses a store of MSCs, which are present in
different tissues such as adipose and bone marrow. MSCs
can generate a range of bioactive molecules, including
AMPs. Researchers are studying the concept of genetically
engineering MSCs to generate artificial AMPs™®. The
introduction of these engineered MSCs to patients could
pave the way for a novel therapeutic approach in combating
infections. These cells would continuously synthesize and
discharge synthetic AMPs, amplifying the body’s capability
to fight infections.

Stem cells have the ability to alter the host’s immune
response in a number of ways, which helps in the
treatment of infections. Stem cells have the capacity to
control cytokine and chemokine production, promoting

an anti-inflammatory response, and reducing tissue
damage brought on by inflammation. It has been noted that
immune cells that cause tissue inflammation and injury
can be inhibited by stem cells. T-cells, a crucial component
of immune cells that significantly contribute to tissue
injury in autoimmune and inflammatory disorders, can be
inhibited in their activity by MSCs™*. MSCs have the capacity
to reduce tissue damage and enhance tissue regeneration by
regulating the activity of these cells. Activation of MSC using
Toll-like receptor (TLR) ligands exhibited a noteworthy
augmentation in the generation of the AMP called CXCL10,
while simultaneously suppressing bacterial proliferation
in an artificial environment. Among the TLR agonists
examined in vitro, poly(I:C), a TLR3 agonist, displayed the
greatest efficacy. In the context of chronic S. aureus infection,
MSC activation with poly(L: C) elicited a reduction in the
quantitative assessment of bacterial presencel®.

In addition, stem cells can promote the development
of regulatory T-cells, which are essential for maintaining
immunological homeostasis and preventing unnecessary
immune activation. Regulatory T-cells have the ability to
inhibit the function of other immune cells that participate
in the inflammatory response and cause harm to tissues,
while also facilitating the process of tissue repair. MSCs
have demonstrated the ability to enhance the generation
of regulatory T-cells and mitigate inflammation in animal
models of bacterial pneumonia, resulting in enhanced
bacterial elimination and pulmonary performance®.
Studies conducted on animal models of viral encephalitis
have demonstrated that the transplantation of neural stem
cells can effectively mitigate inflammation and facilitate
the regeneration of neurons. The manipulation of the host’s
immune response through stem cells presents a hopeful
direction for the advancement of innovative and efficacious
antimicrobial treatments®™. Stem cells have the potential
to regulate infections and facilitate tissue regeneration by
inducing an anti-inflammatory response and mitigating
tissue damage. Systemic administration of activated MSCs
to mice with pre-existing S. aureus biofilm infections
resulted in a notable reduction in bacterial quantities at
the site of the wound, thus leading to an enhancement in
wound healing, particularly when executed in conjunction
with antibiotic treatment.

Table 1 provides an organized breakdown of the
key steps involved in the mechanism of synthetic AMP
production within MSCs. It highlights how genetic
modification, transcription, translation, and cellular
processes contribute to the production and release of
AMPs, ultimately leading to the antimicrobial effect. The
activation of cytokines and chemokines by stem cells can
augment the immune response of the host, leading to the
recruitment of immune cells to the location of infection.
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Table 1. Mechanism of synthetic antimicrobial peptide production within mesenchymal stem cells

Mechanism of synthetic AMP Description and explanation
production within MSCs

Key factors and considerations Reference

Genetic modification

MSCs are genetically engineered to express synthetic AMP

Selection of appropriate gene Cheng et al., 2021

genes, typically using viral vectors or CRISPR-Cas9 technology. delivery methods

Transcription and translation

The synthetic AMP gene is transcribed into mRNA in the
cell nucleus. The mRNA is, then, transported to the

Regulation of gene Weis et al., 201314

expression levels

cytoplasm, where ribosomes translate it into AMPs.

Post-translational
modifications
potential glycosylation.

Storage and secretion

Local immune activation

Continuous production

antimicrobial effects.

Site-specific migration

Regulatory considerations

Newly synthesized AMPs undergo post-translational
modifications, such as signal peptide cleavage, folding, and

Processed AMPs are stored in secretory vesicles, such as
exosomes, and are transported to the cell membrane for release. pathways

Engineered MSCs sustain synthetic AMP production,
resulting in a continuous release of AMPs for extended

Engineered MSCs can be guided to migrate toward infection sites Designing strategies for
through chemotactic signals, enhancing localized AMP delivery.

Genetically modified MSCs must meet safety and regulatory

Ensuring proper folding and Tiwari, 201914

functional modifications

Optimization of vesicle secretion Verkhratsky
et al., 2016+

Released synthetic AMPs interact with pathogens by disrupting Selection of AMPs with broad- ~ Wang et al., 2019
their membranes or interfering with intracellular processes.

spectrum activity

Monitoring long-term AMP Rai et al., 202214

production stability

Zi et al., 20224
effective MSC migration

Compliance with ethical and Zocchi, 201914

standards for clinical applications, ensuring patient well-being. regulatory guidelines

Abbreviations: AMP: Antimicrobial peptide; MSC: Mesenchymal stem cells.

Stem cells have the potential to enhance the recruitment of
immune cells, thereby aiding in the eradication of microbial
agents and the regulation of infections™”. In animal
models pertaining to viral infections, the administration
of neural stem cells has demonstrated the ability to induce
the mobilization of immune cells toward the brain, thereby
resulting in enhanced viral elimination. In animal models
of bacterial meningitis, MSCs have been shown to improve
the recruitment of immune cells to the infection site,
leading to increased bacterial clearance®. In addition
to their function in promoting immune cell recruitment,
stem cells can also enhance the activity of immune cells.
Analysis of the expression of major AMPs revealed that
one of the contributing factors to the antimicrobial activity
of MSC-conditioned medium against Gram-negative
bacteria was the presence of the human cathelicidin AMP,
hCAP-18/LL-37. Both the mRNA and protein expression
data illustrated an increase in LL-37 expression in MSCs
following bacterial challenge. By employing an in vivo
mouse model of E. coli pneumonia, the intratracheal
administration of MSCs resulted in a reduction in bacterial
growth, as measured by colony-forming units, in both the
lung homogenates and the bronchoalveolar lavage fluid.
Furthermore, when MSCs were administered concurrently
with a neutralizing antibody to LL-37, there was a
noticeable decrease in bacterial clearance*.

MSC injection has been shown to improve neutrophil
performance in animal models of bacterial infections.

Neutrophils are an essential subset of immune cells that
phagocytose and destroy invading pathogens. Human
embryonic stem cells have been shown to stimulate the
production of interferon alpha in animal models of viral
infections, which inhibits viral replication and improves viral
clearance™!. A promising method for the creation of novel
and effective antimicrobial therapies is stem cell-mediated
host immunity enhancement. Stem cells have the capacity
to control immune cell generation and activity, making it
easier to treat infections and improve microbial clearance.

4. Challenges and opportunities for clinical
translation

The development of stem cell-derived treatments for
antimicrobial therapy is hampered by the lack of standard
techniques for stem cell extraction, proliferation, and
delivery®!. The therapeutic potential of stem cell-
based therapies may be constrained by variance in the
aforementioned processes, which may affect stem cell
quality and efficacy. Because different isolation methods
are used, there might be variation in the quality and
effectiveness of the stem cells obtained from different
tissues and sources. The extraction of MSCs from either
bone marrow or adipose tissue may lead to varying degrees
of stem cell purity and differentiation capacity.

The proliferation of stem cells in vitro is a prerequisite
for achieving a sufficient number of cells for therapeutic
purposes. The quality and efficacy of stem cells can be
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influenced by the conditions and protocols employed
for their expansion. Variations in culture media, growth
factors, and cell density may lead to variations in the
proliferation and differentiation potential of stem cells.
The transportation of stem cells to the location of infection
is a crucial factor to be taken into account in stem cell-
oriented treatments for combating microbial infections.
The selection of the mode of administration may impact
the feasibility and efficacy of stem cells. An instance of stem
cell accumulation in the lungs can be observed following
intravenous injection, whereas stem cell retention at the
injection site can be observed following direct injection.
The implementation of standardized protocols for the
isolation, expansion, and delivery of stem cells can
promote uniformity in stem cell quality and effectiveness
across diverse laboratory and clinical environments. The
facilitation of the development and testing of stem cell-
based therapies for antimicrobial treatment can enhance
the translational potential of stem cell research into clinical
practice. Furthermore, the implementation of uniform
procedures can contribute to safeguarding the well-being
of patients undergoing stem cell treatments, through the
reduction of potential harmful incidents and the assurance
of consistent clinical results.

Table 2 provides a clear overview of the challenges
associated with achieving consistent AMP production
by MSCs, highlighting the complexities and factors that
researchersneedtoaddressforthesuccessfulimplementation
of this therapeutic approach. Preclinical investigations
have demonstrated the potential of antimicrobial therapies
based on stem cells®”. However, the implementation of
these therapies in clinical settings necessitates meticulous
examination to ascertain their safety and effectiveness.

The implementation of safety testing is imperative for
reducing the likelihood of unfavorable occurrences linked
to stem cell therapy. Similarly, efficacy testing is essential
to assess the potency of stem cell-derived antimicrobial
interventions. The assessment of safety for antimicrobial
therapies that utilize stem cells entails the examination
of potential hazards arising from the transplantation of
stem cells!®!). The aforementioned hazards encompass the
possibility of immunological rejection, neoplastic growth,
and dissemination of pathogenic microorganisms.

Autologous transplantation, which utilizes the patient’s
own tissues, or allogeneic transplantation, which involves
obtaining stem cells from a donor with a matching genetic
profile, may be utilized to reduce the risk of immune
rejection. In addition, it is possible to manipulate stem
cells to express immunosuppressive agents, thereby
reducing the likelihood of immune rejection. To reduce
the probability of tumorigenesis, it is essential to screen
stem cells for mutations or chromosomal aberrations that
may increase the likelihood of tumorigenesis'®?. Stem
cells can also be manipulated to express tumor suppressor
genes or other components that lessen the likelihood of
tumor development. Screening stem cells for potential
infectious agents and cultivating and storing them in a
sterile environment are necessary to lower the risk of
infectious agent transmission. Analyzing stem cell-based
antimicrobial therapies’ capacity to control infections and
encourage tissue regeneration is necessary to evaluate their
effectiveness’®. To complete this endeavor, preclinical
animal models and clinical trials on humans can be utilized.

The efficacy of stem cell-based antimicrobial therapies
in controlling infections, reducing inflammation, and

Table 2. Discussion of challenges in consistent antimicrobial peptides production by mesenchymal stem cells

Challenges in consistent AMP Description and explanation References
production by MSCs
Complexities in genetic engineering Genetic modification of MSCs to produce synthetic AMPs requires Herrmann

sophisticated techniques to ensure reliable and efficient production

Variability in MSC responses

MSCs derived from different sources or individuals might exhibit varying

et al., 202153
Dunn et al., 202154

production capabilities, affecting treatment consistency

Regulation of AMP expression

Achieving precise control over the levels and timing of synthetic AMP

Zhang et al., 2022>°)

expression by MSCs is challenging, influencing treatment efficacy.

Long-term stability of AMP production

Ensuring sustained AMP production over extended periods without

Teixeira et al., 20201

diminishing efficacy remains a technical hurdle

Immune response to engineered MSCs

The introduction of genetically modified cells could trigger an immune

Gao et al., 202267

response, potentially impacting treatment safety and effectiveness

Optimization of synthetic AMP design

Designing synthetic AMPs that are both effective against a range of pathogens

Chen et al., 20225

and compatible with MSC production processes is an intricate process

Microenvironment influence

The local microenvironment at the infection site can impact MSC behavior

Zhang et al., 20221

and AMP production, affecting treatment consistency

Abbreviations: AMP: Antimicrobial peptide; MSC: Mesenchymal stem cells.
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promoting tissue healing can be assessed in animal models.
The aforementioned studies have the potential to furnish
significant insights regarding the safety and effectiveness
of stem cell treatments before their clinical trials on human
subjects!®!. The efficacy of stem cell-derived antimicrobial
therapies in the treatment of human infections can be
assessed through clinical trials. Clinical trials can offer
significant insights into the safety and effectiveness of stem
cell treatments in human subjects, thereby contributing
to the advancement of stem cell-based antimicrobial
therapies'®!. The process of developing and translating stem
cell-based antimicrobial therapies necessitates the crucial
undertaking of safety and efficacy testing. By guaranteeing
the safety and effectiveness of these therapies, it is possible
to create new and efficient treatments for infections that
exhibit resistance to conventional antibiotics.

Stem cell-based antimicrobial therapies are subject
to regulatory oversight by government agencies such as
the U.S. Food and Drug Administration (FDA) and the
European Medicines Agency™®. The aforementioned
organizations are responsible for monitoring the
development, production, and medical application of stem
cell-based therapies to ensure their safety and efficacy.
Stem cell-based antimicrobial medicines are governed by
the FDA in the U.S. as biological products. To guarantee
the consistency and excellence of the manufacturing
processes, the FDA mandates that the aforementioned
items be produced in compliance with the current good
manufacturing practices”). The FDA also mandates that
clinical trials for stem cell-based treatments be carried
out under an investigational new drug application. Data
proving the safety and effectiveness of the therapy must be
submitted to do this.

The issue of scalability in manufacturing holds
significant importance in the context of the advancement
of antimicrobial therapies based on stem cells. As these
therapeutic interventions transition from preclinical
stages to clinical trials and eventual commercialization, it
becomes imperative to scale up their production to cater
to the growing demand for treatment®®. The concept
of manufacturing scalability pertains to the creation of
procedures and innovations that can be expanded to
generate substantial volumes of stem cells, while ensuring
the preservation of their quality and effectiveness. The
optimization of protocols for stem cell isolation, expansion,
and delivery is necessary to ensure their efficient and
consistent performance on a large scale.

The manufacturing scalability of stem cell-based
antimicrobial therapies is hindered by the potential
variability in stem cell quality and efficacy that may arise
during the process of large-scale production. Disparities in

cultural milieu, growth stimulants, and cellular concentration
may give rise to variations in the caliber and potency of
stem cells, thereby constraining the efficaciousness of stem
cell treatments. In response to this challenge, scholars are
currently devising technological solutions to mechanize
and regulate the production procedures of stem cells®.
The utilization of bioreactors, microcarrier systems, and
closed-system processing has been shown to enhance the
uniformity and efficacy of stem cell manufacturing.

Furthermore, investigators are examining the potential
of allogeneic stem cells, which can be generated in
significant quantities from a solitary donor and employed
to address numerous patients. The utilization of allogeneic
stem cells has the potential to decrease the requirement for
autologous stem cells, which necessitate extraction from the
patient’s own tissues and can be a laborious and expensive
process”. The scalability of manufacturing is a crucial
factor to be taken into account in the advancement and
implementation of antimicrobial therapies based on stem
cells. Through the optimization of stem cell manufacturing
procedures and the advancement of technologies that
automate and standardize these procedures, it is possible to
generate significant quantities of stem cells while preserving
their quality and effectiveness.

5. Current and future applications of stem
cell antimicrobial therapy

Insights into the safety and efficacy of stem cell-based
antimicrobial therapies have been obtained through
preclinical and clinical studies. Various investigations
have examined diverse stem cell varieties, modes of
administration, and antimicrobial objectives to establish
innovative and efficacious therapies for antibiotic-resistant
infections. An instance of a preclinical investigation
involves the utilization of MSCs for the treatment of
bacterial infections. MSCs have demonstrated the ability
to mitigate inflammation, enhance bacterial elimination,
and facilitate tissue regeneration in animal models of
bacterial infections”7?. It is believed that the impacts
are facilitated through the immunomodulatory and
antimicrobial characteristics of MSCs.

An instance of preclinical research involves the
utilization of neural stem cells for the purpose of treating
viral infections. Studies conducted on animal models have
demonstrated that neural stem cells possess the ability
to facilitate viral clearance and mitigate inflammation in
the brain during viral infections. It is believed that the
immunomodulatory and neuroprotective properties of
neural stem cells are responsible for these observed effects.
Apart from preclinical investigations, human clinical trials
have been carried out to assess the safety and effectiveness
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of antimicrobial therapies based on stem cells”). A clinical
trial of phase I was executed to assess the safety and
effectiveness of intravenous infusion of allogeneic MSCs
in patients diagnosed with severe sepsis. The research
discovered that the infusion of MSCs was deemed safe and
well-tolerated and was linked to enhanced survival rates
and decreased organ dysfunction. Another example of a
clinical study is the use of neural progenitor cells produced
from human embryonic stem cells to treat herpes simplex
virus (HSV)-induced encephalitis”¥. Individuals with
HSV encephalitis were given intracerebral injections of
neural progenitor cells generated from human embryonic
stem cells during a phase I clinical trial. The study showed
that the treatment was safe, well-tolerated, and associated
with improved neurological outcomes. Case studies
and examples of preclinical and clinical investigations
illustrate the promise of stem cell-based antimicrobial
therapy as unique and successful treatments for infections
that are resistant to conventional antibiotics. Through
the examination of diverse stem cell varieties, modes of
delivery, and antimicrobial objectives, it is possible to
devise customized remedies for different infection types
and promote the development and application of stem cell-
based antimicrobial interventions.

The utilization of stem cell-based antimicrobial
therapies is a burgeoning field that shows great potential
for the creation of innovative and efficacious remedies
for infections resistant to conventional antibiotics. The
latest developments in stem cell research have created
new prospects for the creation of specific antimicrobial
treatments through the utilization of stem cells™!. An
emerging prospect involves the utilization of genetically
modified stem cells to manifest AMPs or other elements
that can amplify the antimicrobial characteristics of stem
cells. Through the expression of these factors, stem cells
may enhance their efficacy in managing infections and
facilitating tissue regeneration. An additional developing
prospect pertains to the utilization of stem cells for
administering precise antimicrobial agents to the specific
location of infection. It is possible to manipulate stem cells
to secrete antimicrobial agents on detection of particular
stimuli, such as the existence of bacterial or viral antigens.
The precise administration of antimicrobial agents can
enhance their efficacy and mitigate the potential for non-
specific impacts.

Various types of stem cells possess differing capabilities
in generating and distributing antimicrobial agents. One
example is MSCs, which have been extensively researched
for their immunomodulatory properties and potential
to generate AMPs. However, the effectiveness of the
antimicrobial effect may differ depending on the specific
type of AMP generated, the concentration of the peptide,

and the microenvironment of the site of infection. The
production of synthetic AMPs by MSCs may not be uniform
across all cells and may necessitate meticulous genetic
engineering techniques. The introduction of genetically
modified cells into a patient’s body may trigger an immune
response or result in unwanted side effects. Although stem
cells can be guided to migrate toward specific regions,
ensuring that they solely target infected tissues and not
healthy ones poses a challenge. The long-term safety of
using engineered stem cells and synthetic peptides in
humans is still under investigation””. The development
and implementation of this approach necessitate advanced
biotechnological processes and rigorous safety evaluations.
The genetic alteration of stem cells raises ethical concerns
that must be thoughtfully addressed.

Furthermore, researchers are investigating the potential
of stem cells in the creation of immunizations for contagious
illnesses. Stem cells have the ability to produce large amounts
of viral or bacterial antigens, evoking the host immune
response, and promoting the development of protective
immunity against pathogenic micro-organisms”. In
addition, ongoing research investigates the ability of stem
cells to regulate the microbiome, which is the collection
of microorganisms that inhabit the human body. The
occurrence of dysbiosis, which refers to an imbalance in the
microbiome’s composition, has been linked to numerous
infectious and inflammatory diseases. Stem cells have the
potential to modulate the microbiome by promoting the
proliferation of beneficial micro-organisms and inhibiting
the proliferation of harmful microorganisms. Targeted
antimicrobial therapies utilizing stem cells represent a
potential avenue for the development of innovative and
effective therapeutics for antibiotic-resistant infections.
The utilization of stem cells’ distinctive characteristics can
facilitate the creation of customized remedies for diverse
categories of infections and promote the development of
stem cell-oriented antimicrobial therapies.

6. Conclusion

The area of research pertaining to the potential of stem cells
for targeted antimicrobial treatment is a rapidly evolving
and exciting field. Due to their ability to differentiate
into specialized cellular lineages and control the immune
system’s response, stem cells have unique properties that
make them particularly well-suited for treating infectious
diseases. The development of stem cell-based antimicrobial
treatments has the potential to revolutionize the way
we treat infections, despite the existence of a number of
issues that need to be addressed, such as the creation of
standardized procedures for cell isolation, expansion, and
delivery. In response to the escalating antibiotic resistance
crisis, development of novel and targeted therapeutic
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alternatives become an imperative endeavor. Given our
understanding about the versatility of stem cells, they
offer a potential solution for this critical public health
issue. Thus, future research on stem cells should focus
on unleashing their application potential for targeted
antimicrobial therapy.
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Abstract

E26 transformation-specific-1 (ETS1) is a founding member of the ETS transcription
factor family. This transcription factor is highly conserved in amino acid sequences
and highly expressed in many immune tissues, such as the thymus, spleen, and
lymph gland. ETST plays multiple regulatory roles in immune-related diseases
and acts as a transcriptional activator or inhibitor of many genes to regulate
immune cell differentiation, development, apoptosis, and tumor occurrence. The
expression level of ETS1 is correlated with disease severity. However, the molecular
mechanisms behind disease and tumor progression mediated by ETS1 have not
been fully elucidated. In addition, the therapeutic potential of ETS1 in clinical
treatment remains to be further explored. Here, we review and summarize the
molecular structure and functions of ETS1 and then focus on the roles of ETS1 in the
occurrence of autoimmune diseases and cancers. This review provides a reference
corroborating ETS1 as a potential therapeutic target for immune-related diseases
and cancers.

Keywords: ETS1; Autoimmune diseases; Cancer; Immunity

1. Introduction

E26 transformation-specific-1 (ETS1) is a member of the ETS transcription factor family
and has a unique E26 transformation-specific (ETS) domain (DNA binding domain,
DBD) composed of 85 amino acids. In humans, the ETS family members are encoded by
28 genes and play regulatory roles in cell survival, growth, proliferation, differentiation,
angiogenesis, apoptosis, metastasis, and metabolisms!"?. Similar to EST1, ETS2 is also
one of the founding members of the ETS family and regulates transcription by binding
to ETS sequences. ETS1 shares a close resemblance to ETS2, in terms of their amino
acid and structural domains, indicating that they have nearly identical DNA-binding
domains®?. Friend leukemia integration 1 (FLII) — another member of the ETS family
— is located at close proximity to linked to ETSI on the chromosome, and both genes
are arranged in a head-to-head fashion®*. Compared with other members of the ETS
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transcription factor family, the ETS1 protein not only
is highly conserved in its ETS domain but also exhibits
extensive conservation throughout its entire protein
sequence, indicating that the amino acid sequence of ETS1
as a whole is essentially under evolutionary pressure and
that each component may be crucial for the growth and
differentiation of metazoans.

Due to the high conservation and high expression of
ETS1 in immune tissues, the mechanisms and its effects on
the occurrence of immune-related diseases have attracted
increasing attention. An in-depth study showed that the
ETS1 protein plays pivotal roles in stem cell development,
cell aging, and death, as well as tumor progression by acting
as a transcriptional activator or inhibitor of several genes!?..
The roles of ETS1 are also tightly connected to immune-
related diseases®. This paper reviews the structure and
function of ETSI as well as its roles and mechanisms in the
occurrence of immune-related diseases.

2. Structure and function of ETS1

The ETS1 protein is a nuclear protein, with a size of
54 kDa that mainly functions as a transcription activator,
but other studies have shown that it can also inhibit gene
transcription’®. The human ETS1 protein is composed
of 441 amino acids, which are composed of a pointed
domain (54 — 134 aa), a transactivation domain (TAD;
135 - 242 aa), an exon VII domain (242 - 331 aa), an ETS
domain (331 - 415 aa), and an autoinhibitory module
(two separated sequences, one in the exon VII domain
between 301 aa and 330 aa and the other at the C-terminal
end between 416 and 441 aa) (Figure 1). These structural
domains are adjacent to each other on the chromosome
and play different regulatory roles.

The pointed domain, a sterile alpha motif domain,
serves as a platform for protein-protein interactions. In
addition, extracellular regulated protein kinase 2 (ERK2)
can partially bind to this region and phosphorylate ETS1
at Thr38 and Ser41"). The exon VII domain contains an
inhibitory domain thatis an autoinhibitory unit. Full-length
ETS1 (fl-ETS1) and DeltaVII-ETS1 are the two naturally
occurring protein isoforms produced by alternative splicing

fl-ETS1

Pointed

1 54 134

DeltaVII-ETS1 Pointed

of exon VII®¥.. The loss of the inhibitory domain in the exon
VII domain causes the elimination of the autoinhibitory
module in DeltaVII-ETS1, which in turn unleashes the
complete DNA binding activity of ETS1P. Afterward,
the ETS1 protein can perform better DNA binding,
achieving gene expression and transcriptional activity
superior to those of the fl-ETS1 protein. However, the
balance in differential regulation between DeltaVII-ETS1
and fl-ETS1 suggests a possible mechanism that governs
lymphoid maturation and homeostasis®®. The ETS domain
possesses a winged helix turn helix (WHTH) structure with
three o-helices and four B-sheets that exclusively identify
and attach to a core purine-rich 5-GGAA/T-3" motift',
The recognition mechanism of ETS1 through homologous
sequences in the ETS domain has also been described™!l.
The autoinhibitory module consists of two inhibitory
domains adjacent to the ETS domain, which prevents ETS1
from binding to DNA. Two inhibitory domains constitute
four o-spiral structures: the HI-1 and HI-2 helices are
located in the N-terminal region, while the H4 and H5
helices are in the C-terminal region'*". These helices
form a spiral bundle that interacts with the ETS domain,
thus inhibiting the binding of the ETS domain to DNA!M,

3. Effect and mechanism of action of ETS1
in the occurrence of autoimmune diseases

3.1. Systemic lupus erythematosus (SLE)

SLE is an autoimmune disease that interferes with the
immune response, damaging multiple organs serving
the host immune system. Two previous genome-wide
association studies conducted in Han Chinese and
Asian populations have shown that susceptibility to SLE
is correlated with ETSI gene mutations!™>'*.. A recent
research, which utilized single-cell RNA sequencing to
analyze peripheral blood mononuclear cells of multiple
SLE age groups, has shown that ETSI is a susceptibility
gene associated with SLE". These results all indicate a
close relationship between ETS1 and SLE. Moreover, a
study has shown that ETSI is a critical negative regulatory
factor in Th17 cells"®l. Recently, investigations focusing on
whether the negative regulatory effect of ETS1 on B cells

242 301 331 415 441

'ID ETS-DBD

Exon VI

242

TAD ETS-DBD |ID

Figure 1. Schematic structure of the ETS1 protein. The schematic shows the positions of the different domains within the fl-ETS1 and DeltaVII-ETS1
proteins. The two inhibitory domains (IDs) flanking the ETS-DBD (DNA binding domain) form an autoinhibitory module that controls ETS1 DNA
binding activity. DeltaVII-ETS1 lacks part of the inhibitory module and forms more stable complexes with DNA.
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and Th17 cells are directly linked to the occurrence and
development of SLE has been gaining traction, but the
specific mechanism involved has yet to be determined®1,

Moreover, a recent article by Kim et al. suggested
that ETSI inhibits T follicular helper Type 2 (Tth2) cells,
thereby preventing the onset of SLEPY. Specifically, a
decrease in ETS1 expression in CD4* T cells in SLE patients
leads to an increase in the secretion of IL-4 by GATA-
3*Bcl6* Tth2 cells, thereby increasing the production
of the autoantibodies IgE and IgG1?Y. Kim et al. also
demonstrated that SLE autoimmunity was caused by the
deletion of ETSI specifically in CD4" T cells, rather than
in B cells or dendritic cells (DCs), and was linked to the
spontaneous expansion of Tth2 cells®. This research
provides evidence that ETSI regulates CD4" T-cell
differentiation in the pathogenesis of SLE.

It has been shown that lacking ETS1 leads to more
intrinsic changes in B cells, including an expansion of the
B cell population in the marginal zone, increased antibody
secretion in plasma cells, an increased B-cell proportion
with a memory phenotype, and an increased autoantibody
titer®. Moreover, these changes are not accompanied by
significant T-cell over activation. However, changes in
biological processes that are regulated by ETSI, including
the development of antibody-secreting cells and memory
B cells and the production of autoantibodies, are not
obvious in B-cell ETSI-knockout mice compared with
those in mice with complete ETSI knockout®!. A recent
study revealed that ETS1 downregulation could increase
miR-326 expression in B cells of SLE patients, thereby
driving the growth of plasmablasts and the generation of
antibodies™. Although the mechanism through which
ETS1 participates in SLE still lacks clarity, it is obvious
that B cells play an important role in this regard. This is
evidenced by the role of abnormal interactions between
T cells and B cells induced by ETS1 knockdown in the
mechanism underlying SLE pathogenesis, although SLE-
like symptoms are manifested in patients with a lack of
ETS1in T cells, rather than in B cells™*..

3.2. Rheumatoid arthritis (RA)

RA is a complex autoimmune disease that primarily affects
joints. In RA, the immune system attacks the host joint
tissues, causing pain and swelling, and impairing joint
function. However, the pathogenesis of RA is yet unknown.
It has been found that the single nucleotide polymorphism
rs73013527 of ETSI was significantly positively correlated
with RA-sensitive DAS28 and C-reactive protein in the
Han Chinese population™). At present, studies on the
function and mechanism of ETSI in the pathogenesis of
RA are scarce. However, through a series of univariate

and multivariate studies, researchers found that ETSI
rs73013527 has an indirect impact on serum receptor
activator of nuclear factor kappa B ligand (RANKL) levels
in RA patients®!. A recent study also established ETS1
as a crucial transcription factor by virtue of its ability to
promote the production of RANKL and tissue-destructing
fibroblasts®!. In addition, ETS1 may affect serum RANKL
levels through the cytokine network, especially given that
RA patients have markedly increased IL-17 levels®®.

3.3. Autoimmune thyroiditis (AIT)

AIT is a disease in which lymphocytes infiltrate the
impaired thyroid through antibodies. Recent studies have
shown that high miR-326 expression is associated with
a significant increase of Th17 cells and decreased ETSI
protein levels for Th17 differentiation during the onset
and development of AIT**!. miR-326 may target the Ets1
protein to trigger iodide-induced AIT since the expression
of Etsl in AIT mice is adversely linked with miR-326
levelsi®?. A subsequent study further verified that miR-326
levels lead to AIT by controlling the Th17/Treg balance
through ETS1P!.

3.4. Multiple sclerosis (MS)

MS, an autoimmune disease, is a persistent neurological
condition that primarily impacts the central nervous
system, encompassing both the brain and the spinal cord.
Li et al. reported that the upregulation of miR-1-3p in
patients with recurrent MS and Th17 cells, as well as miR-
1-3p expression, was strongly linked with the severity of
MS. In the peripheral blood mononuclear cells of relapsed
patients with recurrent MS, the expression of ETSI (a target
gene of miR-1-3p) was reduced, while the upregulation of
ETS1 inhibited the expression of inflammation-related
genes (CXCL3, CSF2, and IL-23R), thereby decreasing the
pathogenicity of Th17 cells*?. The overexpression of miR-
1-3p in naive CD4" T cells has a positive effect on Th17
cell differentiation and is positively correlated with the
progression of MS. Targeting miR-1-3p with ETS1 could
reduce the level of miR-1-3p and inhibit the pathogenic
response of Th17 cells®?. Dysfunction of the blood-brain
barrier (BBB) has been recognized as a contributor to MS,
and disturbances in vascular stability and barrier function
are caused by the endothelial-to-mesenchymal transition
(EndMT), a mechanism linked to endothelial dysfunction.
The effect of EndMT in MS is still unclear, but recently,
a study found that ETS1 serves as the primary regulator
of EndMT, which is connected to diminished barrier
integrity™, providing compelling evidence on the pivotal
functional role of EndMT in the disruption of the blood-
brain barrier, which is a critical feature in MS pathogenesis.
Moreover, the authors proposed that ETS1 might serve as
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a key molecular switch for EndMT to target the onset of
MSEL

4. Effect and mechanisms of ETS1 in cancers
4.1. Expression of ETS1 in cancers

Current research shows that ETSI is highly expressed in
various types of cancer cells, such as colorectal cancer,
breast cancer, and endometrial cancer cells, and is related
to poor differentiation, high potential invasion, high
angiogenesis activity, and increased risk of lymph node
transition”.. However, the specific molecular mechanism
by which ETSI1 operates in the context of cancer remains
unclear, pending further in-depth exploration and
comprehensive elucidation.

Several investigations have shown that ETS1 promotes
the development of breast cancer, although the molecular
mechanism underlying this finding remains obscure!*¢!,
In addition, a recent study indicated that inducing
ferroptosis in breast cancer through ETS1 degradation
facilitates the promotion of the ETS1-SYVNI interaction
by sculponeatin AP”). Breast cancer cells can promote
endothelial cell morphogenesis in a paracrine manner
and physically connect with endothelial cells since ETS1
is a critical regulator of their angiogenic potential®®.
Furthermore, differential regulation of ETSI1 isoforms
(fl-ETS1 and DeltaVII-ETS1) can affect lymphoid
maturation and homeostasis, and these isoforms exhibit
significant differences in DNA binding, transcriptional
target specificity, and protein-protein interactions®. In
cancer, the balance between fl-ETS1 and DeltaVII-ETS1
is disrupted. For example, it has been found that a big
majority of MDA-MB-231 breast cancer cells have a high
expression of fl-ETS1, and only 10% of these cells exhibit
concomitant expression of DeltaVII-ETS1®*.. However,
in some cases, the high expression of ETS1 may have an
inhibitory effect on breast cancer. Furlan et al. revealed that
ETS1 not only promotes malignant tumors by endowing
them with invasive features but also weakens the growth of
breast tumor cells, thus presenting contrasting capabilities
to promote metastasis and to inhibit the growth of primary
tumors!“?. Recently, Kim et al. reported that ETS1 not only
directly activates downstream targets related to tumor
cell proliferation and growth, but also activates additional
tumor suppressor genes, such as ADAMTSY, TXNIP,
STAT5A, and NOTCH1, through transactivationl.

4.2, ETS1 and matrix metalloproteinases in cancer

The specific way in which the highly expressed ETSI gene
promotes the development of cancer cells has not been
elucidated, but a large number of studies have shown
that ETS1, along with other ETS proteins, facilitates

the potential invasion of cancer cells by directing the
overexpression of matrix metalloproteinases (MMPs).
Nazir et al. demonstrated that the transfection of breast
cancer cell lines with ETSI siRNA resulted in notable
decreases in both ETS1 and MMP-9. In addition, the
knockdown of ETSI not only attenuated the invasive
potential of cancer cells but also induced alterations in the
expression of epithelial-mesenchymal transition (EMT)
markers!*?.

The correlation between ETS1 and MMP synthesis has
also been confirmed in a range of cancer types, including
pancreatic cancer, colon cancer prostate cancer, and
ovarian cancer cells. Multiple signals converge into ETS1 to
increase the production of MMP. Within pancreatic cancer
cells, the presence of prostaglandin E2 triggers ETS1-driven
upregulation of MMP2 expression!*. In colon cancer cells,
the activation of 6 integrin enhances the ETS1-mediated
expression of both MMP3 and MMP9"4. In ovarian cancer
cells, glycogen synthase kinase-3f3 (GSK3f) mediates ETS1
phosphorylation, promotes the progression of ovarian
cancer, induces transcriptional activation of MMPY,
and increases cell migration. GSK3[ inhibitors have
been demonstrated in vivo to inhibit endogenous ETS1
expression and induce MMP9 expression*).

4.3. ETS1 and phosphorylation in cancers

The Ras/Raf/MEK/ERK1/2 pathway plays a crucial role in
modulating ETS1 activity at the posttranslational level™ .
The activation of these pathways can lead to N-terminal
phosphorylation of the ETS1 protein at threonine 38 and
super activation of ETS1"7. The expression of ETSI1 in
the biopsy samples of human breast cancer is correlated
with the level of phosphorylated Raf, suggesting that the
over activation of ETS1 contributes to the progression of
breast cancer®®. This association underscores the potential
significance of ETSI in the context of breast cancer
pathogenesis.

The poor prognosis of human ovarian cancer is
possibly accounted for by the enhanced expression of
ETSI1. Tomar et al. made a significant discovery that ETS1
acts as a vital transcription factor triggered in ovarian
cancer cells by the surrounding microenvironment and
facilitates metastatic colonization by orchestrating the
transcriptional upregulation of its target FAK™!. The
serotonin-rich region (SRR) in ETS1 can automatically
inhibit its ability to bind DNA. The ability of SRR to inhibit
inflammation has been found to be significantly improved
by phosphorylation®™!. However, the molecular processes
that control the regulation of ETS1 structure and activity
by phosphorylation remain to be elucidated. Nevertheless,
a study by Ning et al. has elucidated the reasons for the
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phosphorylation stability of the ETS1 core in the SRR
region®.

4.4.ETS1 and microRNAs in cancers

Recently, increasing evidence has suggested that
microRNAs (miRNAs) are important regulators of ETSI
expression. It has been proven that more than ten different
miRNAs can directly target the 3-UTR of human ETS!
RNA to downregulate its expression. Moreover, the
binding sites for these miRNAs are highly clustered within
the ETSI 3’-UTR® (Figure 2). Previous studies have
shown that miR-1, miR-129-5p, miR-193b, and miR-499
can downregulate ETS1 expression in human liver cancer
cells, subsequently inhibiting their ability to migrate and
invadel'**. ETSI can be targeted by miR-9 and miR-145 in
gastric cancer cells®>*°l. Targeting of ETSI by miR-377 in
clear cell renal cell carcinoma (ccRCC) cells can decrease
the ETS1 expression and reduce the ability of ccRCC cells
to proliferate, migrate, and invade, while targeting of ETS]1
by miR-124 and miR-125b can decrease ETS1 expression
and suppress the progression of breast cancer® .
A growing understanding toward the regulatory effects of
these miRNAs has led to the recent discovery of several
new miRNAs target ETSI.

MicroRNAs play a role in promoting or inhibiting
tumor development, depending on the cellular background.
Hua et al. conducted a thorough investigation into the
regulatory effects of miR-139-5p on aerobic glycolysis
in hepatocellular carcinoma (HCC). Their study, which
included clinical samples and mouse models, revealed the
significant regulatory interplay between miR-139-5p and
ETS1, which modulates not only aerobic glycolysis but also
proliferation and metastasis of HCC cells!®”. miR-532-5p
is among the miRNAs that are significantly downregulated
in renal cell carcinoma (RCC) cells. Zhai et al. reported
an intriguing mechanism by which miR-532-5p abrogates
the proliferation of RCC cells through disruption of
the ETS1-mediated positive feedback loop through the
KRAS-NAP1L1/P-ERK axis, revealing a crucial regulatory
pathway involved in RCC tumorigenesis'®'.

4]%9 | 614 10|37

Long non-coding RNAs (IncRNAs) have been shown to
regulate the development of cancer in numerous studies.
Recently, Jin et al. reported that ETS1 promotes the
transcription of SNHG10, which plays a pivotal role in the
malignant behavior of glioma cells through the intricate
SNHG10/miR-532-3p/FBXL19 signaling  pathway,
highlighting the multifaceted regulatory mechanisms
involved in glioma progression®?. Due to the increase in
global incidence rate, ccRCC has become the predominant
type of RCC in the adult population®. Microarray-
based expression analysis revealed that SBF2-ASI was
differentially expressed in ccRCC, and the downregulation
of SBF2-AS1 could be achieved by inhibiting miR-338-3p,
which targets ETSI, a tumor inhibitor in ccRCCI®.
The ETSI-mediated IncRNA muskelin 1 antisense
RNA (MKLN1-AS) has been shown to enhance the
malignant phenotypes of HCC cells'®!. Recently, Sun ef al.
reported that the long intergenic noncoding RNA 01016
(LINCO01016) is key to the development of breast cancer!®..

4.5.ETS1 and the telomerase reverse transcriptase
(TRET) promoter in cancers

Cellular immortalization is an indispensable step in cancer
development and is achieved through the sustenance
of the expression of telomerase, which grants the cancer
cells infinite capability to divide!*”.. TRET is the catalytic
component of telomerase, which remains at low expression
levels in normal somatic cells but is re-expressed in
cancers!®*®). Mutation of the TRET promoter is associated
with increased TRET expression in melanoma, and ETS1
is significant for TRET upregulation!*.. A previous
study indicated that the binding of ETS alone to the
mutated TRET promoter (C250T) is insufficient to drive
TRET reactivation, as a member of the NF-xB family
of transcription factors (p52) that acts downstream of
noncanonical NF-kB signalingis required for interaction™®.
p52 interacts with ETS1 to form a heterotetramer that can
counteract autoinhibition of ETSI, and the p52/ETS1
heterotetramer can drive reactivation of the mutated TRET
promoter (C146T) in multiple cancer types”. Moreover,
Vallarelli et al. suggested that ETSI is phosphorylated in

2717
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Figure 2. Regulation of the 3’-UTR of human ETSI mRNA by microRNAs. Only miRNA binding sites that have been verified by mutational analysis are
shown. miRNA binding sites are clustered, instead of being randomly distributed, within the ETS1 3"-UTR.
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an ERK-dependent manner in all melanoma cell lines,
that mutations in TRET create ETS transcription factor-
binding sites, and that ETSI binding to the mutated TRET
promoter leads to re-expression of TRET”), Furthermore,
Gabler et al. reported that the coexistence of mutations in
serine/threonine kinase (BRAF"*"F) and TRET promoter
leads to cancer cell proliferation and immortalization, and
ETS1 functionally links these two driver alterations!”.
These studies provide significant insights into the roles of
ETS1 in regulating the immortalization of cancer cells by
the mutated TRET promoter, which could contribute to
immense therapeutic implications.

4.6.The role of ETS1 in B-cell and T-cell malignancies

ETS1 has crucial roles in the development of lymphoid
tissue and the activation of lymphocytes, indicating
that it has a potential relationship with B-cell and T-cell
malignancies. A previous study focused on the multiple
roles and regulatory mechanisms of ETSI in hematological
development, including T-cell and natural killer (NK) cell
activation and B-cell maturation and differentiation”>".
With in-depth research on the mechanisms of action
of ETSI in diseases, its role as a key transcription factor
in B-cell and T-cell malignancies has gradually been
revealed. In classical Hodgkins lymphoma (cHL),
ETSI1 is hypermethylated exclusively and is markedly
decreased in the cHL cell line. Recurrent deletions and
loss of ETS1 expression could contribute to the potential
escape and survival of Hodgkin and Reed-Sternberg cells
(HRS) and impair B-cell development”. In diffuse large
B-cell lymphoma (DLBCL), 11q24.3 genomic lesions are
correlated with high expression levels of ETSI and FLII,
and overexpression of these two genes could contribute
to the pathogenesis of DLBCL in a cooperative manner
by deregulating genes involved in the germinal center
expression program and cell proliferation”. Further
study of DLBCL demonstrated that ETSI silencing
affected genes involved in B-cell signaling, differentiation,
cell cycle, and immune processes, highlighting its role
in lymphomagenesis, particularly in activated-like
B-cell (ABC) DLBCL"™. Recent research has indicated
that B-cell receptor-mediated ETS1 phosphorylation
at threonine 38 is important for the growth of DLBCL
cells and is related to the ABC-DLBCL phenotype but
is predictive of poor outcome in patients with germinal
center B-cell-like (GCB) DLBCL™. Drug-mediated
inhibition of ETS1 phosphorylation could have a positive
effect on lymphoma patients”. Regarding the role of
ETSI1 in T-cell malignancies, a recent study showed that
Notch activation is closely related to the induction of T-cell
acute lymphoblastic leukemia”!. Moreover, Luchtel et al.
reported that the expression of ETS1 was significantly

increased in adult T-cell leukemia/lymphoma of North
American - descendent patient (NA-ATLL) cell lines and
primary tumor samples, and knocking down ETSI in
NA-ATLL cells resulted in cell growth inhibition, indicating
that ETSI is a new dominant oncogenic transcription
regulator in NA-ATLL"®,

5. Conclusion

This comprehensive review provides an in-depth
examination of the outcomes and functions associated
with ETS1. The myriad roles of this transcription factor
assume in immune-related diseases that are reviewed.
Furthermore, this review explores the diverse contributions
of ETS1 to the onset and progression of various diseases,
incorporating the most recent findings from scientific
research. ETSI not only induces immune-related diseases
but also correlates with disease severity. Although these
studies provide us with a clear understanding of the role
of ETSI in immune-related diseases, additional specific
molecular mechanisms have not been elucidated. We
believe that the continuous development of research
methods and technologies can enable further exploration
of the diverse and complex roles of ETS1 in immune-
related diseases, which may have significant implications
for clinical treatment.
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Abstract

Apoptosis is a programmed cell death characterized by cell rounding, chromatin
condensation and clumping, cytoplasmic collapse, and the formation of apoptotic
bodies. Recently, increasing scientific research has disclosed the close relationship
between apoptosis and cyanine. Cyanine, due to its excellent fluorescent
characteristics, is used in constructing vital fluorescent cores for fluorescent probes.
It has been extensively utilized in targeted labeling for growing cells and tumor
phototherapy. Cyanine-derived compounds have provided new approaches for
treating different cancers by inducing tumor cell apoptosis. This review introduces
the molecular mechanism of apoptosis, essential apoptosis-related proteins, and the
pathways related to tumor cell apoptosis. Furthermore, it systematically discusses the
function of cyanine in cancer therapy by inducing apoptosis. A deeper understanding
of cyanine-induced apoptosis may offer new options for cancer treatment and new
strategies for developing and utilizing cyanine.

Keywords: Cancer; Apoptosis; Cyanine; Cytochrome C; Caspase3

1. Introduction

As the human social economy grows and the standard of living improves, malignant
tumors have become one of the three primary illnesses endangering human daily life and
well-being!"?. They are a major cause of global death®, with morbidity and mortality rates
increasing in recent years. Traditional cancer therapies include exercise, radiotherapy,
chemotherapeutics, combined radiation and chemotherapy, and immunization
therapy. However, their therapeutic effect, targets, and degree of radical cure remain
limited. Consequently, there is a pressing need to develop more sophisticated treatment
modalities and anticancer drugs.

Achieving tumor cell death is the ultimate goal of anti-tumor remedy, and the
induction of tumor cell apoptosis is an effective strategy for combating cancer!*.Cell
death plays a significant role in both growth and aging processes, as deviations in cell
mortality rates, whether excessively high or low, can precipitate a range of diseases® 7.
Apoptosis, necrosis, autophagy, ferroptosis, cuproptosis, and pyroptosis are the
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predominant modes of cell death (Table 1)*®. Disorders in
apoptotic mechanisms are associated with cancer growth
and confer resistance against tumor therapy™.

Apoptosis, recognized as the first identified type of cell
death, is also known as type I programmed cell death>*],
Unlike other forms of cell death, which are not self-inflicted
but rather self-protective and controlled by specific genes,
apoptosis is a natural and regulated process essential for
cellular development and death®**]. Apoptosis plays a
significant role in the elimination of damaged or redundant
cells®®, facilitated by a number of proteins through the
enzymatic activity of effector cystathionases”). Apoptosis
signal dysregulation and aberrant apoptosis are implicated
in the pathogenesis of various diseases, including ectopic
calcification®), neurodegenerative disorders, autoimmune
diseases, acquired immunodeficiency syndrome (AIDS),
and local ischemia. Thus, apoptosis manifests as a double-
edged sword phenomenon for cells®. Morphological
changes in cells are the main characteristics defining
apoptosis and include cell shrinkage®, cell membrane
blebbing, nuclear fragmentation, phosphatidylserine
ectopia, nuclear sequestration, mRNA degradation,
and apoptotic vesicle formation!®*'4. From another
perspective, apoptosis is considered an indispensable
biomarker for certain malignancies. Upregulation of
pro-apoptotic gene expression and downregulation of
antiapoptotic gene expression can better predict the
survival time of cancer patients?®>*l,

Table 1. Classification of cell death patterns

As bilayer membrane organelles, mitochondria play
a pivotal role in regulating cell apoptosis and serve as
the primary sites for the generation of reactive oxygen
species  (ROS)P7*#).  Mitochondria undergo dramatic
morphological and biochemical changes during apoptosis,
including mitochondrial fission and fusion kinetics?>%.
This process involves both division and fusion, with an
increase in fission activity and a decrease in fusion activity,
thus inducing apoptosis. However, mitochondrial changes
during apoptosis closely correlate with cancer malignancy
and treatment effectiveness™®. Mitochondria acts as centers
for various stressors, and the combination of different
advent stress signals often precedes the manifestation of
apoptotic morphology®. ROS can induce intracellular
changes in mitochondrial outer membrane permeability
(MOMP) by acting on mitochondrial membranes®, which
are monitored by proteins in the B cell lymphoma 2 (Bcl-2)
family, including pro-apoptotic and antiapoptotic proteins,
whose balance determines cell death and survival®.
Cytochrome C (Cyto C) is released from mitochondria,
activating the cysteine enzyme cascade reaction, thereby
inducing apoptosis®!. Mitochondria amplify the activation
of cysteine proteases during apoptosis by releasing Cyto ¢
and other cofactors, accompanied by organelle breakage
and cristae remodeling*’. Dysfunctional mitochondria
have implications for many diseases!*", such as malignant
tumors, obesity, glycuresis, and neurodegenerative diseases.
Several studies have demonstrated that the development

Types of Key proteins Signaling pathways Morphological features Biochemical References
cell death features
Apoptosis Caspase, Bcl-2, BAX, P53, FAS, PTEN/PI3K/AKT, AMPK/AKT, Chromatin condensation, DNA [10,11]
Cytochrome C, BAX MAPK/JNK, AKT/BAD/Bcl-2  karyorrhexis and formation of ~ fragmentation
apoptotic bodies
Necroptosis RIP1, RIP3, MLKL, P38, RIP1/RIP3/MLKL, Plasma membrane rupture, ~ ATP level decrease [12,13]
PGAM5 PKC-MAPK-AP-1 cytoplasmic swelling
Autophagy mTOR, LC3I1, Beclin-1, mTOR, Beclin-1, P53, MAPK  Formation of double membrane Lysosome activity [14]
DRAM3, TFEB, P62, ULK1 self-solution increased
Ferroptosis ~ GPX4, TFR1, SLC7A11, NRF2, Xc-/GPX4, P53/SLC7A11 Mitochondria decrease or Iron accumulation [15-17]
NCOAA4, P53, Ferritin disappear, and the outer
membrane ruptures
Pyroptosis Caspase, NLRP3, GSDMD, NF-xB Infiltration of extracellular The formation [18-21]
IL-1B, IL-18, IL-10,, IL-6, IL-8 contents and cell swelling of inflammatory
vesicles

Abbreviations: AKT: Protein kinase B; AMPK: Adenosine 5’-monophosphate (AMP)-activated protein kinase; ATP: Adenosine triphosphate; BAD: Bcl-x1/
Bcl-2-associated death promoter; BAX: Bcl-2-associated X protein; Bcl-2: B cell lymphoma 2; DRAM-1: Damage-regulated autophagy modulator; FAS:
Apoptosis stimulating fragment; GPX4: Glutathione peroxidase 4; GSDMD: Gasdermin D; IL: Interleukin;

JNK: Recombinant c-Jun N-terminal kinase; LC3I1: Light chain 3-II; MAPK: Mitogen-activated protein kinase; MLKL: Mixed lineage kinase domain-like;
mTOR: Mammalian target of rapamycin; NCOA4: Nuclear receptor coactivator 4; NF-kB: Nuclear factor kappa B; NLRP3: NOD-like receptor (NLR)
family pyrin domain-containing 3; Nrf2: Nuclear factor E2-related factor 2; P53: Protein 53; P62: Protein 62; PGAMS5: Phosphoglycerate mutase 5;

PI3K: Phosphatidylinositol 3-kinase; PTEN: Phosphatase and tensin homolog deleted on chromosome ten; RIP: Receptor-interacting protein; SLC7A11:
Cystine transporter solute carrier family 7 member 11; TFEB: Transcriptional factor EB; TfR1: Transferrin receptor 1; ULK1: Unc-51 like kinase 1.
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of cancer at different stages involves alterations in
mitochondrial function™*], making mitochondria one
of the key targeted organelles for anti-cancer therapy
(Figure 1)0e1,

In recent years, cyanine has been widely employed in
anti-tumor research. These compounds are classified based
on their chemical composition into Cy3, Cy5, and Cy7,
depending on the number of carbon atoms they contain.
For example, Cy7, a type of cyanine compound, has
demonstrated the ability to produce ROS under a specific
wavelength of radiation. This property opens up the
possibility of using Cy7 to induce apoptosis in tumor cells.
Cy7, as a novel fluorescent dye with anti-cancer properties,
holds the potential to reduce the dosage of chemotherapy
drugs, mitigate their toxic side effects, and treat tumor cells
through the combination of chemotherapy, near-infrared
fluorescence imaging (NIRF), and photothermal therapy
(PTT)“. Therefore, a thorough investigation into the
relationship between cyanine and apoptosis is imperative.

2. Mechanism of apoptosis

Apoptosis can be initiated through two different pathways:
the Bcl-2-regulated mitochondrial cystatin-dependent
pathway and the exogenous apoptotic signaling pathway
mediated by cell membrane proteins of the death
receptor(?2#49,

2.1. Intrinsic apoptosis

Mitochondrial-mediated apoptosis is the significant
pathway for cell death®™. Intrinsic pathways can be
induced by various intracellular stress stimuli, eventually
leading to MOMP, release of Cyto C, formation and
activation of caspase-9, and increased ROS levels!®2,
Cells sense intracellular stressors such as growth factors,
nutrient deficiencies, DNA damage, UV radiation, and
hypoxia, and induce apoptosis by initiating MOMP'®l.
During MOMP, Cyto C is released from mitochondria®!,
promoting the oligomerization of apoptotic protease
activating factor 1 (Apaf-1), and forming the heptamer.
Apaf-1 contains a, which combines with pro-caspase-9
to form the apoptosome, a large complex of Cyto C,
Apaf-1, and pro-caspase-9°2°°. This pathway relies on
the release of Cyto C from mitochondria, requiring a
high ratio of BAX (Bcl-2 associated X protein)/Bcl-2
(B cell lymphoma 2) to create favorable conditions for
BAX insertion into mitochondria and subsequent Cyto
C release!”. Cyto C then recruits caspase-9 to form the
apoptosome complex. Ultimately, activation of caspase-3
initiates the caspase cascade®

Mitochondrial outer membrane permeabilization is
significant in intrinsic apoptosis, which is regulated by the

NAC ROS = (s

P53 activation m
$473

T308
v Thr365 i
PTEN, AMPK BAX. NOXA

Fas, DRS Low PKMZ activity

mTOR
BIM. BAX.

DISC formatlon ngh PKM2 activity o > "o

Auto hagy VoM
NADPH GSH{

Figure 1. The role of mitochondria in apoptosis. Mechanistically,
mitochondria serve as the primary sites for producing ROS during
apoptosis. These ROS can induce changes in intracellular MOMP by
acting on the mitochondrial membrane, which is regulated by proteins in
the Bcl-2 family. Subsequently, the release of Cyto C from mitochondria
activates cysteine cascades, leading to cell apoptosis.

Abbreviations: AKT: Protein kinase B; AMPK: Adenosine
5’-monophosphate(AMP)-activated protein kinase; BAD: Bcl-xl/Bcl-2
associated death promoter; BAX: Bcl-2 associated X protein; Bcl-2: B cell
lymphoma 2; BIM: Bcl-2 interacting mediator of cell death; DISC: Death-
inducing signaling complex; DR5: Death receptor 5; FAS: Apoptosis
stimulating fragment; GSH: glutathione (L-gamma-Glutamyl-L-cysteinyl-
glycine); JNK1: Recombinant c-Jun N-terminal kinase 1; MOMP:
Mitochondrial outer membrane permeabilization; mMTOR: Mammalian
target of rapamycin; NAC: N-Acetyl-L-cysteine; NADPH: Nicotinamide
adenine dinucleotide phosphate; P53: Protein 53; PKM2: Active Pyruvate
kinase isozymes M2; PTEN: Phosphatase and tensin homolog deleted on
chromosome ten; ROS: Reactive oxygen species.

interaction of multiple proteins from the members of the
pro-apoptotic Bcl-2 family, such as Bcl-2, BAX, and the
Bcl-2 antagonist/killer 1 (BAK)*”). MOMP is essential for
inducing the release of apoptosis-inducing factor (AIF)®,
which subsequently translocates freely into the cytoplasm
or nucleus, causing DNA breakage and ultimately
mediating apoptosis. The intrinsic pathway begins with
the release of Cyto C into the cytoplasm, followed by its
activation by pro-apoptotic proteins®®. The release of free
Cyto C into the cytoplasm is a crucial requirement for
triggering apoptosis and is regarded as a point of no return
in cell death, occurring independently of cystathionin
activation (Figure 2)F+5¢01,

2.2. Extrinsic apoptosis

Extrinsic apoptosis, mediated by cell membrane proteins
of the death receptor®, is the second major pathway of
apoptosis, initiated by extracellular signals originating
from the immune system or the external environment!®.
The tumor necrosis factor (TNF) family receptors,
consisting of apoptosis stimulating fragment (FAS)-R,
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Figure 2. The mechanism of endogenous apoptosis in cells. Various
intracellular stress stimuli can induce apoptosis, ultimately leading to
MOMP, release of Cyto C, formation and activation of caspase-9, and an
increase in ROS. During MOMBP, free mitochondrial Cyto C translocates
into the cytoplasm, resulting in the oligomerization of Apaf-1 and the
formation of a heptamer. Caspase-9 is subsequently captured by Cyto
C, leading to the formation of apoptosome and ultimately resulting
in the activation of caspase-3, which triggers other caspase pathways
immediately. The intrinsic pathway begins with the release of Cyto C
into the cytoplasm, followed by its activation by pro-apoptotic proteins,
ultimately leading to apoptosis.

Abbreviations: AKT: Protein kinase B; BAK: Bcl-2 antagonist/killer
1; BAX: Bcl-2 associated X protein; Bcl-2: B cell lymphoma 2; Bcl-xl:
B-cell leukemia/lymphoma xl; BID: Bcl-2 homology 3 interacting
domain death agonist; Cas9: Caspase-9; COX-2: Cyclooxygenase-2; Cyt:
Cytochrome; Cyto C: Cytochrome C; MAPK: Mitogen-activated protein
kinase; MCL-1: Myeloid cell leukemia-1; OX-LDL: Oxidized low-density
lipoprotein; P-P38: Phosphorylation-p38; PCSK9: Proprotein convertase
subtilisin/kexin type 9; PI3K: Phosphatidylinositol 3-kinase; PUMA: p53
upregulated modulator of apoptosis.

TRAIL-R1, TRAIL-R2, TNF-R1, and TNF-R2, along with
their respective ligands, bind to the FAS-associated protein
with death domain (FADD), caspase-8 and caspase-10 to
form death-inducing signaling complex (DISC)?”, which
leads to caspase-3 cleavage and apoptosis. Formation of

DISC directly increases MOMBP, resulting in the release
of Cyto C into the cytosol. Cyto C then combines with
Apaf-1, leading to the formation of apoptosome, which
activates caspase-9. Activation of caspase-9 further
activates caspase-3, ultimately inducing cell apoptosis
(Figure 3)e1-63],

2.3. Commonalities of intrinsic and extrinsic
apoptosis

Both intrinsic and extrinsic apoptosis share common
effectors, including caspase-3 and caspase-7, which are
essential to apoptosis!®*®?l. These effectors participate in and
mediate multiple steps of apoptosis, ultimately leading to
the exposure of phosphatidylserine (“eat me” signal)!®¢6-68],
Furthermore, caspase-3 and caspase-7 activate several
other precursors to cystathionine (such as caspase-2,
caspase-6, caspase-8, and caspase-10) by hydrolyzing
their proteins into active forms, thus amplifying apoptotic
signals further!®-"l,

3. The main apoptosis-related proteins
3.1. Classification of apoptosis proteins

Apoptosis is a complex process involving intricate cellular
proteins and signal transduction cascades. Two types of
apoptotic proteins exist, classified based on their role:
pro-apoptotic and antiapoptotic. The equilibrium between
these apoptotic proteins is crucial in determining whether
apoptosis occurs in cells®. Caspases, members of the
cysteine protease family, are classified into three types based
on their function and structure: (i) inflammatory caspase,
includingcaspase-1,-4,-5,-11,-12,-13,and -14; (ii) initiating
caspase, including caspase-2, caspase-8, caspase-9, and
caspase-10; and (iii) effector caspase, including caspase-3,
caspase-6, and caspase-7"#7l. The Bcl-2 family, which
exhibits both pro-apoptotic and antiapoptotic effects and
is located outside mitochondria”®””, plays a crucial role
in maintaining the balance between pro-apoptotic and
antiapoptotic proteins, governing the sensitivity of cells to
apoptotic stimuli”. The Bcl-2 family is categorized into
three types: (i) pro-apoptotic proteins (BAX, BAK, and
BOK), which are involved in targeting and permeabilizing
outer mitochondrial membranes, promoting the release of
free Cyto C into the cytoplasm to maintain mitochondrial
integrity and inhibit damage to mitochondrial membrane
potential™; (ii) antiapoptotic Bcl-2 family, including Bcl-2
and Bcl-xl, which inhibits MOMP and can block Cyto ¢
release’®; and (iii) Bcl-2 homologous 3 proteins (BH3),
such as p53 upregulated modulator of apoptosis (PUMA),
Bcl-2 homology 3 interacting domain death agonist (BID),
and Bcl-2 interacting mediator of cell death (BIM), which
promote apoptosis®#2. Primarily, the Bcl-2 protein family
regulates intrinsic (mitochondrial) pathways (Table 2)®84,
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Figure 3. The mechanism of extrinsic cell apoptosis. The mechanism of
extrinsic cell apoptosis involves the mediation of cell membrane proteins
of the death receptors. This process is initiated when members of the TNF
family receptors and their ligands, composed of FAS (FAS-L), TRAIL
(TRAIL-R1 and TRAIL-R2), and TNF (TNF-R1 and TNF-R2), bind to
FADD, caspase-8, and caspase-10 proteins, respectively, to form DISC,
which directly increases MOMP. After the release of free Cyto C into
the cytoplasm, Cyto C binds with Apaf-1, leading to the formation of an
apoptosome, activating caspase-9 and eventually leading to caspase-3
cleavage and apoptosis.

Abbreviations: BID: BH3 interacting domain death agonist; Cas10: Caspase-10;
Cyto C: Cytochrome C; DED: Death effector domain; DISC: Death-inducing
signaling complex; FADD: FAS-associated protein with death domain; FASL:
Recombinant factor-related apoptosis ligand; MOMP: Mitochondrial outer
membrane permeability; P-cas8: Pro-caspase-8; PtdSer: Phosphatidylserine;
TNF: Tumor necrosis factor; TRAIL: TNF-related apoptosis-inducing ligand.

3.2. Pro-apoptotic proteins
3.2.1. BAX and BAK

BAX and BAK, pro-apoptotic members of the Bcl-2
family, cause MOMP by forming large pores in the outer
mitochondrial membrane through conformational changes
and oligomerization®"*?. Dysregulation of BAX, often
through suppression or mutation, is commonly observed
in cancer, with reduced expression of BAX associated with
poorer prognosis®**!. In addition, deficiency in BAK, along
with BAX, significantly inhibits mitochondrial-mediated
apoptotic cell death®!. Studies have identified pro-apoptotic
BAX mutations in colorectal cancer (CRC), which contribute
to resistance against anti-cancer therapies®. Alterations
in the BCL-2/BAX ratio have also been implicated in
chronic lymphocytic leukemia®. Furthermore, intrinsic
pathways can be disrupted in cancer through mechanisms
such as reduced expression of Apaf-lin melanoma due to
abnormalities in promoter methylation®®l.

3.2.2. Cytochrome C

Cyto C, located within the mitochondrial, is a small
spherical ~core-coding protein containing covalently
linked heme groups. Studies on Cyto C-deficient BALB/C
nude mice have revealed that these mice die during mid-
gestation, suggesting that Cyto C is a protein essential for
organism development and mitochondrial adenosine
triphosphate (ATP) production!'®. Functioning as a
crucial signaling molecule, Cyto C initiates apoptosis by
activating downstream cysteine cascades. The BAX/BAK
pore mediates the release of Cyto C and mitochondrial DNA
(mtDNA) from the mitochondria®!. Moreover, Cyto C plays
an irreplaceable role in ATP generation and cell survival.
Through its interaction with Apaf-1, Cyto-C forms an active
apoptosome, thereby initiating caspase-9 activity and the
downstream caspase cascade. Furthermore, Cyto C plays a
vital role in both the clearance and generation of ROS!1%3),
In summary, Cyto C is an integral component in apoptosis.

3.2.3. Caspase family

Caspases are key factors associated with apoptosis, serving
as both initiators and executors of cell death. Major initiator
caspases include caspase-2, -8, -9, and -10, while executors
caspases include caspase-3, caspase-6, and caspase-7, which
are accountable for cleaving cellular components!'*¥. Various
regulators of apoptosis modulate the caspase enzyme system.
Notably, caspase-3 (CPP32, YAMA, or apopain) stands out
as the most relevant enzyme in apoptosis!'®>1%. Caspase-3
plays a pivotal role in cleaving numerous critical proteins,
such as poly(ADP-ribose) polymerase (PARP), leading to
the activation of cysteine aspartate proteases through the
cleavage of critical cellular substrates, which, in turn, results in
important morphological changes in apoptosis"””!. Cleaved
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Table 2. Classification of apoptotic proteins

Classification of Specific Specific proteins Function References
apoptotic proteins families
Pro-apoptotic proteins Caspase family Caspase-2, -8, -10 Apoptosis activator caspases [74]
Caspase-3, -6, -7 Downstream apoptosis executioner caspase [74]
Caspase-1, -4, -5 Downstream substrates of inflammatory mediator caspases [74]
Apaf-1 A critical molecule in the intrinsic or the mitochondrial [85]

Bcl-2 family Bcl-xs, BAK 2, BAK 3,
BAD, BID, BIK, HRK

FAS
P53
Myc
ATM
Anti-apoptotic proteins Bcl-2 family

signal way of apoptosis

(86]

Caspase activator [87]

Monitor and induce apoptosis of abnormal cells [88]
Promote cell proliferation or apoptosis [89]
DNA damage test [90]

Bcl-2, Bel-x], Bel-w, MCL-1, A 1, Bfl-1 [86]

Abbreviations: Apaf-1: Apoptotic protease activating factor 1; ATM: Ataxia telangiectasia mutated kinase; BAD: Bcl-x1/Bcl-2-associated death
promoter; BAK: Bcl-2 antagonist/killer 1; Bcl: B cell lymphoma; BID: Bcl-2 homology 3 interacting domain death agonist; BIK: BCL-2 interacting
killer; FAS: Apoptosis stimulating fragment; MCL-1: Myeloid cell leukemia-1.

caspase-3 is the predominant lytic enzyme that promotes
apoptosis1®1®l Previous studies have detected caspase-3 in
a considerable number of human cancers, including non-
small cell lung cancer!!'”), esophageal squamous carcinoma,
and gastric cancer!!"''?. Recent studies have demonstrated
that RNA interference (RNAi) technology can rapidly and
specifically silence caspase-3 gene expression, offering a new
option for antiapoptotic therapy!?..

3.3. Antiapoptotic proteins
3.3.1.BCL-2

Bcl-2, functioning as a proto-oncogene, serves as a pivotal
regulator for cell death, inhibiting apoptosis and being
closely related to the pathogenesis and resistance to various
anticancer drugs!""*"'7]. Previous research has demonstrated
that elevated levels of Bcl-2 in malignant cells can confer
resistance to apoptosis induced by chemotherapy drugs such
as cisplatin and arsenic trioxide!"'®'?’l. Conversely, inhibition
of Bcl-2 expression can trigger apoptosis in tumor cells.
Overexpression of Bcl-2 has been associated with apoptosis
resistance in a considerable number of human malignant
tumors, including B-cell lymphoma, prostate carcinoma, and
melanoma*12124 Tn addition, previous studies have revealed
overexpression of Bcl-xl in CRC and Kaposi's sarcomal!?>12¢],
Therefore, the overexpression of Bcl-2 and Bcl-xl has been
implicated in cisplatin resistance and malignant tumor
recurrence rates across various cancers, including non-small
cell lung, head-and-neck cancer, and breast cancers!!?-13!,
On the initiation of apoptosis, the scaffolding protein ARTS
facilitates the formation of a ternary complex involving
Bcl-2, ARTS, and XIAP This complex allows XIAP to

ubiquitinate Bcl-2 and degrade it by the proteasome!™™,
thereby highlighting the significant role of Bcl-2 in apoptosis.

3.3.2. Protein 53

The oncogene protein 53 (P53) plays a significant role in
cancer by orchestrating diverse cellular processes such as cell
cycle arrest, apoptosis, DNA repair, senescence metabolism,
and antioxidant responsel'?"13!34, Notably, the activation of
P53 primarily leads to cell cycle arrest and apoptosis!'?!). P53
is among the most frequently mutated or silenced genes in
malignant tumors and has been extensively investigated in
recent years. Its activation serves as a protective mechanism
against tumorigenesis and promotes the efficacy of tumor
eradication therapies. In response to cellular stress,
P53 modulates both intrinsic and extrinsic apoptosis
pathways!"**.  Furthermore, P53 can directly influence
mitochondria, participating in and inducing apoptosis'*.
Mechanistically, interactions between P53 and members
of the Bcl-xl and pro-apoptotic Bcl-2 family liberate the
pro-apoptotic effector BAX/BAK, thereby triggering the
release of Cyto C and activating pro-caspase-31'¥7l. P53-
induced apoptosis involves the regulation of apoptosis-
associated proteins whose expression is controlled by P53.
Furthermore, P53 induces apoptosis by initiating the release
of Cyto C from mitochondria through mitochondrial
translocation**11%, Mutations in the p53 gene are present
in more than half of all human malignancies. Introducing
functional P53 into tumor cells containing mutant P53 can
induce apoptosis and suppress tumor growth. Consequently,
P53 is considered the most critical mediator of tumor cell
apoptosis and is a key target in various anti-cancer therapies,
including chemotherapy and radiation therapy!4-142,
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P53 promotes apoptosis by upregulating the
transcription of pro-apoptotic proteins, including death
receptor 5 (DR5), FAS, and TNF-receptor type I (TNF-
R1), leading to the activation of caspase-8/**4l. Moreover,
P53 induces the activation of PUMA, BAX, BID, Bcl-xl/
Bcl-2-associated death promoter (BAD), BAK, and NOXA
(PMAIP1)®214147]_ One mechanism by which P53 enhances
cysteine protease activation is to induce BID, BAK, and BAX
to increase MOMP#:1#8]. The presence of P53 is significantly
correlated with increased transcriptional activation of ARTS,
a pro-apoptotic XIAP antagonist that counteracts XIAP
inhibition of cysteine proteases, resulting in BID activation
and mitochondrial outer membrane permeabilization2122,
Moreover, P53 plays a key role in germ cell apoptosis
across various animals, including mammals and reptiles.
Its mechanism involves the regulation of apoptosis-related
proteins such as BID, BAX, Bcl-xl, and Bcl-2, as well as death
receptors such as CD95, FAS, Apo-1, and DR5!*),

4. Signaling pathways of apoptosis
4.1. PTEN/PI3K/AKT

PTEN/PI3K/AKT plays a key role in apoptosis and is often
activated in cancer!"™*"*!. Phosphatase and tensin homolog
deleted on chromosome ten (PTEN) is a dual protein
that primarily dephosphorylates phosphatidylinositol
(3,4,5)-trisphosphate, and its activity is lost in human
cancers!'®. PI3K, a lipid kinase, regulates various cellular
processes and is implicated in chemotherapy resistance
in cancer therapy™. AKT, a threonine/serine protein
kinase, serves as a vital downstream effector in the PI3K/
AKT signaling pathway. It exists in three forms: AKT1
(predominantly expressed in most tissues), AKT2 (mainly
found in insulin-sensitive tissues such as the liver, pancreas,
and muscle), and AKT3 (expressed in the cerebrum and
orchis). Phosphorylation of Thr308 and Ser473 activates
AKT, which in turn mediates apoptosis and cell cycle!*1%8],
Numerous studies have illustrated a significant correlation
between increased expression of Bcl-2 and aberrant activation
of the PTEN/PI3K/AKT signaling pathway!*1®?l, However,
further investigation of this signaling pathway is essential for
gaining insights and developing strategies for cancer therapy.

4.2. AMPK/AKT

Adenosine 5‘-monophosphate(AMP)-activated protein
kinase (AMPK) is an energetic cell sensor and plays an
essential role in the apoptosis signaling pathway*?.. It exists
as a heterotrimer complex comprised of o, 3, and y subunits,
where 3 and y serve as regulatory subunits while o serves
as a catalytic subunit. Phosphorylation of threonine residue
172 on the o subunit is a significant process in activating
AMPKUI+16I - AMPK is involved in various biological
regulatory processes, including apoptosis, proliferation,

and autophagy!"®®l. It regulates glucose and lipid metabolism
through its interaction with ATP!"%”), adenosine diphosphate
(ADP), and adenosine monophosphate (AMP), thereby
modulating the mitochondrial energy of cells!6%1¢],
The disruption of oxidative phosphorylation results in
a decrease in mitochondrial energy content, leading to
an increase in the ADP/ATP or AMP/ATP ratio and
subsequent activation of AMPK!*. Surprisingly, AMPK
may exert either pro- or anti-tumor effects depending on the
metabolic environment!"”’). Under conditions of metabolic
stress, AMPK may promote tumorigenesis by stimulating
alternative metabolic pathways such as mitochondrial
phagocytosis and fatty acid combustion, thereby promoting
metabolic plasticity. In addition, AMPK interacts with
AKT, a key regulator of nutrient availability. Activation by
AKT promotes glycolysis by upregulating hexokinase-2,
which in turn affects mitochondrial permeability and
apoptosis!'”!. Furthermore, AKT can activate mTORC1/2,
subsequently modulating downstream apoptosis signaling
pathways!!72174],

4.3. MAPK/JNK

The mitogen-activated protein kinase (MAPK) pathway
transmits extracellular signals to regulate apoptosis. Recent
studies have presented different opinions on the role of
the MAPK/JNK pathway in controlling apoptosis under
genotoxic stress. Further understanding of the effect of
MAPK/JNK on apoptosis regulation holds promise for early
cancer treatment prognosis!'”?l. Phosphorylated (p)-JNK
localizes to mitochondria, resulting in mitochondrial
dysfunction characterized by decreased energy supply,
disrupted MOMBP, increased ROS production, and ultimately
leading to apoptosis. This process involves the translocation
of BAX to the outer mitochondrial membrane, leading to the
widening of the pores in the outside membrane and apoptosis
induction. JNK, a member of the MAPK family, also
known as stress-activated kinases, comprises three coding
genes: INK1, JNK2, and JNK3!76177], While JNK1 and JNK2
are generally expressed in various tissues, JNK3 is mainly
expressed in the brain and heart!"”'7%]. Specific stimuli, such as
MKK4 and MKK7, activate JNK through phosphorylation!”!
and regulate the phosphorylation and activity of downstream
factors!'®18l, In summary, MAPK/INK plays a significant
role in mitochondria-induced apoptosis'®l.

5. Apoptosis induction based on cyanine

Cyanine was first discovered by Williams in 1856. It
possesses  fluorescence emission characteristics and
serves as a fluorescent dye!"™. The chemical structure of
cyanine consists of two components: a conjugated chain of
multiple methylene groups and a cyclic structure, such as
an aromatic, heterocyclic, or cyclic alkene, attached at the
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ends or in the middle of the conjugated chain. Cyanines
exhibit excellent properties, such as fluorescence features,
including high molar absorbance, narrow absorption
and emission bands, and compatibility with UV/VIS and
near-infrared (NIR) regions!'®%”). Common cyanine dyes
used for biomolecule labeling, such as DNA and proteins,
include Cy3 (Figure 4A), Cy5 (Figure 4B), and Cy7
(Figure 4C). These dyes can induce apoptosis in cancer cells
by producing ROS or high temperatures, thereby exerting
an anti-tumor effect. Cyanine structures find widespread
applications and can contribute to the anti-tumor effect by
inducing apoptosis in cancer cells.

Photosensitive therapy presents a promising approach
for tumor treatment, including photodynamic therapy
(PDT) and PTT!®]. PDT, in particular, is a highly effective
cancer treatment strategy due to its minimally invasive
nature, effective targeted destruction of tumor cells, and the
significant induction of systemic anti-tumor immunity™®.
This innovative method utilizes photosensitive drugs
in combination with laser activation to target tumors.
Photosensitizing drugs deliver energy to ambient oxygen,
leading to the production of ROS, which exert toxicity and
induce cell death. Compared to traditional therapy,
PDT offers advantages such as enhanced targeting, effective
treatment outcomes, and reduced side effects!'*2,
Notably, PDT-induced apoptosis has been reported to
release signaling molecules that trigger immune cell death,
which is crucial for combating metastatic tumors and

preventing recurrence*?l.

5.1. Small molecule cyanine derivatives

Small molecule cyanine derivatives play an essential role
in tumor therapy. They can exert an anti-tumor effect
by accumulating within mitochondria, leading to the
depolarization of the mitochondrial membrane. This
accumulation triggers the production of ROS, which

Cy5
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Figure 4. (A-C) Cyanine derivatives with different chain lengths. They are
essential in tumor treatment and labeling.

subsequently induces apoptosis or cell cycle arrest in
cancer cells.

5.1.1. Chemotherapy activity

Chemotherapy stands out as a significant approach in
cancer treatment, and small molecule cyanine derivatives
can contribute to this therapeutic strategy. Mitochondria,
being pivotal subcellular organelles, serve as crucial targets
for drug delivery, exerting a crucial effect in apoptosis.
Therefore, inducing apoptosis through mitochondrial
damage presents a viable avenue for tumor treatment.

Cyanine chromophores (Cy7-Cl), a derivative of
heptamethine cyanine dyes developed and synthesized
by our research groups, demonstrate anti-tumor effects
through its chemotherapy activity (Figure 5A). On
localization to mitochondria, Cy7-Clinduces mitochondrial
dysfunction, influencing the expression of BAX and Bcl-2
through AMPK signaling. This process leads to a reduction
in mitochondrial membrane potential and ATP content.
Furthermore, Cy7-Cl affects the release of free Cyt C from
mitochondria to the cytoplasm, thereby increasing ROS
content and stimulating the activity of cleaved-caspase 3,
ultimately inducing apoptosis in CRC cells.

Mitochondria are central organelles in the intrinsic
apoptosis pathway of 2,2’- and 4,4’- cyanines (Figure 5B).
Kadigamuwa et al. have demonstrated that these compounds
can accumulate in mitochondria at high concentrations,
resulting in mitochondrial membrane depolarization, ROS
production, and apoptosis of cancer cells!*4l.

Yang et al. found that D112 (Figure 5C) induces
caspase  activation, mitochondrial  depolarization,
phosphatidylserine externalization, and Cyto C release,
consequently activating caspase-9 and eventually
inducing cell apoptosis. High doses of D112 trigger the
mitochondrial apoptosis pathway, while low doses induce
apoptosis and cell cycle arrest dependent on mitochondrial
dysfunction. These results suggest that D112 is a potential
small molecule warranting further investigation!"*.

Patil et al. synthesized cyanine-based 3-methoxy pyrrole
and other cyanine derivatives, including 7n (Figure 5D)
and 7p (Figure 5E), which localize to the mitochondria
of HeLa cells and induce cell damage. These small
molecules interfere with anti-apoptosis (Bcl-2/Bcl-xl) and
pro-apoptosis (BAX) proteins, produce ROS, arrest the
cell cycle in the GO/GI1 phase, activate caspase-3/9, and
ultimately induce apoptosis of cervical cancer cells! .

Chitooligosaccharides (COS) found in shrimp and crab
shells exhibit promising anti-tumor activity and hold potential
as adjuvant therapy alongside other chemotherapy drugs!**?.
COS-Cy7, synthesized by Zhai et al, has demonstrated
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anti-tumor effects in vitro. It influences the proliferation,
apoptosis, and ROS production of renal cancer cells, leading
to G2/M phase arrest, apoptosis, and mitochondrial damage
in a ROS-dependent manner. These findings suggest that
COS-Cy7 may emerge as a potential therapeutic agent for
tumor therapy, particularly for renal cancer™. Therefore,
COS-Cy7 can induce apoptosis in cancer cells through a
ROS-dependent mechanism, thereby exerting its anti-tumor
effects.

5.1.2. PTT activity

Phototherapy is a local treatment approach offering several
advantages, including minimal invasiveness, precise
temporal and spatial control, and low susceptibility to drug
resistance'*l. Among the primary phototherapy methods,
PTT and PDT have gained significant attention in cancer
research.

Photodynamic  therapy involves the wuse of
photosensitizers and molecular oxygen under laser
irradiation of specific wavelengths to produce ROS, which
exert substantial toxicity against tumor cells. In addition,
PDT can inhibit tumor angiogenesis and activate anti-
tumor immunity, thereby indirectly impeding tumor
growth and metastasis!**-21,

Liu et al. developed a novel cyanine photosensitizer,
Cy-N-Rh, designed for PDT (Figure 6A). This
photosensitizer demonstrates excellent mitochondrial
co-localization ability and can induce apoptosis by
producing intracellular ROS, exhibiting low dark toxicity,
elevated phototoxicity, and excellent biocompatibility*2l.
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Zhao et al. synthesized CYBF2,a cyanine photosensitizer
tailored for cancers PDT. Compared with traditional
anthocyanin  photosensitizers ~(Figure 6B), CYBF2
displays red light (660 nm) photosensitivity and enhanced
photostability. By producing ROS in cell mitochondria,
CYBF2 effectively triggers cancer cell apoptosis through
mitochondrial damage™®!.

The study conducted by Kulbacka ef al. investigated the
effects of four cyanine derivatives, namely KF-570, HM-118,
FBF-749, and ER-139, on malignant adenocarcinoma cells.
Their findings revealed that HM-118 and KF-570 could
induce apoptosis, necrosis, and autophagy in malignant
adenocarcinoma cells®2%l.  Specifically, HM-118 was
observed to induce apoptosis and reduce clonogenic ability
in these cells, while ER-139 produced ROS upon irradiation,
causing oxidative damage in malignant adenocarcinoma
cells. This oxidative stress may induce cancer death through
apoptosis, necrosis, and autophagy”..

Furthermore, cyanine derivative IR-775 has
demonstrated  anti-tumor  effects. = Waszkiewicz
et al. investigated the impact of cyanine IR-775 and
2-methoxyestradiol on ovarian and breast cancer cells
(MDA-MB-231 and SK-OV-3). Their research revealed that
IR-775 and 2-methodestradiol induce cancer cell apoptosis
through PDT, thus exhibiting anti-tumor properties!*.

In addition, Krejcir et al. identified a novel anticancer
molecule, a pentamethinium salt derivative (salt 1) (Figure 6C).
Their study demonstrated that PDT targeting the mitochondria
of tumor cells using salt 1 can disrupt mitochondrial structure,
reduce cell metabolism, induce autophagy, and ultimately
trigger apoptosis in cancer cells?%2%%),
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Figure 5. (A-E) Various cyanine compounds. These cyanine compounds can induce cancer cell apoptosis through chemotherapy, thus exerting anti-tumor

activity.
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Figure 6. (A-H) Different small molecule cyanine compounds. These compounds can induce cancer cell apoptosis through PDT, thus exerting anti-tumor activity.

Wezgowiec et al. proposed the discovery of two cyanine
compounds, namely IR-775 (Figure 6D) and IR-786
(Figure 6E), which have been demonstrated to act on
MCEF-7/WT cells through PDT without inducing any side
effects on these cells. These compounds hold promise as
antitumor agents capable of inducing cancer cell apoptosis
through PDT®". In addition, IR-786 demonstrates potential
as a molecular probe for fluorescent biological imaging'!l.

Cai et al. designed and synthesized three lysosome-
targeted fluorescent probes, namely, HCL 1 (Figure 6F),
HCL 2 (Figure 6G), and HCL 3 (Figure 6H), based on
the structure of Cy7. Lysosomes play a critical role in
cell survival and apoptosis. On irradiation, both HCL 1
and HCL 3 are capable of producing ROS and inducing
cell apoptosis. Meanwhile, HCL 2 exhibits effective tumor
targeting and demonstrates a PDT effect in vivo'?.

PTT, which incorporates both PDT and PTT, has emerged
as a tumor ablation method for treating various types of
cancer. PDT can enhance the sensitivity of tumor cells to PTT
by modulating the tumor microenvironment. In contrast,
the heat produced by PTT can increase blood flow, enhance
oxygen supply, and increase the therapeutic efficacy of PDT.
Therefore, the combined therapy of PDT and PTT can induce
apoptosis of cancer cells by producing high temperature or
ROS, thereby exerting an anti-tumor effect??.

IR-783, a NIF heptamethine cyanine dye with cancer-
targeting properties, exhibits anticancer effects (Figure 7A).
On one hand, as reported by Li et al., IR-783 inhibits
the proliferation and migration of breast cancer cells.
It exerts a dose- and time-dependent inhibitory effect
on MDA-MB-231 and MCF-7 cancer cells by inducing

G0/G1 phase cell cycle arrest and reducing ATP levels.
These findings indicate that IR-783 holds promise as a
potential new drug for breast cancer treatment®'l. On the
other hand, Tang et al. and Hou et al. observed that IR-783
reduces the activity of MDA-MB-231 cells and facilitates
apoptosis in breast cancer cells by inducing mitochondrial
fragmentation®>?'¢l, In addition, certain studies have
demonstrated that IR-783 exhibits cancel cell uptake and
accumulation, targeting brain, prostate, and colon tumors,
with minimal toxicity to normal tissues®'”-*'?!. Furthermore,
IR-783 can reduce the activity of cancer cells through both
PTT and PDT®2222U, With its broad-spectrum anticancer
activity and specificity for prostate, bladder, and breast
cancer, [R-783 holds promise as a promising NIRF dye!22222],

Cao et al. modified the indocyanine green derivative
Cy7 with a heavy atom iodine to form a new NIR dye
called Cyl. Through PPT and PDT, CyI can rapidly and
simultaneously generate ROS and heat, inducing increased
cancer cell apoptosis and a higher inhibition rate in deep
tumors. Importantly, while maintaining its fluorescence
characteristics, Cyl can be used for non-invasive in vivo
imaging!'®®l.

Sun et al. synthesized the near-infrared fluorescent
small molecule compound IR-817 through the oxidation-
reduction reaction of IR-808 and choline, providing
an integrated approach to diagnosis and treatment
(Figure 7B). IR-817 exhibits maximum absorption and
emission peaks at 764 nm and 790 - 820 nm, respectively,
within the NIR region (700 — 900 nm). The anti-tumor
mechanism of IR-817 involves promoting the expression of
BAX and inhibiting the expression of Bcl-2 protein, thereby
increasing the BAX/Bcl-2 ratio and further triggering the
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IR-783 B

Figure 7. (A-B) Different small molecule cyanine compounds. These
compounds can induce cancer cell apoptosis through PTT and PDT
combined therapy, thus exerting anti-tumor activity.

caspase cascade reaction, leading to apoptosis of melanoma
cells. In addition, IR-817 induces GO/G1 cell cycle arrest
by targeting E2F/Cyclin/CDK signaling pathway without
causing apparent toxicity and side effects. Therefore, this
mitochondrial-targeted therapeutic drug, IR-817, holds
promise for early diagnosis, real-time monitoring, and
drug treatment of tumors?..

5.2. Polymer nanoparticles
5.2.1. Chemotherapy activity

Encapsulating chemotherapy drugs in nanoparticles can
reduce toxicity by enabling targeted delivery and controlled
releasel®!,

In a study by Zhang et al, a novel tumor-targeting
nanomedicine named AS1411-T-5-FU was developed to
enhance the therapeutic effectiveness against breast cancer.
This nanomedicine incorporates Cy5, a fluorescent probe
utilized for labeling DNA tetrahedrons, which improves
their photostability without compromising their essential
function. AS1411-T-5-FU offers many advantages, such
as structural stability, biocompatibility, significant toxicity
to cancer cells, and the ability to selectively target cancer
cells. The mechanism of action of AS1411-T-5-FU involves
inducing mitochondrial apoptosis, highlighting its
potential as a promising novel anti-cancer drug with potent
efficacy and selective toxicity on breast cancer cells??l,

5.2.2. Photothermal activity

Nanoparticle-based phototherapies, such as PTT and PDT,
represent promising approaches for tumor eradication.
These therapies not only directly target undetectable
tumors and metastatic cancers but also hold the potential
for treating other conditions, such as melanoma, and
overcoming drug resistance. In addition, they can activate
systemic immune responses by modulating the tumor
microenvironment?”),

Photodynamic therapy exerts its anti-tumor effect by
generating ROS and free radicals through interactions
with the plasma nano-platform of the local electric field.

These species exhibit cytotoxicity with a short half-life and
low diffusion, ultimately leading to tumor cell apoptosis,
autophagy, and necrosis®!.

In a study by Zhang et al, folate (FA) and Cy7-
modified chitosan (CF7) were chemically synthesized and
developed into self-assembled nanoparticles (CF7Ns) for
tumor-specific imaging and PDT. Experimental results
demonstrated that CF7Ns induced apoptosis in HeLa cells
on NIF light irradiation, thereby improving the therapeutic
efficacy®®. CF7Ns show significant promise as tumor-
targeting agents®*,

Rizvi et al. designed Cy5.5-coupled self-assembled
peptide nanoparticles (f-SAPNs), denoted as Cy5.5-
c'RGD-KLAK'. Their study revealed that Cy5.5-c could
produce ROS, disrupt mitochondrial membranes, activate
caspase-3 enzymes, and induce apoptosis in cancer cells??*.,

PTT and photodynamic therapy primarily utilize
NIR and nanoparticles, serving as photosensitive and
photothermal agents. In PTT, gold nanoparticles produce
heat upon activation by specific wavelengths of light,
effectively killing cancer cells. Similarly, PDT involves the

production of ROS by gold nanoparticles to induce cancer
cell death.

Han et al. developed Mito-Cy-Tfs, a mitochondrial-
targeted fluorescence probe comprising three components:
(i) NIF heptamethine cyanine as a fluorescence signal
converter; (ii) trifluoromethyl sulfonamide as a fluorescence
regulator; and (ili) lipophilic triphenylphosphonium
cation as a mitochondrial guide. This cyanine derivative
demonstrates apoptotic characteristics, such as alteration
in the BAX/Bcl-2 ratio and the expression of Cyto C,
cleaved-caspase-3, and cleaved-PARP>Y],

Heptamethyl cyanine dye (HMCD) exhibits excellent
tumor specificity and selectivity, capable of inducing
apoptosis through mitochondrial damage, making it a
promising candidate for treating brain tumors**!.. HMCD
dyes are used for imaging due to their optimal NIF emission
and excellent photophysical properties. Furthermore, they
hold potential as effective drug carriers for brain tumor
treatment (Figure 8).

HA-PEG-CyI (HPC) is novel therapeutic nano-carriers
developed by Chi et al. Under 808 nm laser irradiation, HPC
can produce ROS and elevate the temperature, triggering
apoptosis and necrosis at the tumor site. HPC-induced cell
death may initiate a range of acute inflammatory reactions,
resulting in systemic immune induction and secondary
death of tumor cells, further reducing tumor recurrence®?.

Yu et al. developed nano-ethanol loaded with IR-808
(IR-808-ES) as a novel nanoparticle-based photosensitizer
for transdermal PDT/PTT of hypertrophic scars (HS).
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HMCD

Figure 8. Cyanine polymer nanoparticle compounds. These compounds
can induce cancer cell apoptosis through PDT and PTT, thus exerting
anti-tumor activity.

Invivo experiments have validated that IR-808-ES enhances
the efficacy of PDT/PTT treatment on HS by promoting
apoptosis in HS tissue and facilitating the remodeling of
collagen fibers. Consequently, IR-808-ES holds promising
potential for clinical trials*.

6. Conclusion

Cancer persists as the leading cause of mortality
globally, presenting a substantial challenge to humanity
and imposing a significant socioeconomic burden on
countries. Despite the availability and significant progress
in various cancer treatment strategies, including those
approved for clinical use, chemotherapy continues to
stand as the most widely recognized therapeutic measure.
However, its utility is limited by a range of side effects, such
as hepatotoxicity, cardiotoxicity, and nephrotoxicity'™.
The principal focus of these treatment strategies revolves
around inducing the death of tumor cells, which can occur
through various pathways, including apoptosis, necrosis,
autophagy, ferroptosis, copper-induced cell death, and
pyroptosis®21%. Recent endeavors in cancer treatment
have underscored the significance of targeting apoptosis
for the effective eradication of tumor cells®!. Cyanine
emerges as a promising candidate to fulfill this demand,
offering several advantageous properties, such as favorable
properties inherent to cyanine, excellent biocompatibility,
and low toxicity. However, cyanine also presents certain
limitations, notably the lower fluorescence quantum
efficiency of cyanine dyes compared to other dyes,
alongside the tendency for cyanine dyes with multichain
structures to aggregate. Presently, numerous studies have
elucidated the ability of cyanine and its derivatives to
regulate apoptosis in tumor cells. However, the majority of
these studies focus on cyanine-induced apoptosis through
PPT and PDT, with limited studies on cyanine-induced
tumor cell apoptosis through chemotherapy. Moreover, the
direct targets of cyanine and its derivatives remain unclear
in many studies, consequently impeding their translational
utilization. Therefore, cyanine-induced tumor cell

apoptosis remains a significant topic necessitating further
exploration.
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Abstract

Antimicrobial resistance (AMR) has emerged as an escalating health issue in the
global public health arena. To evaluate and predict AMR, it is of utmost importance to
identify and characterize both the known and unknown genes responsible for AMR.
While known genes can be readily detected, identifying unknown genes present a
challenge. In this study, we developed the plasmid K fragment (pKF) by modifying
the pUC19 vector, specifically by removing the multiple cloning site and introducing
a Prom-RBS sequence. pKF was used for amplification of K fragment that contains
a ribosomal binding site (RBS), and promoter at both ends and plasmid origin of
replication. The functionality of added Prom-RBS sequence and K fragment as a
cloning vector was tested by cloning chloramphenicol resistance gene amplicon and
erythromycin resistance gene from genomic DNA, respectively. The cloning experiment
demonstrated the usability of this newly developed cloning method with K fragment.
Kfragment is an innovative vector that can be easily obtained through amplification by
polymerase chain reaction and lacks antibiotic resistance markers. This novel approach
is convenient to use since it allows cloning of resistance genes at all orientations and
this flexibility can be maneuvered by changing restriction enzymes for primers and
fragments. With these distinctive features, this vector stands out to be a versatile tool
for cloning both known and unknown resistance genes, and the improved method
with K fragment enables the microbiological and molecular characterization of cloned
genes. K fragment can be utilized for cloning of resistance genes in bacteria originated
in different environments without having to perform bacterial culture. We believe
that the convenience brought by this technique could lend itself efficient in the battle
against the growing AMR crisis through pre-emptive identification of resistance genes.

Keywords: Antimicrobial resistance; Resistance gene; Cloning vector; Cloning method;
K fragment

1. Introduction

The World Health Organization has declared antimicrobial resistance (AMR) as one of
the most important health problems in the world and more than 750,000 people die due
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to AMR each year!". Without showing signs of decreasing,
the mortality rate has been projected to reach 10 million in
2050 if necessary and effective steps are not taken to curb
AMR!™. The treatment options effective for controlling
the infections caused by antimicrobial-resistant pathogens
are dwindling due to the emergence of new resistance
genes and the spreading of resistant strains®*. One of the
drivers promoting the dissemination of AMR is the usage
of antibiotics for the treatment of infections in animals and
humans, and as a food additive to promote the growth of
livestock®™®. Due to prevalent usage, the antibiotics remain
active and accumulate in the environment”!. The antibiotic
resistance genes appear naturally or due to antibiotic
pressure. However, the dissemination of the resistance
genes can be accelerated by the antibiotic pressure in
the environment, even if the genes occur naturally®.
Therefore, the alarming rise of the AMR scene is a wake-up
call for the improvement of new and efficient techniques
for the detection of known and unknown antibiotic
resistance genes derived from various environments,
which is first crucial step for gauging the gravity of the
antibiotic resistance problem and formulating solutions to
overcome this issue.

In fact, investigations on antibiotic resistance genes are
an ongoing effort in the wake of the emergence of antibiotic-
resistant strains in clinical isolates and the insufficient
treatment of infectious diseases. Phenotypic methods such
as antibiogram and microdilution, as well as genotypic
methods such as polymerase chain reaction (PCR), are
standard methods used in detecting antibiotic resistance in
the microbes!”. However, phenotypic methods are unable
to identify the gene or the dominant resistance gene/
mechanism contributing to antibiotic resistance, and a
culture of microorganisms is needed if phenotypic methods
are employed. On the other hand, genotypic methods like
PCR cannot be used to detect unknown resistance genes
and even the detection of a part of the gene cannot be a
corroborative evidence of antibiotic resistance. Cloning of
antibiotic resistance genes is a more reliable method, and
it has been used to clone the genes from different sources
using cloning vectors''?. Functional metagenomics
stand as another molecular option for cloning antibiotic
resistance genes from different sources™!. However, the
main limitations of this method are as follows: (i) The
resistance gene intended to be cloned already exists in
the vector and (ii) the high costs and tremendous efforts
involved in obtaining the vector needed. In this study, we
constructed an extraordinary vector, PCR-based vector
named K fragment and conceived a cloning method
involving the K fragment. Our results showed that PCR
amplicons generated from the amplification using the
constructed vector contains plasmid origin of replication

sequence that can enable cloning of antibiotic resistance
genes.

2. Materials and methods

2.1. Bacterial strains, culture conditions, and
antibiotics

Escherichia coli DH10B strain was used as a host organism
for cloning experiments. Staphylococcus aureus ADU1
and S. aureus ADU2 strains having chloramphenicol
and erythromycin resistance, respectively, were obtained
from our clinical isolates. They were cultured at 37°C in
aerobic conditions. Tryptic soy broth and agar were used
for cultivation.

Ampicillin, chloramphenicol, and erythromycin
were used in this experiment, with final concentrations
of 100 pg/ml, 10 ug/ml, and 10 pg/ml, respectively. In
addition to ampicillin, 50 ug/ml X-gal (5-bromo-4-
chloro-3-indolyl B-D-galactopyranoside) and 1 mM IPTG
(isopropyl -D-1-thiogalactopyranoside) were used for the
preparation of AXI selective medium.

2.2. Plasmid isolation

Plasmids were isolated using Presto™ Mini Plasmid
Kit (Geneaid, China) according to the manufacturer’s
instructions.

2.3.DNA isolation

DNA was extracted from S. aureus ADU1 using DNA4PCR
(RTech, Turkey). Briefly, colonies were suspended in
distilled water. After centrifugation, the pellet was
suspended in DNA4PCR solution. The suspension was
incubated at 56°C for 20 min. After vortexing, samples were
incubated at 100°C for 8 min. Following centrifugation,
the supernatant was used as a DNA source.

Total DNA of S. aureus ADU2 was isolated with
Bacteria Genomic DNA Purification Kit (Genemarkbio,
Taiwan Region). The lysozyme treatment was carried out
with a slight modification. Lysostaphin solution with a
final concentration of 5 ug/ml was added. The remaining
steps were processed according to the manufacturer’s
recommendations.

2.4. DNA manipulations

Restriction reactions were performed using FastDigest
enzymes (Thermo Scientific™, USA). For digestion
with one enzyme, 10 ul of DNA, 2 ul of 10x buffer, 1 pl
of restriction enzyme, and 6 ul of water were mixed. To
perform double digestion, 1 pl of each enzyme and 6 pl
of water were pooled together before being added to the
reaction mixture. The reaction mixtures were incubated
at 37°C for 15 min. For DNA ligation, T4 DNA Ligase
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(Thermo Scientific™, USA) was used. Briefly, 10 ul of DNA,
2 ul of 10x buffer, 1 pl of T4 DNA Ligase (5 Weiss U/ul), and
7 ul of water were mixed. The mixtures were incubated at
22°C overnight. S1 Nuclease enzyme (Thermo Scientific™,
USA) was used for blunting DNA ends. Briefly, 10 pl of
DNA, 6 ul of 5x buffer for S1 Nuclease, 1 ul of S1 Nuclease
(1 U/ul), and 13 l of water were mixed and incubated at
room temperature for 30 min. For the phosphorylation
of DNA, T4 Polynucleotide Kinase (T4 PNK) was used.
Briefly, 10 ul of DNA, 2 ul of 10x buffer, 2 ul of 10 mM
ATP, 1 ul of T4 PNK (10 U/ul), and 5 ul of water were
mixed and incubated at 37°C for 20 min.

2.5. DNA purification

During all experiments, DNA samples were purified using
a PCR clean-up kit (Invitrogen, US).

2.6. Amplification of K fragment

PCR reactions commenced with initial denaturation at
95°C (4 min), followed by 35 cycles of denaturation at 95°C
for 1 min, annealing at 55°C for 1 min, extension at 72°C
for 30 s to 2 min (depending on the length of amplicon),

and final elongation at 72°C for 5 min in a reaction volume
of 50 ul. PCR was executed in a T100 thermal cycler (Bio-
rad laboratories, Inc, USA). The sequences of primers used
in this study are given in Table 1. A total of 4 primers pairs
were designed which contain restriction sites for HindIII,
EcoRI, Pst], and BamHI. K fragment amplified with BamHI
restriction site may also be used for total DNA fragmented
with Sau3al restriction enzyme.

2.7.Sequencing

The cloned DNA fragments were sequenced using primers
used for amplification with Sanger sequencing (Medsantek,
Turkey).

2.8. Preparation of competent cells and
transformation experiments

The competent cells were prepared from E. coli DH10B
strain, and the transformation process was conducted
using the calcium chloride method™!. Competent cells
were also prepared from S. aureus RN4220 strain, and
the transformation process was executed by means of
electroporation™. During the electroporation process,

Table 1. Sequences of primers used in this study and their intended purpose, and Prom-RBS sequence

Primer Sequence (5’ > 3’) Intended purpose

P1 TATATATATATTGTCAACAGACCAAGTTTACTCATATATAC For inserting

P2 CGGCTAGCATTATATATATATATATATTGTCAACAGACC Prom-RBS

P3 AGCTGTACCTCCTTACGGCTAGCATTATATATATATA

pUCPR GACAGTTACCAATGCTTAAT

prmtrSeq GATCTCAAGAAGATCCTTTG

promHF ATGCAAGCTTAGCTGTACCTCCTTACGGC For functionality

promER ATGCGAATTCAGGGCGACACGGAAATGTTG ;f:;ii%;é;“se“ed

cat-HF ATGCAAGCTTATGACTTTTAATATTATTG

cat-ER ATGCGAATTCCTAAATCCAATCATCTAC

K-F AGCTGTACCTCCTTACGGC For testing K fragment

K-R AGGGCGACACGGAAATGTTG as a vector for
antibiotic resistance

K-HF ATGCAAGCTTAGCTGTACCTCCTTACGGC gene cloning

K-HR ATGCAAGCTTAGGGCGACACGGAAATGTTG

K-EF ATGCGAATTCAGCTGTACCTCCTTACGGC

K-ER ATGCGAATTCAGGGCGACACGGAAATGTTG

K-PF ATGCCTGCAGAGCTGTACCTCCTTACGGC

K-PR ATGCCTGCAGAGGGCGACACGGAAATGTTG

K-BF ATGCGGATCCAGCTGTACCTCCTTACGGC

K-BR ATGCGGATCCAGGGCGACACGGAAATGTTG

KseqF CAACATTTCCGTGTCGCCCT For sequencing the

KseqR GCCGTAAGGAGGTACAGCT insert K fragment

Prom-RBS TTGACAATATATATATATATATATATAATGCTAGCTAAGGAGGTACAGCT

Notes: *The underlined sequences show restriction sites; H: HindIII; E: EcoRI; P: Pstl; and B: BamHI; RBS: Ribosomal binding site.
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0.2 cm electroporation cuvette and Ec2 program on
MicroPulser Electroporator device (2.49 kV™! pulse) were
used (Bio-rad laboratories, Inc, USA).

2.9. Design of Promoter-RBS (Prom-RBS) sequence

E. coli-specific promoter was chosen and obtained from an
online resource (http://parts.igem.org)!" and the selected
17 base sequence contains constitutive and repetitive TA
sequence. As Shine-Dalgarno sequence, “TAAGGAGGT”
was used!" and as a spacer, 6 bases, ‘ACAGCT,” were used.
The sequences of Prom-RBS and primers used are listed in
Table 1.

3. Results
3.1.K fragment

The Prom-RBS sequence and its structure are illustrated in
Figure 1A and the schematic representation of K fragment
in Figure 1B. The K fragment contains a promoter and RBS
at both ends. It was necessary to introduce an additional
RBS and promoter sequence, because the fragment with
resistance genes may be inserted in any sense which requires
RBS and promoter for both orientations for expression of
the cloned gene. A plasmid of K fragment (pKF) serving
as the template vector for K fragment was constructed.
The creation of K fragment entailed two processing steps:
(i) Derivation of multiple cloning site (MCS)-free pUC19
(pUC19M), and (ii) construction of pKF vector.

3.1.1. Generation of pUCT19™M

MCS was excised from the pUC19 vector using EcoRI and
HindIII, MCS was removed from pUC19 using these two
enzymes because their restriction sites are found at the ends
of MCS and are suitable for the cleaving of the entire MCS
region. The cleaved DNA with the 5’ overhangs was blunted
with S1 Nuclease. The blunt-ended DNA fragments were
self-ligated and transferred into E. coli DH10B. Contrary

to pUC19, MCS-free pUC19 (pUC19M) formed white
colonies on AXI plate. This was related to the disruption of
lacZalfa gene due to the removal of MCS. To confirm the
MCS removal, the plasmids isolated from transformants
were cleaved by Rsal enzyme, ad pUC19 vector was used
as a control because one of the three restriction sites of
Rsal was found in MCS. Digestion of pUC19 with Rsal
generated DNA fragments in three different sizes (241 bp,
676 bp, and 1769 bp). The digestion of pUC19 ™M with Rsal
led to the formation of DNA fragments in two different
sizes (2010 bp and 676 bp) (Figure 2A). By referring to
the patterns of DNA fragments yielded summarized in
Figure 2B, we could confirm the removal of MCS from the
vector.

3.1.2. The construction of pKF

Prom-RBS sequence designed for this study was introduced
with site-directed mutagenesis to the complementary strand
and opposite direction of the bla,,  gene in pUCI9™* to
facilitate gene expression at both orientations. Three steps
were involved in introducing the sequence due to its length.
The workflow of these steps is illustrated in Figure 3A.
The PCR products produced during the site-directed
mutagenesis process are shown in Figure 3B. Briefly, PCR
was performed using P1 and pUCPR as primers and the
pUCI9ME vector as a DNA source. Then, the amplicon
was used as a DNA source for the second PCR reaction
using P2 and pUCPR primers. The P2 primers contained a
part of the promoter and the RBS sequence that we wanted
to insert. This second amplicon was used as a DNA source
for third PCR reaction which was carried out using P3
primers containing the remaining part of the promoter
and RBS sequence (Figure 3B). The final PCR product was
phosphorylated and self-ligated. The ligand was transferred
to E. coli DH10B, and the colonies grown on ampicillin-
containing agar were chosen for further investigations.
Colony PCR was carried out using prmtrSeq and KsekF

A 3’ -aactgttatatatatatatatatatattacgatcgattcctccatgtcecga-5’
L T T A A O N A
L —\ttgacaatatatatatatatatatataatgctagcfaaggaggtlacagct—3’
Y I
Constutive E. coli ¢7° E. coli Spacer
Promoter sequence consensus sequence
RBS
B sequence
: | Soo" ToooT ToooT |
am | or 1D 1 B-- —>
CAP binding site lacZa AmpR promoter
Prom-RBS ° &k

lac promoter  lac operator

Figure 1. The sequence of Prom-RBS sequence and the schematic representation of K fragment. (A) Prom-RBS sequence includes promoter, ribosomal
binding site (RBS) and spacer sequence. (B) K fragment contains promoter and RBS at both terminals. One of them is ampR promoter, from pUC19
plasmid. The other promoter was designed in this study. K fragment contains a plasmid origin of replication but has no multiple cloning site region.
SnapGene software (from Insightful Science; available at snapgene.com) was used for creating the schematic diagram.
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514 bp Sphl
264 bp Hinll ){

Figure 2. The construction of plasmid K fragment vector. (A) Digestion of MCS-free pUC19 (pUC19%) and pUC19 vectors with Rsal. Lane 1: As a result
of the digestion of pUC19 vector with Rsal, three bands were formed, corresponding to fragment sizes of 1769 bp, 676 bp and 241 bp. Lane 2: Following
the digestion of pUC19™M vector with Rsal, two bands were formed, corresponding to fragment sizes of 2010 bp and 676 bp. M: Lambda-PstI marker.
(B) Removal of MCS from pUC19 vector. MCS was excised from pUC19 vector by cleaving with EcoRI and HindIII enzymes and the vector was then self-
ligated. The excision of MCS from the vector reduces the number of Rsal restriction sites from 3 to 2 in the vector.

PUCPR \KK Teoat be)
—\‘k‘ »
P
l 2838 bp
el =l T=1 N e T
—
PUCPR l L
1093 bp
[Came | [ tacza AT [ ori] B |
e ——
PUCPR l P3
[Came ] [tacza T [on ]  HEN

PromRBS

Figure 3. Insertion of Prom-RBS sequence and confirmation with polymerase chain reaction (PCR). (A) The workflow of insertion to pUC19™ through
the site-directed mutagenesis method. (B) Addition of Prom-RBS into pUC19M. Lane 1: PCR amplicon (2704 bp) obtained using pUC19M as DNA
source and P1-pUCPR primer pair. Lane 2: PCR amplicon (2720 bp) obtained using amplicon from Lane 1 as DNA source and P2-pUCPR primer pair.
Lane 3: PCR amplicon (2735 bp) obtained using amplicon from Lane 2 as DNA source and P3-pUCPR primer pair. M: Lambda-PstI marker. (C) PCR
products amplified from plasmid K fragment (pKF) and pUC19M vectors using prmtrSeq-KsekF primer pair. Lane 1: PCR amplicon was amplified from
pKEF and its size was 1079 bp. Lane 2: PCR amplicon was amplified from pUC19™M and its size was 1031 bp.

primers, and pUC19™M was used as a control. The primers A = = = = 1
used amplify regions that co.ntain I?rom-RBS. Thus, if pKf e Oc a0 ;

was DNA source, the amplicon size was 1079 bp, but if Whoirge || B Aokponte AR \

the Prom-RBS sequence was not inserted into pUC19™CS, Hi il

the amplicon size was 1031 bp (Figure 3C). Furthermore, B

the integration of Prom-RBS into the vector was validated
by sequencing. The linear and circular forms of pKF are
depicted in Figure 4.

3.2. Confirmation of functionality of Prom-RBS on K
fragment

The cloning of cat gene was carried out to improve the

ability of Prom-RBS sequence on K fragment in facilitating
the expression of antibiotic resistance genes. The suitable
restriction enzyme sequences were added to both cat
gene primers and K fragment primers to specify cloning
orientation (Figure 5A). K fragment from pKF vector with
K-HF and K-ER primers and cat from S. aureus ADU1
strain with cat-HF and cat-ER primers were amplified with
designed primers and the amplicons were cleaved with
restriction enzymes (Figure 5B). They were, then, ligated

(IBEoperaten

Figure 4. Linear and circular form of plasmid K fragment (pKF) vector.
The Prom-RBS sequence that was shown with a red arrow was inserted
into the antisense strand of ampR to facilitate expression at this strand.
(A) The linear form of pKF vector. (B) The circular form of pKE.

and transferred into E. coli DH10B cells. The colonies
grown on agar plates with chloramphenicol on which the
transformed E. coli DH10B cells had been plated were
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selected. The resistant colonies were subjected to plasmid
extraction and colony PCR, through which the presence
of K fragment and cat gene was confirmed. The plasmid
was cleaved with EcoRI and HindIII enzymes, generating
K fragment and cat gene bands, measuring at 1861 bp and
626 bp in sizes, respectively (Figure 5C). This result showed
that the Prom-RBS sequence can facilitate the expression
of a resistance gene.

3.3. Usage of K fragment as a vector for antibiotic
resistance gene cloning

To test the employability of K fragment for antibiotic
resistance gene cloning from genomic DNA, genomic DNA
was isolated and subjected to agarose gel electrophoresis
(Figure 6A). In addition to chromosome, a band was
observed near the level of 2500 bp. K fragment was
amplified from pKF vector with designed primers that
have HindIIl, EcoRI, Pstl, and BamHI restriction site
sequences at their 5’ ends. The primers used are K-HF

A

cat-HF cat-ER
Y . 2

1700 bp

815 bp +
514 bp .

and K-HR, K-EF and K-ER, K-PF and K-PR, and K-BF
and K-BR primer pairs (Table 1). The genomic DNA was
digested by HindIII, EcoRI, Pstl, and Sau3al enzymes and
K fragment was digested by the same enzymes, except for
Sau3al, for obtaining compatible cohesive ends (Figure 6B).
K fragment was digested by BamHI to obtain overhangs at
5’ ends of K fragment that are compatible with Sau3al. The
DNA fragments that have the same cohesive ends were
ligated and transferred to E. coli DH10B. The colonies that
grew on erythromycin-containing plate (Figure 7A) were
subjected to plasmid isolation and subsequent PCR-based
examination. To confirm the existence of K fragment, PCR
was performed using K-F and K-R primers. The amplicons
were sequenced with KseqF and KseqR primers. The
sizes of inserts that give erythromycin resistance cloned
in K fragment after the digestion of genomic DNA using
HindIII enzyme were equal to each other at about 2400 bp
(Figure 7B), whereas the sizes of inserts obtained following
the partial digestion of genomic DNA using Sau3al enzyme

1700 bpe

815 bp «
514bp .

Figure 5. Confirmation of the functionality of Prom-RBS on K fragment by cloning cat gene. (A) For the cloning of cat to K fragment according to the
desired orientation, EcoRI and HindIII restriction site sequences were added to the designed primers used for polymerase chain reaction (PCR). Using
primers containing the restriction site sequences, cat fragment could be cloned into K fragment in the desired orientation. (B) Confirmation of the
presence of K fragment and cat fragment in transformants obtained in colonies grown on an agar plate containing chloramphenicol. Lane 1: PCR amplicon
obtained from chloramphenicol-resistant transformants using cat-HF and cat-ER primers. Lane 2: PCR amplicon obtained from chloramphenicol-resistant
transformants using K-HF and K-ER primers. M line: Lambda-PstI marker. (C) K fragment Q cat plasmid. Lane 1: Two bands representing the fragments
of cat (626 bp) and K fragment (2861 bp) generated after digestion of the plasmid with EcoRI and HindIII enzymes. Lane 2: Circular form of K fragment
Q cat plasmid. M line: Lambda-PstI marker.

A

2656 bp
11501 bp 1700/6p
2556 bp

Figure 6. Resistance gene cloning from genomic DNA into K fragment. (A) Genomic DNA of Staphylococcus aureus MRSA ADU?2 strain. Lane 1: The
isolated total DNA and a band that was thought a plasmid with an approximate length of 2500 bp. M line: Lambda-PstI marker. (B) Electrophoresis results
of the genomic DNA of MRSA ADU?2 strain and K fragment digested by HindIII, EcoRI, PstI, and Sau3AI (BamHI) enzymes. Lanes 1, 3, 5, and 7 represent
the electrophoresed products after the digestion of genomic DNA by HindIII, EcoRI, Pstl, and Sau3al, respectively. Lanes 2, 4, 6, and 8 represent the
electrophoresed products after the digestion of genomic DNA by HindIII, EcoRI, Pstl, and BamHI, respectively.
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Figure 7. Experiment results of cloning genes from genomic DNA into K
fragment. (A) Erythromycin-resistant colonies. Erythromycin resistance
gene was cloned into K fragment. The photograph on the left shows the
colonies grown on the plate on which the transformants containing the
erythromycin-resistant gene cloned into K fragment (with the aid of
HindIII enzyme) were plated. The photograph on the right shows the
colonies grown on the plate on which teh transformants containing
the erythromycin-resistant gene cloned into K fragment (with the aid
of Sau3al [BamHI] enzyme) were plated. (B) The colony PCR results
of Erythromycin-resistant colonies. H1 and H2 represent different
colonies were obtained by cloning the erythromycin resistance gene into
K fragment (with the aid of HindIII enzyme). S1-6 represent different
colonies were obtained by cloning the erythromycin resistance gene into
K fragment (with the aid of Sau3al [BamHI] enzyme). P: Positive control,
N: Negative control, M: Lambda-Pst] marker.

were different, measuring at 2000 bp, 2300 bp, and 2700 bp
(Figure 7B). The sequencing results showed that ermC,
erythromycin resistance gene, was cloned in K fragments in
different orientations. The repL gene encoding a replication
protein in Staphylococcus plasmid was cloned to K fragment
together with ermC. These results revealed that ermC
gene was carried by a plasmid in S. aureus ADU2 strain.
The constructed plasmid that can replicate in E. coli was
transferred to S. aureus RN4220 strain by electroporation
for confirmation of its ability to replicate in Gram-positive
bacteria. After transformation, colonies were selected on
erythromycin-containing agar plates and confirmed ability
of the construct containing K fragment and ermC fragment
to replicate in both E. coli and S. aureus.

4, Discussion

Characterization of antibiotic resistance genes from
different sources is the foremost yet important endeavor for
deterring the spreading of AMR. Typically, molecular and
phenotypic methods are employed in the characterization
of resistance genes. In phenotypic methods, however, the

bacteria harboring resistance gene need to be cultivable
under laboratory conditions, but the challenges lie in the
non-cultivability of numerous micro-organisms or the
exorbitant costs and immense labor that need to be invested
for culturing. Molecular methods are ideal for the detection
of known genes but they are incapable of characterizing
unknown genes. Thus, cloning and determining resistance
genes remain the most feasible approach to characterizing
unknown resistance genes. In this study, K fragment was
developed to clone antibiotic resistance genes, and its
functionality was tested by cloning resistance genes from
PCR amplicon and genomic DNA. The present study also
demonstrated the capabilities of the newly developed
method involving K fragment in phenotypic and molecular
characterization of resistance genes.

One of the earliest and most common molecular
methods for resistance gene cloning is shotgun cloning!!”'#l,
Functional metagenomics represent a modified shotgun
method designed for cloning antibiotic resistance genes
from different environmental sources*®). Despite its
usefulness, the shotgun method requires a cloning vector
carrying at least one antibiotic resistance gene as a marker
and thus cannot be used for cloning all antibiotic resistance
genes. K fragment does not carry any antibiotic resistance
gene, and it allows cloning and expression of all resistance
genes. A conspicuous limitation of using K fragment
as a vector is some of the antibiotic resistance cannot be
observed in transformed bacteria, rendering the colony
identification process challenging after the bacteria are
plated on the agar plates. For instance, as the competent
bacteria, E. coli, are intrinsically resistant to vancomycin,
all bacteria will grow on selective media whether or not
it contains vancomycin resistance genes in K fragment!l.
The shotgun method also shares the same limitation. We
believe that K fragment has a great potential in functional
metagenomics for cloning antibiotic resistance gene
obtained from various environments (Figure 8). Another
popular method for the detection of resistance genes is the
total DNA sequencing of a given sample. The metagenomic
method is used for the detection of resistance genes in
total DNA obtained from different sources®?!. However,
the resistance genes detected in metagenomic analysis are
not inconsistent with the phenotypic and microbiological
resultsi?!. Metagenomic methods are still able to detect
DNA sequence of a resistance gene even if it is not complete
or functional, but the detectable entities for this method
category are only limited to the known resistance genes.
Unfortunately, the continuously emerging resistance genes
in future will only add to the inexplicable burden that we
are facing right now with characterizing the enormous
number of unknown resistance genes. Thus, various
approaches have been proposed to efficiently identify
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Figure 8. The advantages of the cloning with K fragment and the comparison with classical cloning.
Abbreviations: AMR: Antimicrobial resistance; MCS: Multiple cloning site; PCR: Polymerase chain reaction; RE: Restriction enzyme.

and characterize unknown genes in a high-throughput
manner. For instance, one of the bioinformatic approaches
involves identifying unknown resistance genes by searching
the conserved regions of known resistance genes*.
A different approach entails detecting the antibiotic
resistance genes by amplifying and cloning different parts
of the integrons®”. The method is incapable of detecting a
large number of resistance genes because many resistance
genes are not carried by integrons. Conventional PCR,
quantitative PCR (qPCR), and microarray hybridization
methods are widely used for the detection of resistance
genes in distinct microorganisms or various samples?),
However, the molecular and metagenomics-based methods
are not capable of showing whether detected genes are
functional and do not contribute to the characterization of
new resistance genes, and most importantly, they are only
able to facilitate the detection of known resistance genes.
To address the limitations of various approaches in the
above, we developed a method in this study that enables
the detection of both known and unknown resistance genes
and facilitates the characterization of all resistance genes.

5. Conclusion

In this study, we developed K fragment, a PCR-based,
antibiotic marker-free vector that allows transcription and
translation of resistance genes in all orientations. These
attributes lend K fragment useful for the cloning of antibiotic
resistance genes. The K fragment can be used for cloning
and functional metagenomics of resistance gene obtained
from different sources, such as wastewater, feces, and soil.
We believe that the vector and new method can facilitate the
pre-emptive identification and characterization of antibiotic
resistance genes in face of the growing AMR crisis.
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Abstract

Microencapsulated epidermal growth factor (EGF) device has been applied topically
for the management of several types of wounds to accelerate wound healing and
prevent scar formation. However, it remains unclear whether such EGF device induced
neoplastic transformation in the skin. In this study, we exploited a well-established
murine B16-F10 melanoma model, coupled with MTT viability and colony formation
assays, to investigate the influence of microencapsulated recombinant EGF (Me-EGF;
brand name NewEpi®) and its ingredients on the tumorigenicity of skin cancer cells
in vitro and in vivo. The results indicated that Me-EGF did not stimulate the viability
nor the anchorage-dependent growth of B16-F10 melanoma cells. Western blot
analysis showed that Me-EGF treatment increased the total and phosphorylated
EGFR expression without affecting the HER2 expression in B16-F10 melanoma
cells. In mice bearing established B16-F10 melanoma, continuous application of
Me-EGF for 14 days did not enhance the melanoma tumor burden compared with
control groups. Immunohistochemical analysis also revealed the similar expression
of proliferative index Ki-67 between Me-EGF-treated melanoma and other groups.
Altogether, these results suggest that the application of Me-EGF device did not
promote the oncogenic potential of B16-F10 melanoma in vitro and in vivo.

Keywords: Melanoma; Epidermal growth factor; Microencapsulation; Me-EGF
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Topical Me-EGF application in melanoma tumor growth

1. Introduction

Epidermal growth factor (EGF) is an important mitogen
and an excellent wound-healing agent, given its biological
functions including regulation of skin cell growth,
proliferation, and differentiation. EGF ligand binds to
its receptor, EGF receptor (EGFR), and induces EGFR
homodimerization or heterodimerization with other
member of ErbB family, including ErbB2/HER2, ErbB3/
HER3, or ErbB4/HER4, thereby triggering downstream
PI3K/AKT or RAS/MEK signaling activation®. EGF
stimulates re-epithelialization by promoting keratinocyte
proliferation and migration to accelerate the healing process
of damaged tissues®. Despite the numerous benefits in
improving chronic wounds and surgical incisions*), the
native EGF protein is easily degradable, especially when in
liquid form, due to poor biological stability.

Through  modification ~ with  polysaccharide
microencapsulation techniques, the microencapsulated
recombinanthuman EGF (Me-EGF) exhibitsimprovements
in protein stability, integrity, and -effectiveness even
after long-term storagel®”. Accumulating studies have
demonstrated that Me-EGF has excellent efficacy to
promote healing and reduce scar formation in several
types of wounds, including cesarean section and burning.
Moreover, Me-EGF also contributes to the rapid repair of
osteoarthritis injury™1°.

The oncogenic potential of EGF remains controversial.
Previous studies indicate that high serum levels of EGF
were found in patient with melanoma. The elevated
EGF levels are associated with melanoma lymph node
metastasis; contrarily, EGF knockdown leads to a
significant reduction of lymph node metastasis and
primary tumor lymphangiogenesis in vivol’?l. However,
some studies showed that EGF possesses anti-tumor
properties. Multiplex cytokines assay reveals that patients
with unresectable in-transit melanoma have a lower EGF
secretion compared with normal healthy controls™.
Besides, EGF administration attenuates the growth of
xenograft tumors derived from A431 human squamous cell
carcinoma cells". Interestingly, the EGF-induced apoptosis
is dependent on the expression status of EGFR and HER2!"*1,
In the present study, we aim to elucidate the influence of
microencapsulated recombinant EGF (Me-EGF; brand
name NewEpi®) and its ingredients on the tumorigenicity of
skin cancer cells using murine B16-F10 melanoma model.

2. Materials and methods
2.1. Cell cultures and reagents

The B16-F10 mouse melanoma cells were purchased
from the American Type Culture Collection (Manassas,

VA, USA). Cells were cultured in Dulbeccos Modified
Eagle Medium (DMEM; Invitrogen, Carlsbad, CA, USA)
containing 10% fetal bovine serum (FBS; Hyclone, Logan,
UT, USA), 2 mM glutamine, 100 mg/mL streptomycin
(Invitrogen; Carlsbad, CA, USA), and 100 U/mL penicillin
at 37°Cin 5% CO, atmosphere. The antibodies used in this
work include p-EGFR antibody (sc-101668; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), p-HER2 antibody
(6B12; Cell Signaling Technology, Danvers, MA, USA),
EGEFR antibody (ab52894; Abcam, Cambridge, MA, USA),
Ki-67 antibody (MA5-14520; Thermo Fisher Scientific,
Waltham, MA, USA), HER-2 antibody (06-562; Merck
KGaA, Darmstadt, Germany), and f-actin antibody
(A5441; Sigma-Aldrich, St. Louis, MO, USA). HER2
inhibitor (CP-724714) was purchased from Selleckchem
(Houston, TX, USA).

2.2. Preparation of Me-EGF

The human EGF (hEGF) is a small polypeptide containing
53 amino acid residues. NewEpi® (Me-EGF), which
contained microencapsulated EGF (10 ug/mL EGF with
0.002% chitosan polysaccharide [Sigma] in excipient
[NaCl, 0.9%]), was provided by JoyCom Bio-chem Co. Ltd.,
Kaohsiung, Taiwan region. Me-EGF was made by JoyCom
with a patented technology that microencapsulates EGF
with polysaccharide to maintain a complete structure
through static electricity stabilized with the negatively
charged EGF to form nanoparticles®'”l. In addition to
being able to coat EGF and maintain the integrity of the
structure, the polysaccharide has good biocompatibility
and biodegradability, can promote wound healing, and is
endowed with antibacterial properties.

2.3. Cell proliferation assay

B16-F10 melanoma cells were cultured in a 96-well
plate at a density of 1 x 10 cells/mL. After being treated
with excipient, polysaccharide, EGF (10 ng/mL), and
Me-EGF (10 ng EGF/mL), respectively, for 24 h and 48 h,
the cells were supplemented with medium containing
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; 0.2 mg/mL) and incubated for 2 h at 37°C.
The formazan in viable cells was dissolved with 100 uL
of dimethyl sulfoxide (DMSO), and the absorbance was
determined using ELISA reader (Dynex Technologies,
Inc., Chantilly, VA, USA) at the wavelength of 570 nm.

2.4. Colony formation assay

Cells were cultured in 6-well plates (1 x 10° cells per
well) and treated with excipient, polysaccharide, EGF
(10 ng/ml), and Me-EGF (10 EGF ng/mL), respectively,
once per 2 days for a period of 7 days. At the end of the
experiment, the cells were fixed in 4% paraformaldehyde
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and incubated in crystal violet (0.01% in 10% buffered
formalin; Sigma-Aldrich, St. Louis, MO, USA) for 30 min,
followed by washing with tap water and air-drying at room
temperature. The number of colonies was photographed
and quantified using Image] software.

2.5. Melanoma animal model

Four-week-old C57BL/6] male mice were purchased from
the National Laboratory Animal Center (Taipei, Taiwan,
Republic of China). Allanimal procedures in this study were
approved by Animal Care and Use Committee (IACUC)
of National Sun Yat-sen University (approval ID: 11128).
To achieve primary melanoma induction, 5 x 10° B16-F10
melanoma cells in 0.1 mL of medium were inoculating into
the back of C57BL/6] mice. After implantation for 7 days,
tumor mass started to develop in the mice. The tumor-
bearing mice were then randomly divided into control,
excipient, polysaccharide, and Me-EGF groups (n = 6 per
group). Each melanoma in mice was treated daily with
topical Me-EGF or other adjuvant (0.1 mL) for 14 days.
The tumor volumes were measured with a dial-caliper
according to the following formula®:

Tumor volume (mm?’) = width* x length x 0.52 (I)

2.6. Histological and immunohistochemical analyses

To examine histological profiles of melanoma tissues
treated with Me-EGF and other adjuvants, the paraffin
sections were deparaffinized, rehydrated, and stained
with modified Mayer’s hematoxylin (ab220365; Abcam;
Cambridge, MA, USA) and eosin solutions (SI-E6003;
Sigma-Aldrich; St. Louis, MO, USA) (H & E). For the
analysis of proliferative index in melanoma tissues,
the paraffin sections were deparaffinized, blocked with
3% hydrogen peroxide for 10 min, and subjected to
antigen retrieval with microwave in 0.01 M citrate buffer
for 30 min. The slides were washed three times with
phosphate-buffered saline (PBS) and then incubated with
Ki-67 antibody (1:500 dilutions in PBS) for 1 h, followed by
incubation with secondary antibody for 30 min. The signal
was detected using a polymer detection system (Zymed
Laboratories, San Francisco, CA). Finally, the slides were
counterstained with modified Mayer’s hematoxylin,
dehydrated, and mounted before microscopic viewing.
The percentage of nuclear Ki-67-positive cells was
counted from five random images at 200x magnification
per melanoma tissue and expressed as mean * standard
deviation (n = 6 each group).

2.7.Western blot analysis

B16-F10 cells were treated with excipient, polysaccharide
(0.002%), EGF (100 ng/mL), Me-EGF (100 EGF ng/mL),

and CP-724714 (1 uM) in DMEM medium containing 1%
FBS for 24 h, respectively. Cell lysates were electrophoresed
by means of sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and afterward, the protein
bands were transferred to polyvinylidene difluoride
(PVDF) membrane. The PVDF membrane was blocked
with 5% skim milk in TBS-T for 1 h and then incubated
with the indicated primary antibodies (1:1000 dilutions
in TBS-T containing 5% FBS) and horseradish peroxidase
(HRP)-conjugated secondary antibodies (1:10000 dilutions
in 5% skim milk) for 1 h, respectively. The signals on the
membrane were detected using chemiluminescent HRP
substrate (Millipore Corporation; Billerica, MA, USA),
and then, the membrane was exposed to X-ray film for
autoradiography.

2.8. Statistical analysis

Data were analyzed using GraphPad Prism 8.0 software
(GraphPad Software, San Diego, CA) and expressed
as mean * standard deviation (SD). One-way analysis
of variance (ANOVA), coupled with post hoc multiple
comparison test using the Tukey procedure, was used to
analyze comparisons involving more than two groups.
A p-value of less than 0.05 was considered statistically
significant.

3. Results

3.1. Administration of Me-EGF did not affect the
viability and anchorage-independent growth of
B16-F10 melanoma cells in vitro

To investigate whether topical application of Me-EGF
increased the risk of skin cancers, B16-10 melanoma cells
were treated with Me-EGF (10 EGF ng/mL) for 24 h and
48 h, respectively. At the end of experiment, the viability
of B16-F10 melanoma cells was determined by MTT
assay. The results showed that Me-EGF and its ingredients
(excipient, EGF, and polysaccharide) had no significant
effect on the proliferation of B16-F10 melanoma cells after
24-h and 48-h incubation (Figure 1). The colony formation
assay results showed that Me-EGF had no significant effect
on the anchorage-independent growth of B16-F10 cells
(Figure 2). Interestingly, polysaccharide exhibited some
cytotoxicity to the colony-forming capability of melanoma
cells. These findings suggest that the application of Me-EGF
did not stimulate the oncogenic behaviors of melanoma
cells.

3.2. Me-EGF topical application did not enhance
the progression of primary B16-F10 melanoma in
C57BL/6J mice

Further, we evaluated the effect of Me-EGF topical
application on the tumor growth of melanoma in
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Figure 1. Effect of Me-EGF and its ingredients on the viability of B16-F10 melanoma cells. Cell viability was determined by MTT assay. Data from triplicate
experiments are expressed as mean + SD; data of the untreated control group are expressed as 100%. ns: Not significant.
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Figure 2. Effect of Me-EGF and its ingredients on colony-forming capability in B16-F10 melanoma cells. (A) Representative images of colonies stained
with crystal violet in control and indicated treatment groups. (B) The number of colonies was calculated and expressed as percentage + SD compared with
the results of control group from three different experiments. **P < 0.01, ns: Not significant.

established primary melanoma mice model. As shown in
Figure 3A, mice were inoculated with B16-F10 melanoma
cells (5 x 10° in 0.1 mL of serum medium/per mouse)
into the back of mice by subcutaneous injection. After
inoculation for 7 days, mice were randomly divided
into four groups (control, excipient, polysaccharide, and
Me-EGF) and treated once every 2 days for a period of
14 days. Mice were sacrificed and their melanoma tissues
were obtained for histological analysis (Figure 3A). The
staining results showed that Me-EGF topical application
did not promote the tumor growth of primary melanoma;

contrarily, a slight growth inhibition relative to the control
group was observed, although the difference was not
statistically significant (Figure 3B and C). Subsequently,
the expression of Ki-67 in Me-EGF and adjuvant-
treated melanoma tissues was detected by means of
immunohistochemical approach. There was no significant
difference in the number of nuclear Ki-67-positive cells
in melanoma tissues between control and treated groups
(Figure 4). Therefore, these results suggest that Me-EGF
topical application does not induce melanoma cell growth
in animal model.
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Figure 3. Effect of Me-EGF and its ingredients on the progression of primary melanoma in mice. (A) Schematic diagram depicting the topical administration
of Me-EGF in primary melanoma model. (B) Photographs of subcutaneous melanoma tissues (red circle) in mice treated with excipient, polysaccharide,
and Me-EGF, respectively. (C) Tumor growth curve of primary melanoma in control and treated groups. Results are expressed as mean + SD (n = 6/group).
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Figure 4. Ki-67 staining of melanoma tissues after treatment with Me-EGF and its ingredients. (A) The representative images of Ki-67 expression in control
group, excipient, polysaccharide, and Me-EGF-treated melanoma tissues. Scale bar: 50 um. (B) Percentage of nuclear Ki-67-positive cells calculated from
five random fields (X200 magnification) per melanoma tissue; results are expressed as percentage + SD (n = 6/group). ns: Not significant.

3.3. Me-EGF increased EGFR expression, but not
HER2 expression, in B16-F10 melanoma cells

Given that the expression of ErbB family members is
related to the development of cutaneous melanoma,™
we thus investigated the effect of Me-EGF and its
ingredients on the EGFR and HER2 protein levels in B16-
F10 melanoma cells. Western blot analysis indicated that
the phosphorylated and total EGFR protein levels were

increased in EGF- and Me-EGF-treated B16-F10 melanoma
cells (Figure 5A). Statistical analysis further revealed that
Me-EGF significantly stimulated the expression of both
phosphorylated and total EGFR protein compared to
control group, although the ratio of p-EGFR/EGFR did
not achieve a statistically significant difference (Figure 5B).
On the other hand, both EGF and Me-EGF did not impact
the HER2 protein levels, regardless of phosphorylated
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Figure 5. Effect of Me-EGF and its ingredients on the expression of EGFR and HER2 in B16-F10 melanoma cells. (A and C) Western blot analysis of
p-EGFR, EGFR, p-HER2, and HER2 expression in B16-F10 melanoma cells treated with adjuvant, Me-EGEF, and CP-724714, respectively. The relative
protein ratio was normalized with B-actin. (B and D) Bar chart showing the protein ratio; results are expressed as mean + SD of data from triplicate

experiments. *P<0.05, **P<0.01, ns: Not signiﬁcant.

levels or total protein levels, in B16-F10 melanoma cells
(Figure 5C and D). These results suggest that Me-EGF is
able to increase EGFR expression, but without affecting
HER?2 protein level in melanoma cells.

4, Discussion

In this study, we used the patented microencapsulation
technology to maintain the integrity of EGF’s oligopeptide
structure consisting of 53 amino acid. Several human
trials have shown that Me-EGE a preparation of EGF
microencapsulated with patented technology, can reduce
the formation of scars during cesarean section as well as
promote wound healing and osteoarthritis repair®1,
To understand the effect of Me-EGF on the growth of
cancer cells, we performed experiments to assess the
tumorigenicity of melanoma treated with Me-EGE
This study showed that Me-EGF and its ingredients
exhibited a slight inhibitory effect on proliferation and
colony-forming capability of melanoma cells, whereas
chitosan polysaccharide treatment displayed a remarkable
inhibitory effect on colony formation. This finding
concords with previous studies reporting that chitosan
and its derivatives have multiple functions, including
antioxidant and antitumor properties™. For example,
chitosan-encapsulated antioxidant compound can inhibit
tube formation of human umbilical vein endothelial
cells and glioma growth in vivo™l. Chitosan treatment

in human breast cancer cells displays an anti-metastatic
activity, which is mediated by the reduction of the activity
and amount of matrix metalloproteinase-9 (MMP-9)
protein!l.

In addition to in vitro cell survival and colony
formation tests, we examined the effects of Me-EGF and
its ingredients on the growth of melanoma in vivo. The
primary melanoma model employed in this study had been
successfully established and tested in previous studies to
evaluate the growth, angiogenesis, and apoptosis of tumor
treated with systemic gene therapy, chemotherapy, and
small peptide drug administration, further corroborating
the reliability and applicability of this model in the
assessment of antitumor efficiency®?!. The present study
showed that both Me-EGF and its ingredients treatment did
not significantly influence melanoma growth. Moreover,
immunohistochemical analysis indicated that there was
no significant difference in the proliferative marker Ki-67
expression in melanoma tissues between control group
and treated groups. These results support that topical
administration of Me-EGF does not increase the risk of
melanoma development.

Numerous studies have reported that the expression
profile of ErbB family is associated with several types
of cancer, including skin cancer®?!. ErbB members,
EGFR and HER2, are constitutively expressed in normal
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skin, while relatively high percentage of HER2/HER3
co-expression or triple expression of EGFR/HER2/HER3
can be detected in basal cell carcinomas and squamous cell
carcinomas compared to normal skin®”. An ONCOMINE
database analysis shows a higher RNA expression of HER3
in cutaneous melanoma than in normal skin tissues,
and under-expression of EGFR and HER2 in cutaneous
melanoma, with EGFR displaying the lowest expression.
There is, however, no significant difference in HER4
expression between cutaneous melanoma and normal skin
tissues™®. In addition, targeting HER2 by pharmacologic
inhibitor is beneficial to the suppression of melanoma cell
invasiveness and growth?!. Taken together, these studies
indicate that HER2 and HER3 play a more important role
in melanoma development. The present study showed that
Me-EGF application is able to increase the phosphorylated
and total EGFR protein levels in B16-F10 melanoma cells,
although the ratio of phosphorylated EGFR to total EGFR
protein does not achieve statistically significant difference.
Nevertheless, Me-EGF application does not contribute to
the activation of phosphorylated and total HER2 proteins
in melanoma cells. Thus, these results indicated that the
administration of Me-EGF might not trigger HER2-
mediated oncogenic signaling pathway. On the other hand,
some clinical studies have shown that treating patients with
recombinant EGF protein did not increase the incidence
of cancer"?. Further studies should be conducted to
investigate whether other ErbB family members, especially
HERS3, are activated in Me-EGF-treated melanoma cells.

We acknowledge several limitations in this study. First,
the topical application of Me-EGE, which is prepared as
liquid-based formulation, posed some challenges in terms
of absorption and penetration, affecting drug adhesion to
the skin surface of mice. Second, the B16-10 melanoma
mouse model may not fully recapitulate the clinical and
genetic features of human melanoma. Future experiments
are warranted to overcome the above-mentioned
shortcomings.

5. Conclusion

Topical Me-EGF application does not promote melanoma
tumor growth in vitro and in vivo.
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Abstract

The frequent use of antibiotics has created favorable conditions for bacteria to
develop resistance. Bacterial resistance is a global health issue, causing at least
1 million deaths worldwide annually. The quest for new and effective antimicrobials
with activities against resistant bacteria demands immediate attention. The use of
nanoparticles as alternatives to conventional antibiotics may have the potential to
combat bacterial resistance. Silver nanoparticles, in particular, have captivated the
interest of most researchers by virtue of their broad-range antimicrobial activity
against bacteria, stemming from their strong biocidal effect on microorganisms.
Conventionally, silver nanoparticles have been synthesized through physical,
chemical, and biological processes. However, the biosynthesis of silver nanoparticles
from the wings of carpenter bees (Xylocopa virginica), abundantly available in
summer in the United States of America, is yet to be explored. In this study, we
report the synthesis of silver nanoparticles using wing extracts from X. virginica.
Subsequently, the biosynthesized nanoparticles were characterized using ultraviolet-
visible (UV-Vis) absorption spectroscopy and scanning electron microscopy (SEM).
Furthermore, we investigated the antimicrobial activity of the biosynthesized
nanoparticles against two common Gram-negative and Gram-positive pathogenic
bacteria, namely, Klebsiella pneumonia, Escherichia coli, Micrococcus luteus, and
Staphylococcus aureus, using microdilution method. The study outcomes indicate
that biosynthesized silver nanoparticles from X. virginica wing extract demonstrated
an absorption band at 440nm, and SEM revealed spherical nanoparticles with
sizes ranging from 20-60 nm. In addition, biosynthesized silver nanoparticles
from the wings of X. virginica exhibited antimicrobial activity against all the tested
bacteria, signifying their potential in biomedical, pharmaceutical, and agricultural
applications.

Keywords: Carpenter bee; Xylocopa virginica; Nanoparticles; Antimicrobial; Bacteria;
Green synthesis
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1. Introduction

The fortuitous discovery of antibiotics about a century ago
led to the identification of a wide range of antimicrobials,
revolutionizing the control of infectious diseases, and
significantly improving health and life expectancy!'?.
However, the inappropriate use of these antibiotics in recent
years has become a key factor contributing to antibiotic
resistance, leading to the emergence of “superbugs’**l.
Antimicrobial resistance poses a global threat, resulting
in the death of at least 1.2 million people every year!”. In
the United States of America, more than 2 million cases
of antimicrobial-resistant infections occur annually,
associated with at least 20,000 deaths®. Consequently,
there is a pressing need for alternative strategies to address
the growing issues associated with antibiotic resistance.

Nanotechnology has captured the attention of scientists
around the world as a potential solution to overcome
bacterial resistance patterns®'?l. Metallic nanoparticles
have demonstrated antimicrobial properties against
bacteria through mechanisms such as oxidative stress,
cations release, or non-oxidative processes. Many
scientists have used various techniques, including chemical,
physical, and green synthesis methods, to synthesize
nanoscale metals with specific shapes and dimensions!*>'7,

Green synthesis, also known as “eco-friendly nano-
factories,” holds greater value than traditional chemical
and physical synthesis. In comparison to chemical and
physical methods, green synthesis is more affordable
and sustainable!®". Green synthesis utilizes various
organisms, such as bacteria, yeast, fungi, algal species,
plants, and even the wings of certain insects, to serve
as substrates for nanomaterial synthesis® 2. Despite
the versatility of green synthesis, there are no existing
reports on the synthesis of nanoparticles from the wings
of Xylocopa virginica. Recognizable by its brightly colored
body and/or wings (Figure 1)), X. virginica, commonly
known as the carpenter bee, is a group of bees that, as
the name suggests, tunnel and nest in wood using their
strong jaws to create galleries for rearing their young. After
7 weeks, newly formed adults leave the tunnels and embark
on foraging for food. The lifespan of adult males is typically
shorter, often around 1 year, with many dying shortly after
mating. In contrast, adult females can live for more than
2 years.

While researchers have explored the antimicrobial
properties of insect wings*?), the wings of X. virginica
have received relatively less attention. Therefore, the present
study seeks to expand the scope of nanotechnological
applications in insects by utilizing deceased adult wings
of X. virginica for the synthesis of silver nanoparticles. The
synthesized silver nanoparticles were thoroughly evaluated

Figure 1. Adult Xylocopa virginica.
Adopted from: https://www.environmentalpestcontrol.ca/bees/carpenter-bee.

for their antimicrobial activities (against bacterial pathogens)
and antioxidant properties. This study introduces an
alternative to chemically produced nanoparticles, presenting
new avenues for scientists engaged in the battle against
antimicrobial resistance.

2. Materials and methods
2.1. X. virginica wings collection and preparation

The wings of deceased X. virginica used in the present
study were collected in June 2022 from the Winston Salem
State University campus in North Carolina, USA, and
transported to the laboratory. In the laboratory, the wings
were gently incised with the aid of forceps, followed by
washing twice with distilled water to remove particulate
matter. Subsequently, the wings were stored in sterile Petri
dishes until needed.

2.2. Biosynthesis and characterization of silver
nanoparticles

The green synthesis of silver nanoparticles from
X. virginica was carried out following previously described
methodologies®2. Briefly, 0.1 g of X. virginica wings was
weighed and added to 10 ml of distilled water, followed by
incubation at 90°C for 60 min. Subsequently, the sample
was centrifuged at 8000 rpm for 10 min. The supernatant
(X. virginica wing extract) was collected, and its pH
was adjusted to neutral. Next, 1 ml of the X. virginica
wing extract was added to 49 mL of 1 mM silver nitrate
(AgNO,) solution at 28 + 1°C for 60 min to synthesize
silver nanoparticles. The formation of nanoparticles was
visually inspected, and the absorbance spectrum of the
reaction was measured using GENESYS™ 180 UV-Vis
Spectrophotometer (Fisher Scientific, USA) within the
range of 200-1000 nm. The spectrophotometer operated
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at a resolution of 1 nm at room temperature. Furthermore,
the biosynthesized nanoparticles were characterized using
a scanning electron microscope (SEM) (JEOL JSM-IT800
HL, JEOL Ltd, Japan) at the Joint School of Nanoscience
and Nanoengineering, University of North Carolina at
Greensboro and North Carolina A and T State University,
Greensboro, North Carolina, USA.

2.3. Antimicrobial activity

The antimicrobial activity of biologically synthesized silver
nanoparticles was evaluated using the broth microdilution
method®?, a simple method employed to determine
the minimum inhibitory concentration. The antibacterial
activity of the biosynthesized nanoparticles was evaluated
against common pathogenic strains of both Gram-positive
(Staphylococcus aureus [ATCC 25923] and Micrococcus
luteus [ATCC 4698]) and Gram-negative (Escherichia
coli 1946 [ATCC 25922] and Klebsiella pneumoniae
NCTC 9633 [ATCC 13883]) bacteria. Bacterial cultures
were treated with different concentrations of the
biosynthesized silver nanoparticles (ranging from 0 - 100
uM) and subsequently incubated at 37°C with agitation
at 120 rpm in a shaking incubator. The experiment was
performed in triplicates to ensure reliability. Bacterial
growth was assessed at 5 and 24 h using a 98-well plate
format Glomaxmulti plate reader (Promega, USA). In
addition, to further observe the antimicrobial activity
of the synthesized silver nanoparticles, untreated and
treated bacterial samples were collected for SEM analysis
following the method described by Tian et al.**- Briefly,
bacterial samples were centrifuged at 8000 rpm for 10 min
and washed three times with phosphate-buffered saline
(PBS). Subsequently, the samples were fixed in 2.5%
glutaraldehyde solution (configured with PBS) overnight
at 4°C, followed by incubation in increasing concentration
of ethanol. The samples were immediately pre-frozen at
—20°C, freeze-dried for 12 h, and observed using SEM.

2.4. Statistical analysis

The data obtained were expressed as means + standard
deviation using GraphPad Prism 8.0. Statistical comparisons
between groups were conducted using the Student’s ¢-test.
Statistical significance was defined as P < 0.05.

3. Results
3.1. Synthesis of silver nanoparticles

X. virginica wings extract reduced silver nitrate into silver
nanoparticles. The change of color fromyellow to darkbrown
(Figure 2) after a 60-min incubation period was strongly
indicated the successful formation of silver nanoparticles.
This phenomenon is attributed to the excitation of the
surface plasmon resonance (SPR) effect, a characteristic

Figure 2. Color variations before and after the reduction of silver nitrate by
Xylocopa virginica wings extract into silver nanoparticles. (A) X. virginica
wings extract with no silver nitrate. (B) X. virginica wings extract with
added silver nitrate.

process in the generation of such nanoparticles. In addition,
confirmation of the biosynthesis of silver nanoparticles was
obtained through UV-vis spectroscopy. The spectroscopic
analysis revealed a maximum peak absorbance at 440 nm
(Figure 3), confirming the presence of the synthesized
nanoparticles.

3.2. SEM analysis of biosynthesized nanoparticles
from X. virginica wings extract

The SEM analysis revealed the size ranges and morphology
of the nanoparticles synthesized from X. virginica wings.
The results indicated the presence of spherical-shaped
nanoparticles with a size range between 10 and 40 nm
(Figure 4).

3.3. Antimicrobial activity of X. virginica-derived
silver nanoparticles

Antibacterial activity of biosynthesized silver nanoparticles
derived from X. virginica was evaluated against
K. pneumonia, E coli, M. luteus, and S. aureus at two time
points (i.e., 5and 24 h). As indicated by the results obtained
through the broth microdilution method, the growth of
all tested bacteria exhibited a reduction with an increase
in nanoparticle concentration (Figures 5-8). The highest
concentration (100 uM) of the synthesized nanoparticles
significantly inhibited the growth of all tested bacteria
compared to the control at both 5 and 24 h (P < 0.05).
Notably, the graphical representations underscored that
Gram-negative strains, K. pneumonia and E. coli, were
most sensitive to the biosynthesized silver nanoparticles,
exhibiting substantial growth inhibition at both 5 and 24 h.

All bacterial samples, including both treated and
control groups, were thin sectioned for SEM imaging
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Figure 3. Ultraviolet-visible spectroscopy depicting the absorption spectrum of 290 uM silver nanoparticles biosynthesized from Xylocopa virginica wings

extract.

Figure 4. Representative scanning electron microscopy micrograph of
biosynthesized synthesized silver nanoparticles derived from Xylocopa
virginica.

to illuminate the mechanism of the antimicrobial
interaction. Specifically, samples treated with 100 uM
of the synthesized nanoparticles and incubated for 24 h
were selected. This selection was based on the observed
manifestation of their most potent antimicrobial effects
among the synthesized nanoparticles at different
concentrations, strongly implying a significant interaction
between the nanoparticles and the surface components
of bacterial cells. As observed in SEM micrographs, the
biosynthesized nanoparticles exhibited aggregation
and interaction on the surface of K. pneumonia, E coli,
M. luteus, and S. aureus (Figure 9B, 9D, 9F, and 9H). In
contrast, these aggregations and interactions were absent
in the control groups (Figure 9A, 9C, 9E, and 9G).

4, Discussion

This study aims to demonstrate a cost-effective
and sustainable approach for the synthesis of silver
nanoparticles involving the utilization of carpenter bees,

X. virginica, and to explore their potential antimicrobial
activity against K. pneumonia, E. coli, M. luteus, and
S. aureus. The distinct color change in the aqueous silver
nitrate solution on interaction with X. virginica wing
extract within 60 min confirmed the reduction of silver
ions to silver nanoparticles, resulting in surface plasmon
vibration®¥, The phenolic compounds present in the
wings were hypothesized to act as reducing and stabilizing
agents in the synthesis of silver nanoparticles, a proposition
turther supported by the well-defined absorption band at
440 nm. The strongest absorption peak observed at 440 nm
correlates with surface plasmon resonance, a characteristic
feature of silver nanoparticles®. The previous studies have
demonstrated that silver nanoparticles exhibit UV-vis
absorption maximum in the range of 400-500nm due to
surface plasmon vibration, as observed in various sources
such as Geranium leaf extract (Strychnos potatorum), wild
mushroom (Ganodermasessiliforme), termites (Mangmao),
and American roaches (Periplaneta americana)@*3),

The size range and morphology of the nanoparticles
synthesized from X. virginica were further confirmed
through SEM micrographs. The SEM micrographs
depict the regular, spherical shape of individual silver
nanoparticles as well as several aggregates, characterized
by smooth edges with sizes ranging from 20-40 nm.
Similar findings were reported by Jakinala et al.*?,
Kagithoju et al.?¥, and Jain et al."V in studies involving
the synthesis of nanoparticles using extracts from
M. mao, Carica papaya, and Pseudomonas canadensis,
respectively. The efficacy of nanoparticles is enhanced by
tailoring their physical characteristics, such as shapel*#,
Spherical silver nanoparticles, in particular, exhibited
the most potent antimicrobial activity against E. coli.
This superiority is attributed to their highest surface
area and smallest size, allowing for a higher release rate
of silver ions and consequently improving antimicrobial
activity,
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Figure 8. Antibacterial activities of Xylocopa virginica-derived silver nanoparticles against Staphylococcus aureus. (A) 5 h after exposure. (B) 24 h after
exposure. *P < 0.05.

Figure 9. Scanning electron microscopy micrographs of bacterial cells in treated and control groups after incubation with Xylocopa virginica-derived
biosynthesized nanoparticles at 24 h. (A) Control Klebsiella pneumonia cell; (B) K. pneumonia cell with nanoparticles; (C) control, Escherichia coli;
(D) E. coli with nanoparticles; (E) control Staphylococcus aureus; (F) control S. aureus with nanoparticles; (G) control Micrococcus luteus; and (H) M. luteus
with nanoparticles. Scale bar: 100 nm.

Biosynthesized silver nanoparticles from X. virginica M. luteus, and S. aureus decreased with an increase in
exhibited potential antimicrobial activity at both 5 and nanoparticle concentration. SEM micrographs (Figure 9)
24 h post-treatment. The growth of K. pneumonia, E. coli, demonstrated that the silver nanoparticles adhered to
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the surfaces, revealing their antimicrobial activity against
these tested microbes. The interaction between silver
nanoparticles and microbes typically occurs through
electrostatic attraction and the affinity of silver ions to
sulfur- and/or phosphorus-containing compounds in
bacterial cells*>*l. OQur data indicate that Gram-negative
bacteria were more sensitive to biosynthesized silver
nanoparticles, corroborating the findings in other studies.
This heightened sensitivity in Gram-negative bacteria
is attributed to their thick lipopolysaccharide layer and
thin peptidoglycan layer in the cell wall*”* In contrast,
Gram-positive bacterial cells, characterized by thin
lipopolysaccharide layers and thick peptidoglycan layers
in their cell wall, demonstrated reduced sensitivity. This
finding suggests that the thick peptidoglycan layers may
limit the uptake of silver nanoparticles*#l.

Silver nanoparticles exhibit high effectiveness against
a broad spectrum of microbes. However, the exact
mechanisms underlying their antimicrobial potential
are still under investigation™!. Recent studies suggest
that on binding to bacterial surfaces, silver nanoparticles
can readily release silver ions, thereby increasing the
permeability of the cytoplasmic membrane and disrupting
cellular components®-?. The disruption of bacterial cell
walls and membranes can result in morphological changes
in bacterial cells®***. The advantageous combination of a
high surface area and small size, particularly in the case
of spherical nanoparticles, facilitates a more rapid release
of silver ions, consequently enhancing antimicrobial
effects*l. Carpenter bees are known for excavating holes
into woods to create galleries for their eggs and larvae. Our
data demonstrate that the “carpenter” is also a substrate
for green synthesis, which shows potential antimicrobial
activity.

5. Conclusion

In this study, we explored an eco-friendly and rapid,
green approach for the synthesis of silver nanoparticles
using the wings of carpenter bees, X. virginica wings.
The silver nanoparticles biosynthesized from carpenter
bees demonstrated effectiveness against K. pneumonia,
E. coli, M. luteus, and S. aureus, suggesting the potential
application of this approach in the production of
nanomedicines.

Acknowledgments

The authors are grateful to the Department of Biological
Sciences and the Department of Clinical Science at
Winston Salem State University, as well as the Joint
School of Nanoscience and Nanoengineering, for all the
suggestions and support.

Funding

The study was supported by the DC Research Grant
(211444) from Winston Salem State University.

Conflict of interest

The authors declare that they have no competing interests.

Author contributions

Conceptualization: Akamu J. Ewunkem

Formal analysis: Akamu J. Ewunkem

Investigation: Akamu J. Ewunkem, Zahirah J. Williams,
Niore S. Johnson

Methodology: All authors

Writing - original draft: Akamu ]. Ewunkem,

Writing - review & editing: Akamu J. Ewunkem, Zahirah J.
Williams, Justice L. Brittany

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Availability of data

The data that support the findings of this study are available
on request from the corresponding author.

References

1.  Aminov RI, 2010, A brief history of the antibiotic era:
Lessons learned and challenges for the future. Front
Microbiol, 1: 134.

https://doi.org/10.3389/fmicb.2010.00134

2. Khan S, Hussain A, Attar E et al., 2022, A review of the
berberine natural polysaccharide nanostructures as potential
anticancer and antibacterial agents. Biomed Pharmacother,
146: 112531.

https://doi.org/10.1016/j.biopha.2021.112531

3. Murugaiyan J, Kumar PA, Rao GS, et al., 2022, Progress in
alternative strategies to combat antimicrobial resistance:
Focus on antibiotics. Antibiotics (Basel), 11(2): 200.

https://doi.org/10.3390/antibiotics11020200

4.  Mahmoudi H, 2020, Bacterial co-infections and antibiotic
resistance in patients with COVID-19. GMS Hyg Infect
Control, 15: Doc35.

https://doi.org/10.3205/dgkh000370

5.  Nwobodo DC, Ugwu MC, Anie CO, et al., 2022, Antibiotic
resistance: The challenges and some emerging strategies for
tackling a global menace. J Clin Lab Anal, 36: €24655.

Volume 2 Issue 4 (2023)

https://doi.org/10.36922/gpd.2155



Gene & Proteinin Disease

Carpenter bee a substrate for green synthesis

10.

11.

12.

13.

14.

15.

16.

17.

https://doi.org/10.1002/jcla.24655

Daria S, Islam MR, 2022, Indiscriminate use of antibiotics
for COVID-19 treatment in South Asian countries is a
threat for future pandemics due to antibiotic resistance. Clin
Pathol, 15.

https://doi.org/10.1177/2632010X221099889

Band VI, Weiss DS, 2019, Heteroresistance: A cause of
unexplained antibiotic treatment failure? PLoS Pathogens,
15(6): e1007726.

https://doi.org/10.1371/journal.ppat.1007726

Flynn CE, Guarner J, 2023, Emerging antimicrobial
resistance. Mod Pathol, 36: 100249.

https://doi.org/10.1016/j.modpat.2023.100249

Stewart H, 2023, Alexander Fleming, antibiotic resistance,
and relevant lessons for the mitigation of risk from advanced
artificial intelligence.

Baptista PV, McCusker MP, Carvalho A, et al., 2018, Nano-
strategies to fight multidrug resistant bacteria-‘A battle of
the titans. Front Microbiol, 9: 1441.

https://doi.org/10.3389/fmicb.2018.01441.

Kumar R, Aadil KR, Ranjan S, et al, 2020, Advances
in nanotechnology and nanomaterials-based strategies
for neural tissue engineering. J Drug Deliv Sci Technol,
57:101617.

https://doi.org/10.1016/j.jddst.2020.101617

Munir MU, Ahmed A, Usman M, et al, 2020, Recent
advances in nanotechnology-aided materials in combating
microbial resistance and functioning as antibiotics
substitutes. Int ] Nanomedicine, 15: 7329-7358.

https://doi.org/10.2147/IJN.S265934

Pasika SR, Bulusu R, Rao BV, et al., 2023, Nanotechnology
for biomedical applications. In: Nanomaterials: Advances and
Applications. Singapore: Springer Nature Singapore. p297-327.

Wang L, Hu C, Shao L, 2017, The antimicrobial activity of
nanoparticles: Present situation and prospects for the future.
Int ] Nanomed, 12: 1227-1249.

https://doi.org/10.2147/TJN.S121956

Razavi M, Salahinejad E, Fahmy M, et al, 2015, Green
chemical and biological synthesis of nanoparticles
and their biomedical applications. In: Green Processes
for Nanotechnology: From Inorganic to Bioinspired
Nanomaterials. Germany: Springer. p207-235.

Nadaroglu H, Giingor AA, Ince S. 2017, Synthesis of
nanoparticles by green synthesis method. Int J Innov Res
Rev, 1(1): 6-9.

Aswathi VP, Meera S, Maria CA, et al, 2023, Green synthesis
of nanoparticles from biodegradable waste extracts and
their applications: A critical review. Nanotechnol Environ

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Eng, 8(2): 377-97.

Singh J, Dutta T, Kim KH, et al., 2018, Green’synthesis of
metals and their oxide nanoparticles: Applications for
environmental remediation. ] Nanobiotechnology, 16(1): 84.

https://doi.org/10.1186/s12951-018-0408-4

Alsammarraie FK, Wang W, Zhou P, et al., 2018, Green
synthesis of silver nanoparticles using turmeric extracts and
investigation of their antibacterial activities. Colloids Surf B
Biointerfaces, 171: 398-405.

https://doi.org/10.1016/j.colsurfb.2018.07.059

Devi HS, Boda MA, Shah MA, et al., 2019, Green synthesis
of iron oxide nanoparticles using Platanus orientalis leaf
extract for antifungal activity. Green Process Synth, 8(1):
38-45.

https://doi.org/10.1515/gps-2017-0145

Lahiri D, Nag M, Sheikh HI, et al., 2021, Microbiologically
synthesized nanoparticles and their role in silencing the
biofilm signaling cascade. Front Microbiol, 12: 636588.

https://doi.org/10.3389/fmicb.2021.636588

Elsakhawy T, Omara AE, Abowaly M, et al, 2022, Green
synthesis of nanoparticles by mushrooms: A crucial dimension
for sustainable soil management. Sustainability, 14(7): 4328.

https://doi.org/10.3390/su14074328

Selvakesavan RK, Franklin G, 2021, Prospective application
of nanoparticles green synthesized using medicinal plant
extracts as novel nanomedicines. Nanotechnol Sci Appl,
14: 179-195.

https://doi.org/10.2147/NSA.S333467

Ajaykumar AP, Sabira O, Sebastian M, et al., 2023, A novel
approach for the biosynthesis of silver nanoparticles using
the defensive gland extracts of the beetle, Luprops tristis
Fabricius. Sci Rep, 13(1): 10186.

Stavenga DG, 2023, Pigmentary colouration of hairy carpenter
bees, genus Xylocopa. Naturwissenschaften, 110(3): 22.

https://doi.org/10.1007/s00114-023-01854-9

Ivanova EP, Hasan J, Webb HK, et al, 2012, Natural
bactericidal surfaces: Mechanical rupture of Pseudomonas
aeruginosa cells by cicada wings. Small, 8(16): 2489.

https://doi.org/10.1002/smll.201200528

Jakinala P, Lingampally N, Hameeda B, et al, 2020,
Insect wing extract: A novel source for green synthesis of
nanoparticles of antioxidant and antimicrobial potential.
bioRxiv, 2020-10.

https://doi.org/10.1101/2020.10.21.348458

Soni A, Brightwell G, 2022, Nature-inspired antimicrobial
surfaces and their potential applications in food industries.
Foods, 11(6): 844.

https://doi.org/10.3390/foods11060844

Volume 2 Issue 4 (2023)

https://doi.org/10.36922/gpd.2155



Gene & Proteinin Disease

Carpenter bee a substrate for green synthesis

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Ewunkem AJ, Alyiha FB, Justice BL, et al., 2023, Honeybee
wings hold antibiofouling and antimicrobial clues for
improved applications in health care and industries. AIMS
Microbiol, 9(2): 332.

https://doi.org/10.3934/microbiol.2023018

Tszydel M, Sztajnowski S, Michalak M, et al., 2009, Structure
and physical and chemical properties of fibres from the
fifth larval instar of caddis-flies of the species Hydropsyche
angustipennis. Fibres Text East Eur, 6(77): 7-12.

Lateef A, Ojo SA, Azeez MA, et al., 2016, Cobweb as novel
biomaterial for the green and eco-friendly synthesis of silver
nanoparticles. Appl Nanosci, 6: 863-874.

https://doi.org/10.1007/s13204-015-0492-9

Jakinala P, Lingampally N, Hameeda B, et al., 2021, Silver
nanoparticles from insect wing extract: Biosynthesis and
evaluation for antioxidant and antimicrobial potential. PLoS
One, 16(3): €0241729.

https://doi.org/10.1371/journal.pone.0241729

Eloft JN, 1998, A sensitive and quick microplate method to
determine the minimal inhibitory concentration of plant
extracts for bacteria. Planta Med, 64: 711-713.

https://doi.org/10.1055/5-2006-957563

Tian B, Liu Y, Chen D, 2021. Adhesion behavior of silica
nanoparticles with bacteria: Spectroscopy measurements
based on kinetics, and molecular docking. ] Mole Liquids,
343:117651.

https://doi.org/10.1016/j.molliq.2021.117651

Veerasamy R, Xin TZ, Gunasagaran S, et al., 2011,
Biosynthesis of silver nanoparticles using mangosteen leaf
extract and evaluation of their antimicrobial activities.
J Saudi Chem Soc, 15(2): 113-120.

https://doi.org/10.1016/j.jscs.2010.06.004

Mohanta YK, Nayak D, Biswas K, et al, 2018, Silver
nanoparticles synthesized using wild mushroom show
potential antimicrobial activities against food borne
pathogens. Molecules, 23(3): 655.

https://doi.org/10.3390/molecules23030655

Farrag HM, Mostafa FA, Mohamed ME, 2020, Green
biosynthesis of silver nanoparticles by Aspergillus niger
and its antiamoebic effect against Allovahlkampfia spelaea
trophozoite and cyst. Exp Parasitol, 219: 108031.

https://doi.org/10.1016/j.exppara.2020.108031

Kagithoju S, Godishala V, Nanna RS, 2015, Eco-friendly and
green synthesis of silver nanoparticles using leaf extract of
Strychnos potatorum Linn. F. and their bactericidal activities.
3 Biotech, 5: 709-714.

Pileni MP, 2000, Fabrication and physical properties of self-
organized silver nanocrystals. Pure Appl Chem, 72(1-2):
53-65.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

https://doi.org/10.1351/pac200072010053

Khatami M, Iravani S, Varma RS, et al., 2019, Cockroach
wings-promoted safe and greener synthesis of silver
nanoparticles and their insecticidal activity. Bioprocess
Biosyst Eng, 42: 2007-2014.

Jain D, Kachhwaha S, Jain R, et al., 2010, Novel microbial route
to synthesize silver nanoparticles using spore crystal mixture
of Bacillus thuringiensis. Indian ] Exp Biol, 48: 1152-1156.

Lim YH, Tiemann KM, Hunstad DA, et al., 2016, Polymeric
nanoparticles in development for treatment of pulmonary
infectious diseases. Wiley Interdiscip Rev Nanomed
Nanobiotechnol, 8(6): 842-871.

https://doi.org/10.1002/wnan.1401

Makabenta JM, Nabawy A, Li CH, et al., 2021, Nanomaterial-
based therapeutics for antibiotic-resistant bacterial
infections. Nat Rev Microbiol, 19(1): 23-36.

https://doi.org/10.1038/s41579-020-0420-1

Sayed FA, Eissa NG, Shen Y, et al., 2022, Morphologic design
of nanostructures for enhanced antimicrobial activity.
] Nanobiotechnol, 20(1): 1-18.

https://doi.org/10.2147/IJN.S246764

Yin IX, Zhang J, Zhao IS, et al., 2020, The antibacterial
mechanism of silver nanoparticles and its application in
dentistry. Int ] Nanomed, 2020: 2555-2562.

https://doi.org/10.2147/IJN.S246764

More PR, Pandit S, Filippis AD, et al, 2023, Silver
nanoparticles: Bactericidal and mechanistic approach
against drug resistant pathogens. Microorganisms, 11(2): 369.

https://doi.org/10.3390/microorganisms11020369

Meikle TG, Dyett BP, Strachan JB, et al., 2020, Preparation,
characterization, and antimicrobial activity of cubosome
encapsulated metal nanocrystals. ACS Appl Mater Interfaces,
12(6): 6944-6954.

https://doi.org/10.1021/acsami.9b21783

Pazos-Ortiz E, Roque-Ruiz JH, Hinojos-Marquez EA,
et al, 2017, Dose-dependent antimicrobial activity of
silver nanoparticles on polycaprolactone fibers against
gram-positive and gram-negative bacteria. | Nanomater,
2017:4752314.

https://doi.org/10.1155/2017/4752314

Malarkodi C, Rajeshkumar S, Paulkumar K, et al, 2013,
Biosynthesis of semiconductor nanoparticles by using
sulfur reducing bacteria Serratia nematodiphila. Adv Nano
Res, 1: 83.

https://doi.org/10.12989/anr.2013.1.2.083

Dakal TC, Kumar A, Majumdar RS, et al., 2016, Mechanistic
basis of antimicrobial actions of silver nanoparticles. Front
Microbiol, 7: 1831.

Volume 2 Issue 4 (2023)

https://doi.org/10.36922/gpd.2155



Gene & Proteinin Disease

Carpenter bee a substrate for green synthesis

51.

52.

https://doi.org/10.3389/fmicb.2016.01831

Duran N, Favaro WJ, Alborés S, et al., 2023. Biogenic silver
nanoparticles capped with proteins: Timed knowledge and
perspectives. ] Braz Chem Soc, 34: 897-905.

https://doi.org/10.21577/0103-5053.20230062

Hamouda RA, Abd El-Mongy M, Eid KF, 2019, Comparative
study between two red algae for biosynthesis silver
nanoparticles capping by SDS: Insights of characterization
and antibacterial activity. Microb Pathog, 129: 224-232.

53.

54.

https://doi.org/10.1016/j.micpath.2019.02.016

Khorrami S, Zarrabi A, Khaleghi M, et al., 2018, Selective
cytotoxicity of green synthesized silver nanoparticles against
the MCF-7 tumor cell line and their enhanced antioxidant and
antimicrobial properties. Int ] Nanomedicine, 13: 8013-8024.

https://doi.org/10.2147/1JN.S189295

Liao C, Li Y, Tjong SC, 2019, Bactericidal and cytotoxic
properties of silver nanoparticles. Int ] Mole Sci, 20(2): 449.

https://doi.org/10.3390/ijms20020449

Volume 2 Issue 4 (2023)

10

https://doi.org/10.36922/gpd.2155



ACCSCIENCE
PUBLISHING

Gene & Proteinin Disease

*Corresponding author:
Saliha Rizvi
(saliha.rizvi@erauniversity.in)

Citation: Yadav A, Rizvi S,

Kumar D, et al., 2023, Association
of CCR2 gene polymorphism with
chronic kidney disease in the North
Indian population. Gene Protein Dis.
https://doi.org/10.36922/gpd.2253

Received: November 15, 2023
Accepted: January 5, 2024
Published Online: January 10, 2024

Copyright: © 2024 Author(s).
This is an Open-Access article
distributed under the terms of the
Creative Commons Attribution
License, permitting distribution,
and reproduction in any medium,
provided the original work is
properly cited.

Publisher’s Note: AccScience

Publishing remains neutral with

regard to jurisdictional claims in
published maps and institutional
affiliations.

ORIGINAL RESEARCH ARTICLE

Association of CCR2 gene polymorphism with
chronic kidney disease in the North Indian
population

Aseem Yadav’, Saliha Rizvi**, Devendra Kumar’', Syed Tasleem Raza?,
Jalees Fatima’, Farheen Khan?, and Ajay Mishra’

'Department of Medicine, Era’s Lucknow Medical College and Hospital, Lucknow, Uttar Pradesh, India
2Department of Biotechnology, Era University, Lucknow, Uttar Pradesh, India
3Department of Biochemistry, Era’s Lucknow Medical College and Hospital, Lucknow, Uttar Pradesh, India

Abstract

Chronic kidney disease (CKD), characterized by decreased renal function, is associated
with an underlying elevated renal inflammatory state. The chemokine receptor
2 (CCR2) mediates leukocyte chemoattraction in the initiation and amplification
phases of renal inflammation. In this study, which involved 62 patients and
62 controls, we aim to elucidate the association between the CCR2 G190A (rs1799864)
polymorphism and CKD. Polymerase chain reaction-restriction fragment length
polymorphism technique-based single-nucleotide polymorphism genotyping of
the CCR2 gene (rs1799864) was used to assess the allele and genotype frequencies
of CCR2. The Chi-square test was used to assess the potential association between
G190A polymorphism and CKD, including its stages. The presence of the CCR2 GT90A
polymorphism was significantly associated with CKD.The results unveiled a significant
difference in the genotype and allele frequency distribution of CCR2 G7190A in CKD
patients and control subjects. CCR2 GA genotype (P = 0.003) and A allele (P = 0.007;
odds ratio [OR] = 0.40; 95% confidence interval [CI] = 0.20 - 0.80) were found to be
significantly associated with CKD. A significant association was identified between
genotype and stage of CKD, with the GA genotype more common among end-stage
renal disease (ESRD) (stage 5) and the GG genotype among non-ESRD (stages 1 - 4)
patients (P < 0.001). The polymorphism was significantly associated with deteriorating
renal function, as evidenced by elevated levels of serum urea, serum creatinine, and spot
urine, alongside a decrease in serum calcium and estimated glomerular filtration rate.
The study revealed that the GA genotype of CCR2 is associated with CKD, ESRD, severe
albuminuria, and renal dysfunction. However, no association was observed between
the CCR2 gene polymorphism and the causes of CKD in the North Indian population.

Keywords: Chronic kidney disease; End-stage renal disease; Chemokine receptor-2;
Single-nucleotide polymorphism; Polymerase chain reaction-restriction fragment length
polymorphism

1. Introduction

Chronickidney disease (CKD) is a leading public health problem worldwide! and affects
between 8% and 16% of the global population. However, evidence suggests that it is
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often under-recognized by both patients and clinicians™?..
Ironically, CKD prevalence is more commonly reported in
low- and middle-income countries than in high-income
countries”. CKD is defined as the presence of kidney
damage or an estimated glomerular filtration rate (eGFR)
<60 mL/min/1.73 m? persisting for 3 months or more,
irrespective of the cause®. The progression of CKD leads
to aloss in kidney function, ultimately resulting in the need
for dialysis or renal replacement therapy. Given the poor
prognosis associated with CKD, early diagnosis and disease
screening are crucial for managing its prevalence. CKD
frequently coexists with diabetes and/or hypertension,
though other causes such as glomerulonephritis, infection,
and environmental exposures are also prevalent in Asia,
sub-Saharan Africa, and other developing countries!®.
Much like in Western countries, nearly half of the CKD
cases in India are attributed to diabetes and hypertension'.
Contemporary studies have reported a CKD prevalence
rate of 17.5%®%, a figure driven by the rising incidence of
diabetics and hypertension in the country. The prevalence
of CKD in India exceeds the global average, highlighting
the need for further studies to evaluate prognosis, markers,
and associated comorbidities.

The pathophysiological mechanisms of CKD result in
a progressive loss of renal function due to factors such
as tubulointerstitial fibrosis, hypoxia-induced interstitial
capillary damage, renal tubule destruction, and loss of
functional nephrons. Locally produced chemokines
exacerbate renal damage in CKD through profibrotic
and inflammatory mechanisms. It is essential to interrupt
the chemokine signal to reduce inflammation. The
recruitment of macrophages to the kidney in nephropathy
is mostly dependent on the chemokine ligand 2/chemokine
receptor 2 (CCL2/CCR2) signaling pathway. Treatment
with the CCR2 antagonist RS504393 dramatically
decreased infiltrating macrophages in diabetic mouse
(db/db) mice, enhanced insulin resistance, and improved
albuminuria, thereby mitigating renal injury™'l. Thus, for
a deeper comprehension of the disease mechanism, it is
essential to identify genetic variations in chemokines and
their functional impact on disease status.

Polymorphisms in chemokine genes may cause
interindividual differences in transcriptional control,
resulting in a variable synthesis of pro-inflammatory
molecules. Single-nucleotide polymorphisms (SNPs) in
the CCR2 gene have been implicated in various diseases
in multiple studies, including CKD, diabetic nephropathy,
immunoglobulin A nephropathy, and hypertension!®!>4],
These studies collectively suggest that SNPs in the CCR2 gene
may play a role in CKD, potentially influencing inflammation
and oxidative stress. However, further research is needed to
fully understand the impact of these SNPs on CKD.

CCR2 is a chemokine receptor of the monocyte
chemoattractant protein 1 (MCP1), a member of the
chemotactic cytokines (CC) family of chemokines,
primarily expressed on monocytes’. The CCR2
chemokine receptor mediates leukocyte chemoattraction
during the initiation and amplification phases of renal
inflammation". The CCR2 protein consists of 374 amino
acids, and the CCR2-V64I polymorphism is a transition
mutation that changes valine to isoleucine at position 64 of
the CCR2 receptor!"”.

Recent findings underscore the therapeutic importance
of chemokines in chronic renal failure, due to their
pivotal role in disease pathogenesis!"®! through CCL2, the
ligand of the CCR2 receptor. CCL2 has been implicated
as a key mediator of CKD in both human and animal
models™?2. In addition, pharmacological inhibition of
CCL2 has demonstrated efficacy in reducing chronic
renal damage in lupus nephritis™!, improving podocyte
function in diabetic nephropathy, and improving renal
function in diabetic patients with albuminuria®. Given
the importance of CCR2 and its ligand-mediated effect
in kidney pathophysiology, the present case—control
study aimed to investigate the association of CCR2 gene
polymorphism with susceptibility to CKD in the North
Indian population.

2. Materials and methods
2.1. Study population

This case—control study involved 62 North Indian patients
with CKD, 62.9% of whom were men. Subjects wererecruited
from the Department of Medicine at Era’s Medical College
and Hospital, Lucknow, India. The diagnosis of CKD was
established based on eGFR and albuminuria, with eGFR
calculated using the Cockeraft-Gault formula and serum
creatinine levels. Further, classification of CKD followed
the Kidney Disease Outcomes Quality Initiative (KDOQI)
criteria for stages of CKD. Patients were divided according
to eGFR into different stages: non-end-stage renal disease
(non-ESRD) (grades 1 - 4, eGFR 15 - 90 mL/min/1.73 m?)
and end-stage renal disease (ESRD) stage (grade 5; eGFR
< 15 mL/min/1.73 m?)™.. A total of 62 healthy unrelated
individuals with normal renal function (56.5% of whom
were men) from the same geographic location were
included as controls, excluding those who suffered from
acute kidney injury, cardiovascular disease, sepsis, or were
critically ill. The study was approved by the Institutional
Ethical Committee of Era’s Lucknow Medical College and
Hospital. This study was conducted in conformity with
the Declaration of Helsinki, and informed consent was
obtained from all subjects before sample collection. After
obtaining written informed consent and a detailed history,
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a 3-mL peripheral blood sample was obtained from all
study participants in an EDTA vial. The blood samples
were stored at —20°C in a refrigerator until DNA isolation.
Clinical parameters associated with the CCR2 SNP were
assessed, including a complete blood count, serum levels of
urea, creatinine, blood urea nitrogen, calcium, phosphorus,
sodium, potassium, and uric acid. In addition, spot urine
samples were collected for microalbumin and creatinine
analysis. Radiological investigations, such as ultrasound,
were conducted to assess kidney size.

2.2, Sample size

The sample size was calculated based on the odds ratio
(OR) of the dominant A allele of CCR2 in developing
ESRD in the study population using Equation 117

n= (Z!I +Zﬁ)2 |:1_P1+1_P2:| (I)
[ln(l—e)]2 2 b,

Where p, = 1/OR (OR = 32.4) and p, = 1.0 (the standard
OR under the null hypothesis). The clinically considered
difference in OR under the research hypothesis is e = 0.8.
The type I error (&) was set at 5%, while the type II error
(B) was set at 20%. The power of the study and the loss
to follow-up values were 80% and 10%, respectively.
Consequently, the sample size was calculated to be n = 73
in each group. However, due to restrictions imposed
during the COVID-19 pandemic, only a sample size of 62
in each group was included.

2.2.1. DNA Extraction

DNA was extracted from whole blood samples using the
QIAmp DNA Mini Kit (Qiagen, Germany) according
to the manufacturer’s protocol and stored at -20°C until
use. The quality and quantity of DNA were assessed using
a 1% agarose gel and a Nanodrop spectrophotometer
(NanoDrop™ 2000/2000c Spectrophotometers, Thermo
Fisher Scientific Inc., India).

2.2.2. Genotyping

The polymerase chain reaction (PCR) was used to amplify
the polymorphic regions, and the restriction fragment
length polymorphism (RFLP) technique was applied
to detect the CCR2 promoter SNP at the positions of
—190(G>A) (rs1799864). The PCR reaction was performed
ina20-pLreaction volume containing 50 ng genomic DNA,
10 uL PCR master mix (EmeraldAmp GT PCR Master
Mix, Takara Bio Inc., India) containing 1 mmol/L MgClZ,
100 mmol/L deoxynucleotide triphosphate (ANTP) and
0.5 U Taq polymerase (G-Biosciences, India), and 10 pmol
of the following primers (Integrated DNA Technologies,
California, USA):

Forward: 5-CAT TGC AAT CCC AAA GAC CCA
CTC-3
Reverse: 5-TTG GTT TTG TGG GCA ACA TGA TGG-3’

The PCR conditions wereas follows: an initial denaturation
step at 94°C for 5 min, followed by 33 cycles of denaturation
at 94°C for 30 s, annealing at 56°C for 30 s, extension at 72°C
for 30 s, with a final extension at 72°C for 5 min. Cycling
conditions were standardized ona conventional PCR machine
(T100 Thermal cycler, Bio-Rad Laboratories, Inc, India).
After successful amplification, the 173-bp PCR products of
the CCR2 gene were subjected to RFLP. RELP digestion was
performed in a 20-uL reaction mixture containing 2.5 U of
BseJI (BsaBI) restriction enzyme (Thermo Fisher Scientific,
Vilnius, Lithuania) and incubated at 65°C for 2 h. The
digested products were examined and visualized using a gel
documentation system (UVP DigiDoc-It Drawer, Analytik
Jena GmbH + Co. KG, Germany) followed by 3% agarose gel
electrophoresis. The undigested PCR product with 173 bp
represented the G allele. The presence of the A allele was
confirmed by visualizing two fragments of the digested PCR
product with 149 bp and 24 bp (Figure 1).

The 3% agarose gel picture displays the PCR-RFLP
product of the CCR2 gene digested using the Bse]l
restriction enzyme. Lanes 1 (L1), 2 (L2), and 4 (L4) depict
the AG genotype corresponding to bands of size 173 and
149 bp; lanes 3 (L3), 6 (L6), 7 (L7), and 8 (L8) indicate the
GG genotype corresponding to bands of size 173 bp; lane 5
(L5) indicates a 100-bp ladder.

2.3. Statistical analysis

The data were analyzed using SPSS software version 23.
Demographics, laboratory parameters, and the association
of CCR2 genotype with renal function parameters were
evaluated through the Student’s t-test for continuous
variables and expressed as mean + standard deviation (SD).
Genotype and allele frequencies were compared between
the ESRD patients and controls using the Chi-square ()?)
test. P < 0.05 indicated a statistically significant difference.

L1 L2 L3 L4 Ls L6 L7 L8

e R 173bp
a— 1490bp

Figure 1. Polymerase chain reaction-restriction fragment length
polymorphism image of CCR2 gene (rs1799864) polymorphism.
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3. Results

3.1. Heterogeneity analysis in case and control
groups

This study involved 62 cases and 62 controls, and both
groups were comparable for age and gender. Table 1
presents the comparison of demographic parameters
between cases and controls. The majority of the cases of
CKD had hypertension (91.9%) and diabetes (72.6%),
while in non-CKD controls, only a few had comorbidities.
On statistical comparison, a significant difference was
observed between groups for diabetes and hypertension.
Table 2 presents a comparison of comorbidities between
the cases and the controls. Renal function parameters

Table 1. Comparison of demographic parameters between
cases and controls

Parameter Total (N=124) Cases (N=62) Controls (N=62)
n % N %
Age
<20 years 4 2 3.2 2 3.2
21-30 years 17 10 16.1 7 11.3
31-40 years 22 11 17.7 11 17.7
41-50 years 17 9 14.5 8 12.9
51-60 years 29 14 22.6 15 24.2
61-70 years 24 10 16.1 14 22.6
271 years 11 6 9.7 5 8.1
x*"1.380; P=0.967
Mean SD  Mean SD
4895 16.55 49.90 15.15
t=-0.334; P=0.739
Gender
Female 50 23 37.1 27 435
Male 74 39 62.9 35 56.5

2*=0.536; P=0.464

Notes: Chi-square (?) test was used to compare proportions between
chronic kidney disease (CKD) cases and controls. Student’s ¢-test is
used to assess the mean age between CKD cases and controls. P<0.05 is
considered significant. Abbreviation: SD: Standard deviation.

Table 2. Comparison of comorbidities between cases and
controls

Comorbidities Total Cases Controls
n % n %
45 72.6 22 355 y*=17.176; P<0.001

57 919 24 387 x’=38.770; P<0.001

Chi-square test

Diabetes 67

Hypertension 81

Notes: Chi-square (?) test was used to assess comorbidities between
chronic kidney disease cases and controls. P<0.05 indicates a
statistically significant difference.

(urea, creatinine, eGFR, and spot wurine) were
significantly elevated in the cases (126.31 + 38.71 mg/dL,
8.44 *+ 3.24 mg/dL, 16.61 + 7.30 mL/min/1.73 m? and
231.77 + 156.25 mg/g, respectively) as compared to
the controls (27.09 + 5.18 mg/dL, 0.94 + 0.22 mg/dL,
92.53 + 23.27 mL/min/1.73 m?, 15.95 £6.59 mg/g). Serum
calcium and hemoglobin were significantly lower in the
cases (8.54 £ 0.73 mg/dL and 9.45 + 1.76 g/dL, respectively)
compared to the controls (9.08 + 0.74 mg/dL and
13.23 £ 1.93 g/dL, respectively). However, serum albumin
in the cases was 3.39 + 2.94 mg/dL, which was comparable
to the controls (3.77 + 0.43 mg/dL). Table 3 presents the
comparison of laboratory parameters between cases and
controls.

3.2. Association of CCR2 G190A polymorphism with
CKD

The majority of patients in both groups possess the GG
genotype. However, a smaller proportion of subjects in
the cases possessed the GG genotype compared to the
control group (51.6% vs. 77.4%). A statistically significant
difference was observed between the groups for CCR2
polymorphism among cases and controls. The G allele was
found to be prevalent (82.26%) in the total subjects enrolled
in the study. However, a higher proportion of cases had an
A allele (27.42%) as compared to the controls (11.29%).
On statistical comparison, a signiﬁcant association was
observed between the A allele and CKD. The OR for the G
allele was 0.40 with a confidence interval (CI) of 0.20-0.080.
Table 4 presents a detailed comparison of genotype and
allele frequencies of the CCR2 gene (rs1799864) between
cases and controls. No difference was observed between
CCR2 gene polymorphism and the cause of CKD. Table 5
presents the association of the CCR2 genotype with the
causes of CKD. Elevated renal function parameters, except
eGEFR (urea, creatinine, and spot urine), were significantly
associated with the GA genotype of the CCR2 gene.
Table 6 presents the association of the CCR2 genotype with
the renal function parameters. A statistically significant
association was observed for the GA genotype of the CCR2
gene with ESRD. Table 7 presents the association of the
CCR2 gene with stages of CKD.

4, Discussion

Chronic kidney disease is a major public health concern
and is commonly attributed to factors such as diabetes,
hypertension, nephrotoxic drugs, and glomerulonephritis.
The identification of numerous genes associated with
monogenic kidney illnesses with classical inheritance
patterns, as well as genes for complex kidney diseases that
manifest in conjunction with environmental variables, is
feasible. Genetic discoveries are increasingly being utilized
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Table 3. Comparison of laboratory parameters between cases and controls

Parameters Cases (N=62) Controls (N=62) Student’s ¢-test
Mean SD Mean SD T P

Urea (mg/dL) 126.31 38.71 27.09 5.18 20.004 <0.001
Creatinine (mg/dL) 8.44 3.24 0.94 0.22 18.196 <0.001
eGFR (mL/min/1.73 m?) 16.613 7.30 92.53 23.27 -24.507 <0.001
Spot urine (mg/g) 231.77 156.25 15.95 6.59 10.867 <0.001
Calcium (mg/dL) 8.54 0.73 9.08 0.74 —4.052 <0.001
Albumin (mg/dL) 3.39 2.94 3.77 0.43 -0.997 0.321
Hemoglobin (g/dL) 9.45 1.76 13.23 1.93 -11.398 <0.001

Notes: Student’s t-test was used for continuous variables. P<0.05 indicates a statistically significant difference. Abbreviations: eGFR: Estimated

glomerular filtration rate; SD: Standard deviation.

Table 4. Comparison of genotype and allele frequencies of
CCR2 gene (rs1799864) between cases and controls

Variable Total (N=124) Cases (N=62) Controls (N=62)
n % n % n %
Genotype
GA 44 35.48 30 48.4 14 22.6
GG 80 64.52 32 51.6 48 77.4
AA 0 0 0 0.0 0 0.0
%*=9.018; P=0.003
Allele
G 204 82.26 94 72.58 110 88.71
A 44 17.74 30 27.42 14 11.29

x*°7.073; P=0.007

Notes: Chi-square (?) test was used to compare the CCR2 genotype
between chronic kidney disease cases and controls. P<0.05 indicates a
statistically significant difference.

to guide the clinical care of nephropathies, leading to
improvements in disease surveillance, drug selection,
diagnostic accuracy, and family counseling. Accurate
interpretation of genetic data is necessary for optimizing
all of these processes®.. In the same context, the present
study aimed to investigate the association of the CCR2 gene
polymorphism with CKD. For this purpose, 62 patients
with CKD (cases) and 62 age- and gender-matched non-
CKD patients (controls) were enrolled in the study.

In the present study on CCR2 polymorphism, the GG
genotype was more prevalent in controls compared to
cases (77.4% vs. 51.6%), whereas the GA genotype was
more prevalent in cases (48.4%) compared to the controls
(22.6%). Moreover, the G allele was more prevalent in
controls (88.71%) compared to cases (72.58%), while
cases expressed the A allele (27.42%) more frequently
than the controls (11.29%). The CCR2 GA genotype and
A allele were associated with the occurrence of CKD and

deterioration of renal functions, indicated by elevated
levels of urea, creatinine, spot urine, and decreased levels
of calcium and eGFR. Similar findings were observed
by Sezgin et al., where the frequency of the CCR2 GA
genotype was higher in cases, and the GG genotype was
higher in controls. The A allele was more frequent in
cases, and the G allele was more frequent in controls. The
results were statistically significant and consistent with the
present study!. Nakajima et al. reported that, although
CCR2 was not significantly associated with kidney disease,
the frequency of the A allele was higher in patients with
impaired kidneys!'?. Similarly, in the present study, the
frequency of the A allele was observed to be higher in CKD
patients (27.42%) than in non-CKD subjects (11.29%). In
another study by Elghoroury et al., the frequency of the A
allele was significantly higher among children with ESRD.
Moreover, they reported significantly higher frequencies
of the GA+AA genotype among transplantation,
hemodialysis, and ESRD patients, while the GG genotype
was more prevalent in controls'”).

Beyond alterations in the nucleotide sequence,
epigenetic molecular mechanisms may play a critical role
in the progression of renal disease through inflammation.
Epigenetic mechanisms include DNA methylation,
histone protein modifications, and RNA interference.
Epigenetic regulation of transcription plays a crucial
role in normal physiological development and also in
pathological conditions. For example, abnormal DNA
methylation is linked to insulin resistance, inflammation,
and immunological dysfunction. RNA interference
may significantly contribute to the development of
kidney disease, given the essential role of microRNAs
in maintaining glomerular homeostasis. Epithelial-
mesenchymal transition and subsequent renal tissue
fibrosis are controlled by epigenetic changes. In CKD,
epimutations might occur due to uremic toxins, oxidative
stress, inflammation, and hyperhomocysteinemia. Due
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Table 5. Association of CCR2 genotype with the causes of chronic kidney disease

Causes Genotype Chi-square test
GA GG
" % n %
Diabetic nephropathy (N=40) 70.0 19 59.4 x*=1.400; P=0.706
Autosomal dominant polycystic kidney disease (ADPKD) (N=2) 3.3 1 3.1
Glomerulonephritis (N=7) 6.7 5 15.6
Hypertensive nephrosclerosis (N=13) 20.0 7 21.9

Notes: The Chi-square (?) test was used to determine the association of the CCR2 genotype with causes of CKD. P<0.05 indicates a statistically

significant difference.

Table 6. Association of CCR2 genotype with renal function parameters

Parameters GA GG Student’s ¢-test
Mean SD Mean SD t p
Urea (mg/dL) 104.82 69.04 64.28 45.83 3.859 <0.001
Creatinine (mg/dL) 6.96 5.43 3.69 3.46 4.043 <0.001
eGFR (mL/min/1.73 m?) 45.00 45.66 58.80 39.53 -1.708 0.090
Spot urine (mg/g) 212.18 191.86 84.84 116.13 4.559 <0.001

Notes: Student’s t-test was used to determine the association of the CCR2 genotype with renal function parameters. P<0.05 indicates a statistically
significant difference. Abbreviations: eGFR: Estimated glomerular filtration rate; SD: Standard deviation.

Table 7. Association of CCR2 gene (rs1799864) with the
stages of chronic kidney disease (CKD) in the CKD group

Stage (N=62) GA GG  Chi-square test
n % n %
Non-ESRD (Grades 1-4) (n=34) 9 30.0 25 78.1 1*°14.480;
P<0.001

ESRD (Grade 5) (n=28) 21 700 7 21.9

Notes: The Chi-square (x°) test was used to determine the association
of the CCR2 genotype with the stages of CKD. P<0.05 indicates a
statistically significant difference. Abbreviation: ESRD: End-stage renal
disease.

to the reversible nature of epigenetic modifications, there
is a potential to halt or even reverse the disease process
through targeted therapy™’.

The novelty of this study lies in the evaluation of the
association of CCR2 with causes, age of onset, and duration of
CKD, which were discovered to be comparable. The present
study also explored the correlation of the stage of renal disease
with CCR2, a facet with limited findings in contemporary
studies, adding novelty to our research. However, a number
of shortcomings exist in this study. First, the sample size
might be considered small, with only 62 CKD patients and
62 non-CKD controls. Second, selection bias was inevitable.
Third, our investigation was limited to the North Indian
population and did not encompass all regions. Therefore,
to validate our findings, further research with a larger
sample size and a more diverse range of racial backgrounds
is required. Ongoing experiments in our laboratory aim to

identify the role of polymorphisms in various genes and
their implications for genetic predisposition to CKD in a
larger patient population, enhancing our understanding of
the genetic basis underlying CKD.

5. Conclusion

The findings of the present study suggest a significant
association between the CCR2 GA genotype and CKD,
along with deteriorating renal function and stages of renal
disease. While the G allele was more frequently observed
overall, the A allele demonstrated a significant association
with CKD. Elevated levels of parameters indicating
deteriorating renal function (urea, creatinine, and spot
urine) were significantly associated with the GA genotype
of CCR2. These findings indicate that the GA genotype of
CCR2 is associated with CKD, ESRD, severe albuminuria,
and renal dysfunction, but not with the causes or duration
of CKD. However, the age of onset, duration, and
causes of CKD demonstrated no association with CCR2
polymorphism in the North Indian population.
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