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EDITORIAL

Turkish Journal of Immunology, 14(1):1-2

Integration in Immunology: From DNA Repair to

Immune Regulation

Dear Colleagues,

Immunology is no longer confined to the study of defense—it is now recognized as an
integrated system linking genome integrity, cellular stress, and disease. The first issue
of the year reflects this evolving perspective and marks an important milestone for the
Turkish Journal of Immunology (TJI).

We are particularly honored to welcome Prof. Aziz Sancar to our editorial board. His
contribution to this issue through a dedicated editorial is both inspiring and symbolic,
underscoring the importance of fundamental science in shaping our understanding of
complex biological systems. His presence strengthens our commitment to scientific
excellence and intellectual rigor. In his perspective on the NER-STING axis, Sancar re-
visits nucleotide excision repair as a fundamental mechanism of genome maintenance
and extends its biological significance into innate immunity, highlighting how excised
DNA fragments may contribute to immune signaling through the cGAS-STING pathway.

We are also delighted to have the support and active involvement of members of the
European Federation of Immunological Societies (EFIS) on our editorial board. Their
engagement represents an important step toward further internationalization of the
journal and reinforces our aim to position TJI as a recognized and respected voice with-
in the global immunology community.

An original study from Turkiye investigates soluble immune checkpoint proteins in sys-
temic lupus erythematosus and Sjégren’s syndrome, focusing on key regulatory mol-
ecules such as TIM-3, LAG-3, and Galectin-9. The findings demonstrate significantly
elevated levels of these soluble checkpoints in SLE patients and reveal correlations with
disease activity, highlighting their potential as biomarkers of immune dysregulation.
These results underscore that immune checkpoint pathways extend beyond oncology
and play a critical role in the regulation of autoimmunity.

An other original study from Turkiye compares two magnetic cell separation systems
for CD14+ cell enrichment. The column-based method showed higher cell recovery
and stronger CD14 mRNA enrichment, although both systems produced functionally
comparable cells. These findings emphasize that method selection can significantly
influence experimental outcomes in downstream analyses.

At the level of innate antiviral immunity, a collaborative study from China, Pakistan,
and the United States provides mechanistic insight into the regulation of type | inter-
feron responses. The study demonstrates that asparagine endopeptidase regulates the
cGAS-STING pathway through modulation of apoptotic caspases, thereby maintain-
ing basal interferon levels while preventing excessive immunopathology. Together with
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Sancar’s perspective, these findings reinforce the central theme —immune balance—
highlighting that the immune system must be tightly regulated to be both effective
and safe.

Complementing these findings, a review article from Iran examines the impact of re-
spiratory viral coinfections, emphasizing how simultaneous or sequential infections
can reshape host immune responses, influence disease severity, and reprogram im-
mune dynamics. These observations highlight that immune responses are not directed
against a single pathogen in isolation but are shaped by complex and context-depen-
dent interactions.

Finally, an original study from Iraq explores the relationship between inflammatory re-
sponses and autoimmune mechanisms in gout, demonstrating that this traditionally
metabolic disease is also closely linked to immune activation. The findings suggest
that inflammatory and autoimmune pathways intersect more broadly than previously
appreciated, supporting the need to reconsider classical disease classifications from an
immunological perspective.

Taken together, the contributions in this issue converge on a unifying concept: the im-
mune system is not static—it adapts, integrates signals from diverse biological process-
es, and responds dynamically to both internal and external challenges.

We sincerely thank all authors, reviewers, and editorial board members for their dedica-
tion and valuable contributions. Their efforts are essential in maintaining the scientific

quality and integrity of the journal.

As we begin this new year, we remain committed to enhancing the visibility, impact, and
international reach of TJI. We look forward to continuing this journey together.

With warm regards,

Prof. Giinnur Deniz ®
On behalf of the Editorial Board
Turkish Journal of Immunology
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EDITORIAL

Turkish Journal of Immunology, 14(1):3-5

The NER-STING Axis: When DNA Repair Becomes
Immune Signaling: A Perspective for the Turkish

Journal of Immunology

Aziz Sancar! ®

IUniversity of North Carolina School of Medicine, Department of Biochemistry and Biophysics, Chapel Hill, USA

When | began studying how cells repair ultraviolet (UV)-induced DNA damage, the
objective was precise and mechanistic: to understand how damaged DNA is rec-
ognized and corrected at the molecular level. Through detailed biochemical anal-
yses, nucleotide excision repair (NER) was defined as the pathway that removes
bulky DNA lesions as short oligonucleotides of approximately 27-29 nucleotides
in length. Subsequent genome-wide analyses of excision products revealed that
these fragments can range from approximately 24-32 nucleotides, with the ma-
jority clustering around 26-27 nucleotides. This mechanistic understanding estab-
lished NER as a central guardian of genomic stability (1).

For many years, the biological implications of NER were considered primarily within
the framework of mutation prevention and cancer biology. The excised DNA frag-
ments were viewed as transient intermediates—necessary products of lesion remov-
al that were subsequently degraded after fulfilling their role in repair. The immune
system was not part of this discussion.

However, as scientific fields evolve, so does the interpretation of earlier discoveries.

In recent years, increasing attention has been directed toward the relationship be-
tween DNA damage responses and innate immune signaling. The cyclic GMP-AMP
synthase (cGAS)-stimulator of interferon genes (STING) pathway, now recognized
as a principal sensor of cytosolic DNA, activates TBK1, induces IRF3 phosphoryla-
tion, and drives type | interferon production (2). While initially characterized as a
defense mechanism against viral DNA, this pathway also responds to endogenous
DNA species under specific conditions (3).

Ultraviolet radiation provides a useful model for exploring this intersection. UV light
induces cyclobutane pyrimidine dimers and 6—-4 photoproducts in DNA. Through the
coordinated action of damage recognition factors, helicases, and endonucleases,
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The NER-STING Axis in Immune Signaling

the damaged DNA segment is excised as an approximate-
ly 26-27 nt single-stranded DNA (ssDNA) oligonucleotide.
Under normal circumstances, these excision products are
efficiently processed. Yet cellular stress, altered regula-
tory pathways, or disruptions in downstream handling
may allow these excised ssDNA fragments to access the
cytoplasm, where they have the potential to engage in-
nate immune sensors (Figure 1) (4).

The study by Kemp et al. (5) in 2015 offered important
insight into this connection. Their findings demonstrat-
ed that UV irradiation potentiates STING-dependent
signaling through deregulation of UNC-51-like kinase
1 (ULK1), a kinase associated with autophagy. This ob-
servation suggested that the cellular response to UV
damage extends beyond DNA lesion repair and includes
modulation of immune signaling pathways.

These findings do not alter the fundamental mechanics of
NER. Rather, they expand its biological context. Genome
stability and immune surveillance, long studied as distinct
systems, may in fact represent integrated components of
cellular defense. From an evolutionary perspective, this
integration is logical. Cells must defend not only against
pathogens but also against environmental and endoge-
nous threats that compromise genomic integrity.

The implications of the NER-STING interface extend
across multiple areas of immunology.

In sterile inflammation, endogenous DNA fragments
generated during stress may contribute to interferon
responses even in the absence of infection. In tissues
chronically exposed to ultraviolet light, repair-associat-
ed DNA species could influence local immune signaling.

In autoimmunity, excessive type | interferon activity is
a hallmark of several diseases. While apoptotic debris
and mitochondrial DNA have been proposed as sources
of immunostimulatory DNA, repair-derived ssDNA frag-
ments may warrant further investigation as contributors
to interferon amplification (6).

In cancer biology, DNA-damaging therapies enhance
tumor immunogenicity not only by increasing muta-
tion burden but also by activating cytosolic DNA sens-
ing pathways. Accumulation of DNA fragments in the
cytoplasm triggers the cGAS-STING axis, leading to
type | interferon production and the promotion of an-
ti-tumor immune responses (7). In this context, DNA
repair—derived oligonucleotides, originally character-
ized through nucleotide excision repair studies (1),
may represent an additional endogenous source of
immunostimulatory DNA. Thus, DNA repair and innate
immune activation emerge as interconnected compo-
nents of the cellular stress response.

Aging represents another dimension in which these sys-
tems intersect. Accumulation of DNA damage over time

Figure 1. The NER-STING axis: Connecting DNA repair to innate immunity.




may lead to persistent low-level activation of innate
immune pathways, contributing to chronic inflamma-
tory states. Understanding how repair intermediates are
processed or contained may therefore have broader rele-
vance for immune regulation across the lifespan.

These developments illustrate a broader principle in sci-
ence: mechanistic discoveries often acquire additional
biological meaning as new technologies and conceptu-
al frameworks emerge. When nucleotide excision repair
was first characterized, its significance lay in preventing
mutagenesis and preserving genomic fidelity. Today, it
occupies a place within a larger network that links DNA
damage responses to innate immune signaling.

The cell does not divide its defense systems into the cat-
egories that we assign in academic disciplines. Genome
maintenance and immune vigilance are coordinated el-
ements of a unified protective strategy. The emerging
NER-STING axis underscores this integration and invites
continued interdisciplinary investigation.

The story of nucleotide excision repair began with ultravi-
olet light and damaged DNA. It now extends into the biol-
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ogy of innate immunity. This expansion does not redefine
the pathway; rather, it reveals its broader relevance with-
in cellular defense architecture. As our understanding
deepens, the connection between genome integrity and
immune regulation will likely become even more refined.

Fundamental research, pursued with precision and per-
sistence, can illuminate relationships that were not ini-
tially anticipated. The evolving dialogue between DNA
repair and immunology represents one such example.

Future studies should clarify how nucleotide excision re-
pair—derived ssDNA fragments are processed and whether
they can access the cytoplasm under specific cellular con-
ditions. Understanding how these repair intermediates in-
tersect with innate immune sensing pathways may reveal
new links between genome maintenance, inflammation,
and disease. Elucidating this interface could open new per-
spectives in cancer immunology and immune regulation.

Ultimately, the emerging NER-STING axis reminds us
that mechanisms originally evolved to preserve genome
integrity may also serve as unexpected bridges between
DNA repair and innate immune defense.
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Abstract

Viral coinfections can affect viral pathogenicity, immune responses, and disease symptoms.
Coinfection may occur among viruses that target the same cells, and it is more common in
respiratory viruses due to their co-circulation within the population. Respiratory virus co-cir-
culation is a major driver of coinfection and refers to the simultaneous presence and trans-
mission of multiple respiratory viruses among humans. Coinfection with respiratory viruses,
such as influenza and SARS-CoV-2, may cause more severe symptoms, complicate treat-
ment, and increase the burden on healthcare systems. Viral coinfection often modifies im-
mune responses to a secondary infection. Therefore, understanding the effects of respiratory
viral coinfections may play an important role in reducing mortality and improving strategies
for controlling viral infections. In this review, we integrate experimental and clinical findings
to clarify how the sequence of infection and innate immune activation determines the out-
comes of respiratory viral coinfections.

Keywords: Respiratory viral infection, coinfections, immune responses, SARS-CoV-2

Introduction

Coinfection is common among respiratory viral infections and can result in severe
symptoms in affected patients (19). The global prevalence of viral coinfection is still
unknown; however, interest in this topic has increased in recent years. Studies have
estimated a coinfection rate of 5.01% among patients with coronavirus disease
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2019 (COVID-19), with higher prevalence reported in
children (9.39%) (2). One cohort study reported a coin-
fection rate of 97.2% in pediatric cases (3). Although
coinfection has a wide range of prevalence, most studies
indicate that coinfection rates are higher in children.

There are several types of viral coinfections, including
homologous coinfection, which refers to the simulta-
neous infection of two different viruses from the same
viral family; heterotypic coinfection, which results from
the simultaneous infection of two viruses within the
same viral species; and heterologous coinfection, which
results from the simultaneous infection of two differ-
ent viruses from different families (4). Respiratory virus
co-circulation is one of the important reasons for coin-
fection. Co-circulation refers to the concurrent circu-
lation and transmission of multiple respiratory viruses
within the human population (4). Coinfection is usually
observed during winter and cold months and is defined
as infection with two or more viruses simultaneously or
a secondary viral infection occurring shortly after a pre-
vious infection (4). Viral coinfection can influence viral
pathogenicity, immune responses, and disease symp-
tom (5).

In particular, coinfection with respiratory viruses such as
influenza and COVID-19 can lead to more severe symp-
toms, complicate treatment, and place a greater bur-
den on healthcare staff (6). Coinfection is particularly
important in respiratory viral infections because these
viruses can easily cause epidemics or pandemics, as
demonstrated by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) pandemic. Coinfections
may lead to more extensive damage to the respiratory
tract epithelium and lung alveoli. This damage leads
to increased release of damage-associated molecular
patterns (DAMPs), such as adenosine triphosphate (ATP)
and mitochondrial DNA. These molecules themselves
are powerful stimulators of inflammasome activation
and interleukin-1 (IL-1) production (7). Inflammation is
mediated by pro-inflammatory cytokines, including IL-1,
IL-6, tumor necrosis factor (TNF), and IL-8. IL-1 is the
most studied cytokine with properties relevant to sev-
eral inflammatory diseases, including viral infections (8).
Viral coinfection usually alters immune responses and
sometimes influences the course of the second infec-
tion. As summarized in Table 1, interferon-mediated
viral interference and order-dependent immune modu-
lation are emerging as key mechanisms governing respi-
ratory viral coinfections (9). Some studies have shown

that coinfection in COVID-19 patients is associated with
increased disease severity and mortality, decreased lym-
phocyte counts, and reduced numbers of cluster of dif-
ferentiation 4-positive (CD4*) T cells, CD8™ T cells, and B
cells (10). In this review, we synthesize current evidence
regarding respiratory viral coinfections and examine
their effects on viral replication and immune responses.

Influenza and SARS-CoV-2 Coinfection

Studies have shown that the influenza A virus is more
frequently associated with SARS-CoV-2 coinfection than
influenza virus type B (6). In hamsters and mice, influenza
virus infection increases levels of IL-6, TNF-a, IL-1a, and
interferon-B (IFN-B). Infection with SARS-CoV-2 leads to
increased levels of IL-1a, IL-6, and IFN-B, although these
levels are lower than those observed in a single infection
with influenza A virus. Influenza infection after SARS-
CoV-2 causes increased levels of TNF-a, IL-1a, IL-6, and
IFN-B (Figure 1) (12).

Studies investigating influenza and SARS-CoV-2 coin-
fection in hACE2 transgenic mice have shown increased
disease severity, viral persistence in the lungs, pneumo-
nia, and lung injury. One study evaluated innate immune
responses in influenza and SARS-CoV-2 coinfection in
human respiratory tissue explants and human airway
and alveolar epithelial cells. Coinfections resulted in a
significant upregulation of innate immune responses to
SARS-CoV-2 compared with single infections and led to
more severe host damage (18).

Coinfection of influenza and SARS-CoV-2 has been
shown to induce lymphopenia, which ultimately impairs
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Respiratory Viral Coinfections and Immune Responses

adaptive immune responses and reduces levels of neu-
tralizing antibodies and T-cell responses (19). Influenza
virus infection before SARS-CoV-2 has been reported to
suppress SARS-CoV-2 replication (20).

Coinfection with these viruses stimulates activation of
inflammatory immune responses, increases immuno-
pathology, and contributes to lung damage and acute
respiratory distress syndrome (ARDS) (21). However,
another study found that pre-infection with influenza
enhanced SARS-CoV-2 replication, viral load, and lung
damage (22).

Immune responses to the first infection (influenza virus
in this case) can affect inflammatory responses to SARS-
CoV-2 and play an auxiliary role in viral infectivity. It is
possible that immune responses to the first infection
facilitate receptor access for the second virus. On the
other hand, a viral infection has a confounding effect on
another one. The results obtained in various studies are
inconsistent; however, sequential influenza and SARS-
CoV-2 infections influence each other's progression.

TNF-a
IL-1a
IL-6
IFN-B

First

InBuenza infection

Figure 1. influenza and SARS-CoV-2 coinfection.

Influenza and Respiratory Syncytial Virus
Coinfection

In mice, respiratory syncytial virus (RSV) infection has
been shown to lead to protection against subsequent
influenza infection (12). Influenza infection prior to RSV
caused airway dysfunction and weight loss, whereas
RSV infection prior to influenza was associated with
lower mortality and morbidity. Levels of TNF, IL-6, and
interferon-y (IFN-y) were elevated in coinfection groups
compared with RSV control groups. Tumor necrosis fac-
tor and IL-6 levels were decreased in coinfection groups
compared with influenza control groups. This study
also showed that the protective effect of RSV caused a
decrease in influenza immunopathology, which may be
due to increased levels of IFN-y after RSV infection (23).
Another study showed the protective effect of influenza
against RSV infection lasting up to 1-5 months after
recovery (24).

Additionally, a study confirmed that influenza suppresses
RSV replication by achieving a higher growth rate com-
pared with RSV (16). In mice, RSV infection can protect

First

IL-1a
IL-6
IFN-B

Second —Jp SARS-CoV-2 replication
Viral load
Lung damage

SARS-CoV-2 . InBuenza & SARS-CoV-2

TNF: Tumor necrosis factor, IL-1: Interleukin-1, IL-6: Interleukin-6, IFN: Interferon, ARDS: Acute respiratory distress syndrome,

NAB: Neutralizing antibody.




against influenza infection and reduce inflammatory
responses during influenza virus infection (12).

In this context, competitive conditions inhibit RSV repli-
cation. The possibility of using this feature to inhibit the
replication of dangerous viruses by leveraging high-rep-
lication, low-risk viruses should be investigated.

A study found that RSV and influenza coinfection can
lead to the formation of hybrid viruses. These hybrid viral
particles can express several proteins from both paren-
tal viruses (25). The ability to integrate and produce new
viruses during coinfection may lead to the emergence
of dangerous viruses with the potential for global pan-
demics. Given the potential to produce new infectious
viral particles with high replication capacity and patho-
genicity, especially in respiratory viruses, this hypothesis
should be carefully examined.

Influenza Coinfection with Adenovirus and
Rhinovirus

Influenza and adenovirus coinfection has been shown to
increase levels of inflammatory cytokines such as IL-6
and IL-1a in the A549 lung cell line (26).

Studies have shown that rhinovirus infection reduces
influenza virus replication during subsequent infection.
Interferon responses stimulated by rhinovirus infection
in airway epithelial cells play a protective role against
influenza infection (27). Another study revealed the pro-
tective effect of rhinovirus against subsequent influenza
infection in human bronchial epithelial cells (HBECs)
and human nasal epithelial cells (HNECs) (28).

Influenza A (H1IN1) infection in airway cells was found
to suppress rhinovirus replication, whereas rhinovirus did
not change HIN1 replication in airway epithelial cells
(29).

Influenza and Parainfluenza Coinfection

A study showed that primary infection with parainfluenza
viruses enhances influenza virus replication in respira-
tory epithelial cells (30). Human parainfluenza virus type
2 has a booster effect on cell fusion in epithelial cells.
Parainfluenza virus induced cell fusion and increased
access to sialic acid for influenza hemagglutinin (HA)
antigen, thereby increasing influenza virus infectivity
(30).

SARS-CoV-2 and RSV Coinfection

Shokri F et al.
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Respiratory syncytial virus and SARS-CoV-2 coinfection,
particularly when RSV infection precedes SARS-CoV-2,
has been associated with decreased disease severity and
reduced SARS-CoV-2 replication in BALB/c mice models
(13). SARS-CoV-2 coinfection has also been shown to
enhance RSV replication.

Conversely, when RSV infection occurs after SARS-CoV-2
infection, reduced RSV replication and protection have
been observed (13). Previous RSV infection appeared to
have a protective effect against subsequent SARS-CoV-2
infection in BALB/c mice (31). This effect may be due to
persistent interferon responses after RSV infection.

SARS-CoV-2 and Adenovirus Coinfection

In vitro studies on SARS-CoV-2 and adenovirus have
shown that these viruses do not affect each other’s rep-
lication in Vero E6 cells. However, hamsters coinfected
with these viruses exhibited more severe lung damage
and clinical symptomes.

Inflammatory immune responses, including interferon,
IL-6, CC motif chemokine ligand 17 (CCL17), and trans-
forming growth factor-p (TGF-B), remained elevated for
a prolonged period after infection in coinfected animals
compared with those with single infections. Notably, IL-6
levels were markedly increased in coinfected animals,
which may explain the severe symptoms and lung dam-
age in this condition (32).

In another study, levels of IL-6, IL-1, and interferon-a (IFN-
a) were significantly elevated in A549 cells coinfected with
SARS-CoV-2 and adenovirus compared with adenovirus
mono-infection 3 days after infection (26).

SARS-CoV-2 and Rhinovirus Coinfection

A study indicated that SARS-CoV-2 replication decreases
after rhinovirus infection. However, when SARS-CoV-2
infection occurs first, rhinovirus replication does not
change (28).

SARS-CoV-2, RSV, and Pneumoviridae Virus
Coinfection

Studies have shown that prior human metapneumovirus
(hMPV) infection increases lung susceptibility to SARS-
CoV-2 infection (33). Respiratory syncytial virus infection
has been shown to inhibit hMPV replication, with inter-
feron responses playing a central role.

It is difficult to distinguish between RSV and hMPV
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infection or coinfection because both viruses present
similarly, including severe bronchiolitis. Studies have
shown that hMPV viral load is higher in mono-infection
than in coinfection with RSV, although this pattern is not
observed in RSV mono-infection. Interferon responses
against RSV may reduce hMPV replication (12,34).

Immune Responses

Immune responses triggered by an initial infection can
shape the host’s response to a subsequent infectious
challenge. In respiratory infections, especially those
caused by respiratory viruses, interferons are among the
earliest immune signals produced and place host cells
into an antiviral state while inducing the expression of
pro-inflammatory genes (35,36).

These changes in gene expression influence multiple
aspects of the local environment, including mucus
production, extracellular and intracellular conditions,
and immune cell activity. As a result, understanding
the impact of a primary infection on immunity to a sec-
ondary infection requires consideration of several inter-
connected factors, such as alterations in viral receptor
expression, viral entry and replication, viral gene expres-
sion, competition for host cellular resources, enhance-
ment of inflammatory responses, and mechanisms that

Respiratory viral confection

Change in cytokines production

regulate or limit immune activation (Figure 2).

Additionally, IL-1 production is important because it is
considered a key mediator of immunity and inflammation
(37,38). For example, during influenza virus infection, IL-1
induces trypsin upregulation (39), and trypsin is necessary
for viral fusion during influenza virus entry (40). These
findings suggest that IL-1 may facilitate influenza infec-
tivity; accordingly, viral infections that elevate IL-1 levels
could enhance influenza virus entry and fusion.

Interleukin-1 enhances the recruitment of neutrophils
and macrophages to the lungs, and these cells increase
tissue damage by releasing enzymes and free radicals,
potentially leading to more severe ARDS (41). Interleu-
kin-1 also increases vascular permeability, leading to
edema (fluid accumulation) in lung tissue, which further
impairs gas exchange. (35)

Therefore, interleukin-18 (IL-1B) is an attractive poten-
tial therapeutic target for intervention in severe cases of
these coinfections (42). Nevertheless, we have only briefly
mentioned the impact of immune responses, such as IL-1,
in this context. The effects of these cytokines in coinfec-
tions with different viruses should be further studied, and
such studies may help identify new therapeutic targets.

Increase virus replication

Interferon >

- > Changes in virus replication and inéctivity

< &
T >

Primary mechanism

Figure 2. Mechanisms of respiratory viral coinfection.
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Immune responses during respiratory viral infections
represent a double-edged sword. While they help clear
the virus, they sometimes go too far and end up dam-
aging tissue instead. For instance, overproduction of
inflammatory cytokines like IFN-y has been linked to
chronic obstructive pulmonary disease (COPD), ARDS,
and even fatal pneumonia (43).

In one study, ferrets were first infected with RSV and then
with influenza A virus (IAV) 3 days later. The findings
demonstrated that IAV slowed down RSV replication,
whereas RSV seemed to delay the clearance of IAV-in-
fected cells (17).

When multiple viruses infect the same host, their inter-
actions can vary—they may enhance one another, inter-
fere with each other, or have no noticeable effect at all.
These interactions vary depending on which viruses are
involved, highlighting the importance of understanding
what is happening at the molecular level (12). A deeper
characterization of virus-virus and virus-host interactions
is therefore essential not only for predicting disease out-
comes but also for developing better treatments that
reduce tissue damage while still clearing the infection.

Conclusion

Respiratory viral coinfection represents a significant
challenge in respiratory infectious diseases. Such coin-
fections can affect immune responses and result in the
emergence of new viruses. The immune response and
disease severity may vary when the immune system
faces several viral infections simultaneously.

This condition may facilitate the generation of new viral
strains that are sometimes more infectious. Coinfection
can also affect viral replication. However, differences in
experimental models, infection sequence, viral dose, and
host species likely explain the contradictory outcomes
observed across studies.

Shokri F et al.
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For some viruses, prior infection or coinfection can act
like a vaccine, reducing viral replication. Many hypoth-
eses have been proposed regarding coinfection, includ-
ing its role in the emergence of new viruses, changes in
viral infectivity, and disease symptoms. The hypothesis
of using one virus as a vaccine against another, through
modulation of immune responses, also warrants further
investigation.

Considering these aspects, coinfection is particularly
relevant during viral pandemics and in immunocompro-
mised patients. Therefore, investigating the impact of
viral coinfections can be considered a goal to prevent
further mortality and to help restrain viral infections.

Future Directions

« Future research should focus on the molecular
pathways of virus-virus and virus-host interactions
and understanding these mechanisms at the sin-
gle-cell level in human tissues.

 Large-scale, longitudinal cohort studies are needed
to translate experimental findings into clinically rel-
evant insights for human populations.

« Investigations should explore whether attenuated
viral vectors or engineered stimuli of specific innate
immune pathways (e.g., controlled induction of IFN-
A) can be developed as prophylactic or early inter-
vention strategies to mitigate subsequent severe
infections.

« Surveillance programs and experimental studies
should assess the risk of coinfection as a catalyst for
the emergence of viruses with altered transmissibil-
ity, pathogenicity, or antigenic profiles.
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Abstract

Objective: Fine-tuned control of interferon (IFN) induction is crucial for triggering an effec-
tive immune response that can resolve infection without causing host pathology. Apoptotic
caspases (caspase-3 and caspase-9) negatively regulate virus-induced cytokine production
and maintain immune homeostasis against viral infection by cleaving cyclic GMP-AMP syn-
thase (cGAS) and interferon regulatory factor 3 (IRF3) in the cGAS-STING pathway. However,
continuous unchecked suppression of interferons by these caspases would compromise in-
nate immunity against infection. Here, we report that caspase-3 and caspase-9 themselves
are regulated by asparagine endopeptidase (AEP) to maintain basal IFN levels.

Materials and Methods: We investigated the expression of IFN-f3, cGAS, and IRF3, and the
activity of caspase-3 and caspase-9, in vitro in wild-type (WT) and AEP~/~ RAW 264.7 cells in
response to vaccinia virus (VACV) infection.

Results: AEP~/~ RAW 264.7 cells showed significantly diminished levels of IFN-B, cGAS, and
IRF3, and higher caspase-3 and caspase-9 activity in vitro in response to VACV infection.
AEP-null mice were more susceptible to VACVY, and all (n=7) AEP-deficient mice succumbed
to VACV on day 4, compared to WT mice, which died on day 7. This was associated with high-
er viral loads in the lungs (p=0.0042) and the spleen (p=0.001), and with significantly lower
IFN-B levels (p=0.0018) in sera from AEP-null mice.

Conclusion: We conclude that AEP suppresses the expression and activity of caspase-3 and
caspase-9 and protects cGAS and IRF3 from being completely cleaved by these apoptotic
caspases. This mechanism maintains basal type I IFN production.
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Introduction

Type | interferons (IFNs) play a critical role in suppressing
the spread of viral infection (1). Viral infection triggers
systemic immune responses in host cells, leading to the
activation of different transcriptional factors and the
production of various cytokines, including type | IFNs.
Released IFNs bind to interferon receptors (IFNARs) and
induce the expression of numerous interferon-stimu-
lated genes (ISGs), which interrupt almost every stage
of the viral life cycle, culminating in the establishment
of an antiviral state (2). However, these IFNs stimulate
neighboring cells in a self-amplifying loop, thereby en-
hancing type | IFN production (3). Increased levels of
type | IFNs have numerous immunomodulatory func-
tions in both the innate and adaptive immune respons-
es. Thus, increased production of type | IFNs is associat-
ed with immunopathology (4). If the immune system is
too active, there is a danger of developing autoimmune
disease, while a suppressed immune system may lead to
infections or cancer (5). Tight control of innate immune
activation is therefore crucial for inducing an effective
immune response that can resolve the infection without
causing host pathology.

Apoptotic caspases, particularly caspase-3 and
caspase-9, contribute to the mechanisms that control
innate immunity and maintain immune homeostasis
against viral infection (6). Ning et al. (2) showed that
apoptotic caspases suppress the production of type |
IFNs by cleaving cyclic GMP-AMP synthase (cGAS) and
interferon regulatory factor 3 (IRF3). Loss of caspase-3
and caspase-9 resulted in elevated type | IFN levels via
the cGAS-stimulator of interferon genes (STING) path-
way and enhanced innate immune responses to both
DNA and RNA viruses (2).

The cGAS-STING pathway is a crucial part of the innate
immune system that detects cytosolic DNA and initiates
a type | IFN response to defend against infections (7). Ac-
tivated by the binding of self or non-self double-stranded
DNA, cGAS catalyzes the production of 23" -cyclic GMP-
AMP (cGAMP), which in turn activates STING. Activated
STING recruits and activates transcription factors like
IRF3 and IRF7, which then enter the nucleus and pro-
mote the transcription of genes encoding type | IFNs and
other cytokines (8). Cells from cGAS-deficient (cGAS™~)
mice were found to be unable to produce type | IFNs and
other cytokines in response to DNA transfection or DNA
virus challenge (9). Asparagine endopeptidase (AEP), also

known as legumain, is a lysosomal cysteine protease from
the C13 peptidase family that cleaves protein substrates
on the C-terminal side of asparagine (10). It plays an im-
portant role in numerous physiological and pathological
processes, including immune disorders, cancer, kidney
physiology, neurological diseases such as Alzheimer’s dis-
ease (5,11,12), and immunity to infections (13). Asparag-
ine endopeptidase also processes and activates a range
of additional proteins (14). Mice lacking AEP were unable
to generate a strong antiviral immune response against
the influenza virus (13). Similarly, AEP~/~ mice were found
unable to kill Pseudomonas aeruginosa (13). Thus, there
is increasing evidence that AEP plays a role in immunity
against infections. However, its role in innate immunity
to viral infection is not fully known, and its mechanism
remains to be elucidated. We hypothesized that AEP is in-
volved in innate immunity to viruses by promoting IFN-f
production via the cGAS-STING pathway, thereby helping
sustain the basal level of IFN secretion in cells.

Here, we report that AEP promotes the induction of type
I IFN by downregulating the expression of caspase-9.
Lower levels of caspase-9, in turn, suppress the activi-
ty of caspase-3, which results in increased cGAS levels,
leading to basal type | IFN production that would other-
wise be completely abolished.

Materials and Methods

Cells, Viral Strain, and Infection

Cell culture, viral infection, and IFN-B measurement
in the culture media supernatant were performed as
previously described by Khan et al. (15) Murine macro-
phage-like cell line RAW 264.7 and AEP~/~ RAW 264.7
cells were cultured in 36-mm plates in Dulbecco’s Mod-
ified Eagle’s Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 2 mM L-glutamine. For
in vitro infection, cells were infected with vaccinia virus
(VACV) Western Reserve (WR) strain at a multiplicity of
infection (MOI) of 0.1 for 1 h after overnight incubation
at 37°C. After 3 h, the culture medium was replaced with
complete DMEM with 10% FBS. For the collection of en-
dogenous proteins and mRNA, cells were grown as above
and collected at 8 h post-infection. Cell supernatants
were gently centrifuged at 180 g for 3 min, and an en-
zyme-linked immunosorbent assay (ELISA) for IFN-B was
performed on the supernatants using the mouse IFN-$
ELISA kit (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions.
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Mice

AEP~/~ mice were kindly donated by the Key Laboratory
of Cell Proliferation and Differentiation, School of Life
Sciences, Peking University, Beijing, China, and were
maintained under specific pathogen-free conditions
in an environmentally controlled facility at the School
of Pharmacy, Shanghai Jiao Tong University, Shanghai,
China. Mice were housed at 22°C on a 12 h/12 h light/
dark cycle. Food and water were provided ad libitum.
All experiments were conducted in accordance with the
institutional ethical guidelines for animal research and
were approved by the Institutional Animal Care and Use
Committee (IACUC) of Shanghai Jiao Tong University,
Shanghai, China.

Lentivirus-Mediated AEP Overexpression
Lentiviral vectors encoding the AEP coding sequence
were constructed by Hanyin Biotechnology Co., Shang-
hai, China. Recombinant AEP-overexpressing lentivirus
and negative control lentivirus were prepared and titrat-
ed to 107 transduction units (TU)/mL. For AEP overex-
pression, cells were grown in six-well plates at a density
of 2 x 10° cells per well, followed by transfection with
the pLV-EF1a-AEP-IRES-Bsd plasmid and 8 pyg/mL poly-
brene the next day. At 72 h after viral infection, AEP ex-
pression was examined by Western blotting.

In vivo Viral Challenge

Age- and sex-matched mice were divided into three
groups (wild-type [WT], AEP~/~, and uninfected), each
containing seven mice (n=7). Wild-type and AEP~/~
groups were anesthetized with isoflurane and infected
intranasally (i.n.) with VACV at 1x10% plaque-forming
units (PFU) per mouse in 50 pL of phosphate-buffered
saline (PBS) or PBS alone. Airways were washed with 500
pL of PBS. IFN-p protein expression was quantified by
quantitative real-time reverse transcription polymerase
chain reaction (gRT-PCR) in total RNA extracted from
lung tissue using the RNeasy mini kit (Qiagen, Hilden,
Germany).

Mouse serum was collected 48 h after infection to mea-
sure IFN-B production. For gene expression, analysis or
viral load in the tissue, in some experiments, mice were
euthanized on day 5 after treatment to harvest the
lungs. Lungs were homogenized with an Omni tissue
homogenizer (Omni International, Kennesaw, GA, USA)
in Opti-MEM | medium containing 25% sucrose (Life
Technologies, Carlsbad, CA, USA). IFN-B levels in the
lung homogenates were measured by ELISA. Viral titers
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were determined by standard plaque assay as previous-
ly described (16). Bone marrow-derived macrophages
(BMDMs) from mice were isolated and cultured as previ-
ously described by Bailey et al. (17).

Gene Expression Analysis by Real-Time PCR
TRIzol reagent (Ambion, Austin, TX, USA) was used for
RNA extraction for quantitative PCR following the man-
ufacturer’s instructions. Using 2.5 uM oligo (dT) primers
and 10 U/pL SuperScript Ill Reverse Transcriptase (In-
vitrogen, Carlsbad, CA, USA), 500 ng RNA was reverse
transcribed into cDNA in 20 pL final reaction volume
for 5 min at 65°C. Quantitative PCR was performed on
a StepOnePlus Real-Time PCR System (Applied Biosys-
tems, Foster City, CA, USA) using 1/20 of the cDNA vol-
ume. mRNA levels of IFN-B and cGAS were measured in
technical triplicate for each sample using the following
primer pairs:

Mouse Ifnb (forward): TCCGAGCAGAGATCTTCAGGAA
Mouse Ifnb (reverse): TGCAACCACCACTCATTCTGAG

Mouse Gapdh (forward): GAAGGGCTCATGACCACAGT
Mouse Gapdh (reverse): GGATGCAGGGATGATGTTCT

Relative mMRNA expression levels were calculated using
the AACt method. Data are presented as the relative
abundance of the indicated MRNA normalized to that of
Gapdh expression.

Western Blot Analysis

For measurement of cGAS, IFN-B, caspase-3, caspase-9,
and phosphorylated IRF3 (p-IRF3) by Western blotting,
1x106 RAW 264.7 and AEP~/~ RAW 264.7 cells were grown
at 37°C in 36-mm plates in DMEM supplemented with
10% FBS and 2 mM L-glutamine. Cells were suspended in
Laemmli sample buffer containing 5% p-mercaptoetha-
nol (B-ME), followed by boiling for 5 min. Protein concen-
tration was measured using a BCA Protein Assay Kit (Ther-
mo Fisher Scientific, Waltham, MA, USA). Equal amounts
of protein (50 pg) were run on 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE),
transferred onto nitrocellulose membranes, and blocked
with 5% non-fat milk in Tris-buffered saline with Tween-20
(TBST) for 2 h at room temperature. Membranes were in-
cubated overnight at 4°C with primary antibodies against
GAPDH, cGAS, IFN-B, caspase-3, caspase-9, and p-IRF3,
followed by incubation with the appropriate horseradish
peroxidase (HRP)-conjugated secondary antibodies. Pro-
tein bands were visualized using enhanced chemilumines-
cence (ECL) substrate and imaged.
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Assay for Caspase-3 and Caspase-9 Activities
Activities of caspase-3 and caspase-9 were measured
colorimetrically using caspase-3 and caspase-9 Activity
kits (Beyotime Biotechnology, Nanjing, China). A total of
1 x 106 cells were washed with cold PBS and lysed on
ice, followed by centrifugation at 16,000-20,000 g for
15 min at 4°C. Caspase assays were performed in 96-well
plates by incubating 50 pL supernatant per sample with
10 pL caspase substrate and 40 pL reaction buffer for 1.5
h at 37°C. Absorbance was read at 450 nm using a micro-
plate reader (MK3, Thermo Fisher Scientific, Waltham,
MA, USA).

Viral Plaque Assay

Viral plaque assay was performed as described by Khan
et al. (18). Organs from control or virus-infected mice
were homogenized, followed by three freeze-thaw cycles
to release the virus. For VACV infectivity quantification,
BS-C-1 cell monolayers were infected with virus culture
medium containing 2% (wt/vol) methylcellulose. After 2
days, cells were stained with 0.1% crystal violet solution,
plagues were counted, and average counts were multi-
plied by the dilution factor to determine the viral titer as
PFU per mL.

Statistical Analysis

All data are presented as mean + standard error of the
mean (SEM) of at least three experiments. Statistical sig-
nificance was determined using a two-tailed Student’s
t-test, with p<0.05 considered statistically significant.
For mouse survival studies, Kaplan-Meier survival curves
were generated using GraphPad Prism version 10.3
(GraphPad Software, Boston, MA, USA).

Results

AEP-/- Cells Express Lower Levels of IFN-f

We first assessed the expression of IFN-B in WT and
AEP~/= RAW 264.7 cells in response to VACV infection by
measuring IFN- in cell supernatants using an IFN-f bio-
assay. The ability of AEP-null cells to induce IFN-p was
severely compromised. A significantly diminished level of
IFN-B was detected in the supernatants from AEP-null
cells in response to VACV infection (p<0.005) compared
to WT cells (Figure 1A and 1B). Unlike cGAS-null cells,
in which IFN levels were completely undetectable (19),
IFN-B remained detectable at very low levels in the su-
pernatants of AEP~/~ RAW 264.7 cells following VACV in-
fection. However, when AEP was rescued in AEP~~ cells,

Figure 1. Effect of AEP on IFN-B expression.

Wild-type RAW 264.7, AEP‘/‘, and AEP-reconstituted RAW 264.7 cells were
cultured in 36-mm dishes in DMEM supplemented with 10% FBS and 2 mM
L-glutamine. Following overnight incubation at 37°C, cells were infected with
VACV and maintained at 37°C for 8 h. IFN-@ levels in cell culture supernatants
were measured by ELISA. For analysis of endogenous protein expression, cells
were harvested after 8 h.

(A) IFN-B levels in cell culture supernatants. (B) Immunoblot analysis of IFN-B
expression.

Data are presented as mean + standard error of the mean from three indepen-
dent experiments. *** represents p-value < 0.005

WT: Wild-type, AEP: Asparagine endopeptidase, AEPresc: AEP-reconstituted,
CASinh: Caspase inhibitor-treated, cGAS: Cyclic GMP-AMP synthase,

AEP KO: AEP knockout, p-IRF3: Phosphorylated interferon regulatory factor 3,
VACV: Vaccinia virus, GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.

IFN-B levels were also restored. Interestingly, pharmaco-
logical inhibition of AEP~/~ RAW 264.7 cells with z-VAD-
fmk, a broad-spectrum inhibitor of caspases, enhanced
IFN-B production following VACV infection.

AEP-/- Cells Express Low Levels of cGAS and
p-IRF3

Because VACV induces type | IFNs via the cGAS-STING
pathway, we hypothesized that the compromised produc-
tion of IFN-B might result from disruption of the cGAS-
STING pathway. Therefore, we examined the expression
levels of key proteins in this pathway, i.e., cGAS and p-IRF3.
Significantly lower levels of endogenous cGAS were de-
tected in virally infected AEP-null cells, as shown by the
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Figure 2. Effect of AEP on cGAS expression and p-IRF3 phosphor-
ylation.

Wild-type RAW 264.7, AEP—/— RAW 264.7, and AEP-reconstituted RAW 264.7
cells were cultured in 36-mm dishes in DMEM supplemented with 10% FBS
and 2 mM L-glutamine. Following overnight incubation at 37°C, cells were
infected with VACV and maintained at 37°C for 8 h. For analysis of endogenous
proteins and mRNA, cells were harvested after 8 h.

(A) Western blot analysis showing the expression of full-length cGAS and
p-IRF3. (B) Relative cGas mRNA levels normalized to the unstimulated wild-
type control, which was set to 1.

Data are presented as mean + standard error of the mean from three inde-
pendent experiments.

WT: Wild-type, AEP: Asparagine endopeptidase, AEPresc: AEP-reconstituted,
CASinh: Caspase inhibitor-treated, cGAS: Cyclic GMP-AMP synthase,

AEP KO: AEP knockout, p-IRF3: Phosphorylated interferon regulatory factor 3,
VACYV: Vaccinia virus, GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.

loss of full-length cGAS protein (Figure 2A). However, gPCR
results did not match well with the immunoblot results.
At the mRNA level, we detected a small, non-significant
decrease in cGAS expression in AEP-null cells (Figure 2B).
These results imply that the reduction in cGAS did not oc-
cur at the expression level but rather at the protein level.

The decrease in cGAS was further assessed by its ability
to catalyze the synthesis of cGAMP, which was assessed
by measuring IRF3 dimerization (phosphorylation) using
native gel electrophoresis. A significant decrease in IRF3
phosphorylation was observed in AEP-null cells in re-
sponse to VACV infection, indicating reduced cGAMP pro-
duction compared to WT cells. However, in AEP rescued
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Figure 3. Effect of AEP on the expression and activity of caspase-9
and caspase-3.

Wild-type RAW 264.7, AEP—/— RAW 264.7, and AEP-reconstituted RAW 264.7
cells were cultured in 36-mm dishes in DMEM supplemented with 10% FBS
and 2 mM L-glutamine. Following overnight incubation at 37°C, cells were
infected with VACV and maintained at 37°C. For analysis of endogenous pro-
teins, cells were harvested after 8 h.

(A) Western blot analysis showing the expression of caspase-9 and caspase-3.
(B) Caspase-9 activity measured colorimetrically at 450 nm. (C) Caspase-3 ac-
tivity measured colorimetrically at 450 nm.

Data are presented as mean + standard error of the mean (SEM) from three
independent experiments.

WT: Wild-type, AEP: Asparagine endopeptidase, AEPresc: AEP-reconstituted,
CASinh: Caspase inhibitor-treated, cGAS: Cyclic GMP-AMP synthase,

AEP KO: AEP knockout, p-IRF3: Phosphorylated interferon regulatory factor 3,
VACV: Vaccinia virus, GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.

cells, both cGAS and p-IRF3 levels were restored (Figure
2A). These results correlated with the presence or absence
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Figure 4. Characterization of the in vivo response to VACV infection in AEP-deficient mice.

Mice were infected by intranasal (i.n.) administration of VACV. Mice were euthanized at 5 h post infection for serum and tissue collection.
(A) Survival of WT and AEP~/~ mice over a 10-day period (n=7) following intranasal infection with VACV (1 x 106 PFU/mouse). (B) VACV titers in the lungs and
(C) Spleens of WT and AEP~/~ mice (n=7). (D) IFN-B levels in lung tissues of WT and AEP~/~ mice (n=7).

WT: Wild-type, AEP: Asparagine endopeptidase, VACV: Vaccinia virus.

Table 1. Summary of in vivo study results.

Assay/parameter Uninfected WT AEP-/- p-value
Survival time (days post challenge) 10 7 4 0.0019
Lung viral titer (log PFU/g) - 4.66 9.61 0.0042
Spleen viral titer (log PFU/g) - 4.03 7.27 0.001
Lungs IFN-B (pg/mL) ND 660 97 0.0018

AEP: Asparagine endopeptidase, IFN-f: Interferon beta, PFU: Plaque-forming unit, WT: Wild-type, ND: Not detected
(*) indicates p-value < 0.05, (**) indicates p-value < 0.01, (***) indicates P-value < 0.001

of AEP and the level of IFN-B produced by WT and AEP-
null cells. Together, these findings show a positive correla-
tion between the presence of AEP and components of the
CGAS-STING pathway involved in IFN- induction.

AEP-/~- Cells Show Enhanced Apoptotic
Caspase Activity

Previous studies have shown that apoptotic caspases
(caspase-9 and caspase-3) suppress type | IFN produc-
tion by inactivating cGAS and IRF3 (2). We investigat-
ed the effect of AEP on the expression and activity of
these caspases. AEP~/~ cells displayed elevated levels of
caspase-9 compared to WT cells (Figure 3A). Colorimet-
ric results showed that caspase-9 activities were signifi-
cantly higher in AEP-null cells than in WT cells. These
results suggest that AEP suppresses the expression and
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activity of caspase-9. As caspase-3 acts downstream of
caspase-9 and its activity is modulated by caspase-9,
caspase-3 expression and activity were also significantly
higher in AEP-null cells compared to WT cells. However,
in AEP-reconstituted cells, the expression and activity of
both caspases were repressed.

AEP Augments Host Resistance to Viral
Infection

We first assessed the expression levels of cGAS, IRF3,
caspase-9, and caspase-3 in BMDMs from WT and AEP-
null mice. We detected significantly lower levels of cGAS
and IRF3 and elevated levels of caspase-3 and caspase-9
(Figure 4E). To determine the contribution of AEP to
the innate immune response against viral infection, we
next evaluated in vivo evidence. Antiviral experiments
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were performed in WT and AEP—/— mice. Wild-type and
AEP—/= mice were infected with VACV (1 x 106 PFU/
mouse), and lung inflammation was monitored on day
4 post-infection.

AEP-null mice are fertile and viable with no overt behav-
ioral abnormality, although their body weights are re-
duced compared with WT littermates (20,21). We found
that AEP-null mice were more susceptible to VACV in-
fection, and all AEP-deficient mice (h=7) succumbed to
VACV by day 4, whereas WT mice died on day 7 (Figure
47). This was associated with higher viral loads in the
lungs (p=0.0042) (Figure 4B) and the spleen (p=0.001)
(Figure 4C) of AEP-null mice. This finding was consis-
tent with the significantly lower IFN-B level (p=0.0018)
in the sera of AEP-null mice (Figure 4D). A summary of
the results from in vivo studies is presented in Table 1.

Discussion

Interferons are vital for host defense against viral infec-
tion and are constitutively expressed at low levels in cells
(22). Such steady state IFN production is important for
innate immune homeostasis in the absence of infection
(22). However, aberrant interferon production leads to im-
munopathology or increased susceptibility to infections
(15). Therefore, tight regulation of IFNs is critical for ini-
tiating effective immunity while avoiding inflammation.
Our study revealed that AEP suppresses the expression
and activity of apoptotic caspase-3 and caspase-9 and
provides molecular insight into the coordination between
AEP and antiviral innate immune activation.

Ning et al. (2) showed that apoptotic caspases (caspase-9
and caspase-3) negatively regulate virus-induced cyto-
kine production by mediating cGAS and IRF3 cleavage to
prevent excessive type | IFN induction and the resulting
innate immune activation. However, uncontrolled or ex-
cessive cleavage of these proteins would be detrimental
to the host. This necessitates a mechanism to prevent
caspase-mediated excessive inactivation of cGAS and
IRF3 while ensuring steady-state IFN production. Aspar-
agine endopeptidase represents a simple but efficient
way to fulfill this role. We showed that the activities of
these caspases are under the control of AEP. Asparag-
ine endopeptidase suppresses apoptotic caspase activ-
ity and thereby regulates type | IFN expression via the
cGAS-STING pathway to establish an antiviral state. The
results of the study by Sun et al. (23) support our find-
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ings, demonstrating that AEP suppresses caspase-3 and
caspase-9 activity.

Our in vitro results show that in AEP-deficient RAW
264.7 cells, the expression and activity of caspase-3 and
caspase-9 were significantly elevated. Based on the find-
ings of Ning et al. (2), this increase would be expected to
result in diminished levels of IFN-B, cGAS, and IRF3. Con-
sistent with this expectation, the ability of AEP~/~ RAW
264.7 cells to induce IFN-B was severely compromised.
Similarly, the ability of these cells to express cGAS and to
induce IRF3 phosphorylation was also markedly reduced.
These findings were correlated with the elevated expres-
sion and activity of caspase-3 and caspase-9.

In vivo results further support our conclusion that AEP
suppresses and regulates apoptotic caspase activity to
establish an antiviral state. We found that AEP-null mice
were more susceptible to VACV infection, and all AEP-de-
ficient mice succumbed to infection by day 4, whereas
WT mice died on day 7, which was associated with high-
er viral loads in the lungs and spleen of AEP-null mice.
This was consistent with the significantly lower levels of
cGAS and IRF3 in the BMDMs from AEP-deficient mice
and reduced IFN-f levels in the sera. These findings are
supported by Maschalidi et al. (13), who reported that
AEP-deficient mice are unable to generate a strong anti-
viral response.

Our findings support the conclusion that AEP promotes
type | IFN expression in mice via the cGAS-STING pathway
by suppressing apoptotic caspase activity. This mech-
anism helps to maintain basal type | IFN production.
However, the direct translation of murine experimental
data to human physiology and pathological conditions
is not straightforward due to important differences be-
tween mice and humans in immune defense strategies
and pathogen responses. Liu et al. reported that cGAS
activation mechanisms differ between mice and humans
(24). Nevertheless, because the core components of this
pathway—AEP, apoptotic caspases, and cGAS-STING—
are highly conserved, these findings remain biologically
relevant to human physiology. Further validation will re-
quire experimental confirmation.

Conclusion

We conclude that AEP suppresses the expression and
activity of apoptotic caspase-3 and caspase-9, thereby
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protecting cGAS and IRF3 from excessive cleavage and
ensuring basal type | IFN production. These findings
suggest that AEP plays an important role in maintaining
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Abstract

Objective: The aim of this study was to assess serum levels of soluble immune checkpoint
proteins (sICPs) in patients with systemic lupus erythematosus (SLE) and Sjégren’s syndrome
(SS) and to explore their association with disease activity.

Materials and Methods: This preliminary cross-sectional study included 27 patients with
SLE, 23 patients with SS, and 23 healthy controls. Serum concentrations of sCD25 (soluble
interleukin-2 receptor alpha [IL-2Ra; CD25]), 4-1BB (tumor necrosis factor receptor super-
family member 9 [TNFRSF9; CD1371), B7.2 (CD86; cluster of differentiation 86), transforming
growth factor beta 1 (TGF-B1), cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), pro-
grammed cell death protein 1 (PD-1), programmed death-ligand 1 (PD-L1), T-cell immuno-
globulin and mucin-domain containing-3 (TIM-3), lymphocyte activation gene 3 (LAG-3), and
Galectin-9 (Gal-9) were measured using a multiplex bead-based flow cytometric assay. Dis-
ease activity was evaluated using standard indices (Systemic Lupus Erythematosus Disease
Activity Index [SLEDAI] for SLE; EULAR Sjogren’s Syndrome Disease Activity Index [ESSDAI]
for SS). Group differences were analyzed, and correlations between sICP levels and clinical
indices were assessed.

Results: Compared with healthy controls, SLE patients had significantly elevated levels of
soluble TIM-3 (sTIM-3) (p<0.0001), sLAG-3 (p<0.0001), and Gal-9 (p<0.001). A strong pos-
itive correlation was observed between sGal-9 and sTIM-3 levels (r=0.79, p<0.0001), and a
moderate correlation was observed between sGal-9 and sLAG-3 levels (r=0.55, p=0.002).
In SS, sICP levels did not differ significantly from controls; however, sPD-1 correlated with
sPD-L1 (r=0.56, p=0.004), and sGal-9 with sTIM-3 (r=0.54, p=0.007). ESSDAI scores in SS cor-
related with sCD25 (r=0.65, p=0.0007), sTIM-3 (r=0.49, p=0.01), and sGal-9 (r=0.41, p=0.04).

Conclusion: Our findings suggest the potential use of sICPs as biomarkers in SLE and SS.
However, larger studies are needed to validate the diagnostic and prognostic roles of these
soluble checkpoints.

Keywords: Systemic lupus erythematosus, Sjogren's syndrome, soluble immune checkpoint
proteins, flow cytometry
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Soluble Immune Checkpoint Proteins in SLE and SS

Introduction

Immune checkpoint proteins (ICPs) regulate mechanisms
that are critical for maintaining immune tolerance. The
first ICP was discovered in the early 1990s, and over the
past two decades, extensive research has underscored
the importance of ICPs in regulating immune responses
and preventing autoimmunity (1). To date, several ICPs
have been characterized, including programmed cell
death protein-1 (PD-1), cytotoxic T-lymphocyte-associ-
ated protein 4 (CTLA-4), B- and T-cell lymphocyte at-
tenuator (BTLA), T-cell immunoglobulin and mucin-do-
main-containing protein 3 (TIM-3), T-cell immunoglobu-
lin and immunoreceptor tyrosine-based inhibitory motif
(ITIM) domain (TIGIT), V-domain Ig suppressor of T-cell
activation (VISTA), lymphocyte activation gene 3 (LAG-
3), and CD200 (2). The role of ICPs is critical not only for
maintaining self-tolerance but also for preventing auto-
immune diseases (3).

Systemic lupus erythematosus (SLE) and Sjogren's syn-
drome (SS) are chronic autoimmune diseases with com-
plex and often overlapping features. Systemic lupus er-
ythematosus is a multisystem disorder with a relapsing
and remitting course that primarily affects women of
childbearing age, with a striking female predominance
of 9:1 (4). Systemic lupus erythematosus is particular-
ly characterized by the presence of antibodies against
nuclear and cytoplasmic antigens, as well as other auto-
antibodies such as anti-Scl-70, anti-La, anti-Ro, anti-car-
diolipin, and antiphospholipid antibodies (5), suggesting
an association between SLE and other autoimmune dis-
eases. Similarly, SS is a systemic autoimmune disease of
unclear etiology that primarily targets the salivary and
lacrimal glands, leading to xerostomia and xerophthal-
mia (6). Sjogren's syndrome is a systemic disease with
multisystem involvement and diverse clinical manifes-
tations, commonly associated with fatigue, mood disor-
ders, and reduced physical performance that markedly
impair quality of life (7). It is classified as primary or
secondary when occurring alone or in association with
other autoimmune diseases, and its health-related qual-
ity-of-life burden is comparable to that of SLE and rheu-
matoid arthritis (RA) (8). Autoimmune diseases often re-
quire long-term or even lifelong medication, and some
can be life-threatening and severely impair the quality
of life (9).

A key feature of autoimmune diseases is the produc-
tion of autoantibodies, which serve as important sero-

logic markers for most of these diseases. However, they
have limited sensitivity and specificity, requiring a more
comprehensive diagnostic approach that incorporates
clinical and demographic factors alongside laboratory
findings (10). Recent research has highlighted the role
of ICPs in regulating immune tolerance, and therapies
targeting ICPs have shown promising results in the treat-
ment of autoimmune diseases (3). Taken together, ICP
expression could help to unravel disease mechanisms
and identify new therapeutic targets. In the context of
the association between soluble ICPs (sICPs) and auto-
immune pathogenesis, this study aimed to assess the
levels of 10 sICPs in serum samples from patients with
SLE and SS compared with healthy controls, and to eval-
uate correlations among sICP levels to assess their po-
tential as biomarkers.

Materials and Methods

Sample Collection

Inclusion criteria for patients were age >18 years and
a diagnosis of either SLE (n=27) or SS (n=23) for this
cross-sectional study. All participants were patients of the
Rheumatology Department of Yeditepe University Hospi-
tal. A control group consisting of age-matched individu-
als without any evidence of autoimmune disease (n=23,
mean age=53.9 + 9.8; 20 [87.0%] female and 3 [13.0%]
male) was also included. Ethical approval was granted by
the Yeditepe University Clinical Research Ethics Commit-
tee with approval number 1631 dated July 7, 2022, and
informed consent was obtained from all participants.

Disease activity was assessed using the SLE Disease
Activity Index (SLEDAI) for SLE patients and the EULAR
Sjogren's Syndrome Disease Activity Index (ESSDAI) for
SS patients (11,12). Participants’ age, gender, systemic
involvement, and autoantibody profiles were recorded.
The analysis of patients' serum autoantibodies was con-
ducted in the HLA typing laboratory at Yeditepe Univer-
sity Hospital for clinical evaluation.

For the evaluation of serum soluble ICP levels, 5 mL
of whole blood samples were drawn from subjects into
serum tubes containing clot activator (BD Vacutainer®
Serum Separation [SST™] tubes; Becton, Dickinson and
Company, Franklin Lakes, NJ, USA; Catalog No: 367986),
and the tubes were centrifuged at 400 x g for 20 min-
utes. Serum samples were aliquoted and stored at -80°C
in an ultrafreezer for further analysis.
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Measurement of Serum Soluble Immune
Checkpoint Proteins

Serum concentrations of soluble ICPs— sCD25 (solu-
ble interleukin-2 receptor alpha [IL-2Ra; CD25]), 4-1BB
(tumor necrosis factor receptor superfamily member 9
[TNFRSF9; CD1371), B7.2 (CD86; cluster of differentia-
tion 86), transforming growth factor beta 1 (TGF-f1; free
active form), cytotoxic T-lymphocyte-associated protein
4 (CTLA-4), programmed death-ligand 1 (PD-L1), pro-
grammed cell death protein 1 (PD-1), T-cell immuno-
globulin and mucin-domain-containing protein 3 (TIM-
3), lymphocyte activation gene 3 (LAG-3), and Galectin-9
(Gal-9)— were quantified using the LEGENDplex™ HU
Immune Checkpoint Panel 1 (10-plex) (BioLegend , San
Diego, CA, USA; Catalog No: 740962). Laboratory anal-
yses were conducted at the HLA Typing Laboratory of
Yeditepe University Hospital.

For this purpose, aliquoted serum samples stored at
-80°C were thawed immediately, diluted, and the assay
was performed according to the manufacturer’s instruc-
tions. Samples were acquired using a Beckman Coulter
DxFLEX flow cytometry system (Beckman Coulter, Brea,
CA, USA). Data were analyzed using the LEGENDplex
Data Analysis Software Suite (BioLegend, San Diego, CA,
USA). Performance data and patient positivity for the re-
spective analytes are presented in Table 1.
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Statistical Analysis

All statistical analyses were performed using Graph-
Pad Prism software version 8 (GraphPad Software, San
Diego, CA, USA). The Shapiro-Wilk test was used to as-
sess the normality of the data. Comparisons between
groups were performed using one-way analysis of vari-
ance (ANOVA) for parametric data or the Kruskal-Wallis
test for non-parametric data. Correlations between sICPs
were assessed using Pearson’s correlation for normally
distributed data and Spearman’s rank correlation for
non-normally distributed data. P values <0.05 were con-
sidered statistically significant.

Results

Patients’ Demographic Characteristics

A total of 27 patients with SLE were enrolled in this
study, of whom 26 (96.2%) were female, and 1 (3.7%)
was male. The mean age of the subjects was 43.1 +
10.9 years, and their mean SLEDAI score was 3.7 + 3.9.
Among all SLE patients, 5 (18.5%) had hematologic
involvement, 4 (14.8%) had neurologic involvement, 3
(11.1%) had nephrologic involvement, and 1 (3.7%) had
both hematologic and nephrologic involvement, while
14 (52.8%) patients had no systemic involvement.

Table 1. Performance characteristics of the assay and distribution of analyte positivity across study groups, presented as number

(percentage).

SLE, ; (%) SS, ; (%) ContrOI, ; (%)

sCD25 4894.466 0.987949 1.220703 1.220703 27 (100.00) 23(100.00) 23(100.00)
4-1BB 3921.525 0.991143 1.418207 293.046 2(7.40) 6(26.09) 4(17.39)
B7.2 2213.927 0.997842 0.488281 0.488281 27 (100.00) 23(100.00) 23(100.00)
TGF-$1 2541.1 0.971964 0.488281 26.32961 4(14.81) 5(21.74) 6(26.09)
CTLA-4 562.9534 0.95292 0.907904 74.37019 3(11.11) 2(8.70) 5(21.74)
PD-L1 5520.906 0.982907 0.244141 18.0188 21(77.77) 15(65.22) 12 (52.17)
PD-1 826.0993 0.991235 0.244141 18.47389 9(33.33) 7(30.43) 3(13.04)
TIM-3 12970.71 0.986893 1.220703 2.893706 27 (100.00) 23(100.00) 23(100.00)
LAG-3 21523.53 0.997092 4.882813 4.882813 22(81.48) 12(52.17) 5(21.74)
Galectin-9 7689.858 0.994707 4.882813 294.0241 27 (100.00) 23(100.00) 23(100.00)

1C50: Half maximal inhibitory concentration, R2: Coefficient of determination, LOD: Limit of detection, LOQ: Limit of quantification,

SLE: Systemic lupus erythematosus, SS: Sjogren’s syndrome.
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Three (11.1%) patients were anti-nuclear antibody (ANA)
positive, and 15 (55.6%) were ANA negative, while ANA
test results were not available for 9 (33.3%) patients.
Eight (29.6%) patients were anti-double-stranded DNA
(anti-dsDNA) positive, whereas 17 (62.7%) were anti-dsD-
NA negative; results were not available for 2 (7.4%) pa-
tients.

Among SLE patients, treatment information was un-
available for 1 (3.7%) patient. One (3.7%) patient was
given a combination of prednisolone and methotrexate,
while another was treated with methylprednisolone and
mycophenolate mofetil. Two (7.4%) patients were ad-
ministered mycophenolate mofetil monotherapy, and
8 (29.6%) patients received hydroxychloroquine alone.
The remaining patients were treated with hydroxychlo-
roquine in combination with other agents, including aza-
thioprine, methylprednisolone, mycophenolate mofetil,
hydrocortisone, colchicine, and methotrexate.

Among patients with SS, 22 (95.7%) were female, and
1 (4.3%) was male. The mean age of the subjects was
58.1 + 14.9 years, while their mean ESSDAI score was
2.2 + 2.3. When autoantibody status was evaluated,
14 (60.9%) patients were ANA-positive, 4 (17.4%) pa-
tients were ANA-negative, and results were unavailable
for 5 (21.7%) patients. Regarding anti-SSA/Ro and an-
ti-SSB/La antibodies, 3 (13%) patients were positive, 16
(69.6%) were negative, and results were not available for
4 (17.4%) patients.

Of the 23 patients with SS included in this study, 1
(4.3%) was under observation without medication, and
1 (4.3%) received a combination of prednisolone and
methotrexate. The remaining 21 (91.3%) patients were
administered hydroxychloroquine. Four (17.4%) patients
received prednisolone in addition to hydroxychloroquine;
2 (8.7%) received sulfasalazine; and colchicine, metho-
trexate, and azathioprine were administered to 2 (8.7%),
1 (4.3%), and 1 (4.3%) patient, respectively.

Figure 1. Statistical comparisons of soluble ICP levels among SLE, SS, and healthy controls. (A) sCD25, (B) 4-1BB, (C) B7.2, (D) TGF-1,
(E) CTLA-4, (F) PD-1, (G) PD-L1, (H) TIM-3, (1) LAG-3, (J) Galectin-9. Comparisons were performed using the Kruskal-Wallis test followed by

Dunn’s multiple comparisons test.

*p=0.0485 (TIM3, SLE vs. SS), * p =0.0273 (LAG-3, SLE vs. SS) ** p =0.0018, **** p <0.0001.
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Figure 2. Correlation between sICP levels in patients with SLE and SS. (A) No correlation between PD-1 and PD-L1 levels was observed in
SLE patients. (B) No correlation between Galectin-9 and PD-1 levels was observed in SLE patients. (C) A strong positive correlation between
Galectin-9 and TIM-3 levels was observed in SLE patients. (D) A moderate positive correlation between Galectin-9 and LAG-3 levels was
observed in SLE patients. (E) A moderate positive correlation between PD-1 and PD-L1 levels was observed in SS patients. (F) No correlation
between Galectin-9 and PD-1 levels was observed in SS patients. (G) A moderate positive correlation between Galectin-9 and TIM-3 levels was
observed in SS patients. (H) No correlation between Galectin-9 and LAG-3 levels was observed in SS patients.

When sICP levels were evaluated, significant increas-
es in TIM-3 (p<0.0001), LAG-3 (p<0.0001), and Gal-9
(p=0.018) were observed in SLE patients compared
with the control group. No significant differences were
detected in sCD25, 4-1BB, B7.2, TGF-B1, CTLA-4, PD-1,
or PD-L1 levels (p>0.05). In addition to the comparison
with the control group, TIM-3 and LAG-3 levels were sig-
nificantly higher in the SLE group than in the SS group
(p=0.0273) (Figure 1).

Investigations of correlations between sICP levels re-
vealed that, in SLE patients, Gal-9 and TIM-3 showed
a strong positive correlation (r=0.79, p<0.0001), and a
moderate positive correlation was observed between
Gal-9 and LAG-3 (r=0.55, p=0.002). Similarly, in SS pa-
tients, Gal-9 and TIM-3 levels showed a moderate pos-
itive correlation (r=0.54, p=0.007), in addition to sPD-1
and sPD-L1 (r=0.56, p=0.004) (Figure 2).

Next, the correlations between serum sICP levels and
SLEDAI scores in SLE patients and ESSDAI scores in SS
patients were evaluated. No correlations were observed
between sICP levels and SLEDAI scores (Figure 3). How-
ever, when ESSDAI scores and sICP levels were ana-
lyzed, a strong positive correlation with sCD25 (r=0.65,
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p=0.0007) and weak but statistically significant posi-
tive correlations with TIM-3 (r=0.49, p=0.01) and Gal-9
(r=0.41, p=0.04) were observed. In addition, the relation-
ship between the ESSDAI score and B7.2 levels was close
to statistical significance (r=0.38, p=0.06) (Figure 4).

CTLA-4 and free active TGF-1 were not included in the
evaluation of correlations with disease activity scores
because their concentrations were accurately measured
in only 3 (11%) patients with SLE and in only 2 (8%) and
4 (17%) patients with SS, respectively.

Discussion

Relevant ligand-receptor pairs were evaluated when in-
vestigating correlations between sICPs. Programmed
cell death protein 1 (PD-1) plays a critical role in regu-
lating immune responses and maintaining self-tolerance
by modulating T-cell activity. One of its ligands, PD-L1, is
a transmembrane protein that acts as a key co-inhibitory
molecule in the immune system. By binding to PD-1, PD-
L1 suppresses the proliferation of PD-1-positive cells, re-
duces their cytokine production, and induces their apop-
tosis, effectively dampening the immune response (13).
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Figure 3. Correlations between serum sICP levels and SLEDAI scores in patients with SLE.

Figure 4. Correlations between serum sICP levels and ESSDAI scores in patients with SS.

Gal-9, a member of the galectin family with a tandem
repeat structure, serves as a ligand for TIM-3, which is
expressed on exhausted T cells (14). In addition to in-
teracting with Gal-9, TIM-3 has been reported to bind
PD-1 (15). Although no interaction between Gal-9 and
LAG-3 has been reported, their co-expression has been
described under certain conditions (16).

Autoimmune diseases result from a breakdown of im-
mune tolerance and are multifactorial, with both ge-
netic and environmental factors playing critical roles
in their development (17). Although autoimmunity has
a genetic component, incomplete concordance rates in
monozygotic twins suggest that other factors contribute
to disease onset (18). Environmental influences, such as
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lifestyle, infections, and diet, are supported by variations
in the incidence of autoimmune diseases across differ-
ent ethnic groups and geographic regions. Although
autoimmune diseases rarely cause mortality, they have
a significant impact on quality of life (19). Their classi-
fication remains challenging, highlighting the complex-
ity of these conditions (20). Furthermore, the frequent
coexistence of autoimmune diseases suggests shared
pathogenic mechanisms, as individuals with one autoim-
mune disease often have an increased risk of developing
another (17). To date, more than 100 autoimmune dis-
eases have been identified, and several other conditions
exhibit autoimmune-related features. It has been report-
ed that autoimmune diseases affect approximately 5.6%
to 9.4% of the global population, with their incidence
and prevalence increasing significantly over the past 30
years, particularly among younger individuals (21). Be-
cause of their widespread impact, autoimmune diseases
have been identified by the World Health Organization
(WHO) as the third greatest threat to human health (22).

Systemic lupus erythematosus is a complex autoimmune
disease that affects multiple organ systems and is char-
acterized by the presence of autoantibodies against nu-
clear antigens, the accumulation of immune complexes,
and chronic inflammation in key organs, including the
skin, joints, and kidneys. The disease course is unpre-
dictable, and persistent inflammation carries the risk of
progressive organ damage, which may lead to serious
health complications and an increased risk of prema-
ture mortality in severe cases (23). Systemic lupus ery-
thematosus is estimated to affect more than 3.4 million
people worldwide. However, determining its true global
incidence and prevalence remains challenging due to
variations in case definitions used in epidemiological
studies and the lack of comprehensive data from many
regions. The disease predominantly affects women, with
a ratio of approximately 9:1 (female:male). Although the
disease can occur at any age, it most commonly develops
in women of childbearing age, typically between 15 and
44 years. Childhood-onset SLE, defined as disease onset
before the age of 18, has been reported to be associated
with a more severe disease course (23).

Sjogren's syndrome is a systemic disease characterized
by multiple manifestations resulting in exocrine gland
dysfunction or damage. The diagnosis of SS involves
several steps, including assessment of oral and ocular
dryness, detection of anti-SSA/Ro and anti-SSB/La anti-
bodies, and performing a gland biopsy (24).
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According to a meta-analysis, the incidence of SS has
been estimated at 6.92 cases per 100,000 person-years,
with a prevalence of 60.82 cases per 100,000 individu-
als (approximately 1 in 1644 people) (25). The disease
is most commonly diagnosed around the ages of 40-67
years and has shown a significantly higher prevalence in
women over the past 15 years (26).

The most prominent and common clinical symptom is
dryness of the eyes and mouth, caused by impaired func-
tion of the salivary and lacrimal glands. In addition to
dryness, patients with SS frequently suffer from chron-
ic and debilitating symptoms, including persistent pain,
dental caries, vaginal dryness, and joint pain (arthralgia),
all of which contribute to a significant reduction in qual-
ity of life (27).

Immune checkpoint proteins are ligand-receptor pairs
that regulate immune responses by either enhancing
or suppressing immune activity (28). These molecules
are primarily expressed on cells of both the adaptive
immune system, particularly T cells, and the innate im-
mune system. They play a critical role in maintaining
self-tolerance and controlling the duration and intensity
of immune responses in various tissues, thereby helping
to prevent excessive tissue damage. By modulating ef-
fector cell activity, immune checkpoints ensure that im-
mune responses remain balanced (28).

Stimulatory immune checkpoints include molecules
such as CD137,CD137L, 0X40, 0X40L, CD28, CD80, B7.2,
inducible T cell costimulator (ICOS), B7-related protein 1
(B7RP1), CD27 and CD70 (29). These molecules promote
T cell activation and proliferation. In contrast, inhibitory
checkpoints play a role in dampening immune respons-
es to prevent overactivation and autoimmunity (30). Key
inhibitory molecules include PD-1 and its ligands PD-L1
and PD-L2, as well as cytotoxic T-lymphocyte-associat-
ed protein 4 (CTLA4), CD80, B7.2, TIM-3, Gal-9, LAG-3,
B and T lymphocyte attenuator (BTLA), herpesvirus en-
try mediator (HVEM), TIGIT, B7-H3, and B7-H4(31). To-
gether, these stimulatory and inhibitory pathways play
an essential role in fine-tuning immune responses (32).
The roles of ICPs, both in membrane-bound and soluble
forms, are now well documented in cancer (2,33-35).
However, their involvement in autoimmune diseases re-
mains less well understood.

TIM-3 is a member of the TIM family of immunoregulato-
ry proteins (36). Its soluble form, which can be released
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from the cell surface through cleavage by membrane-as-
sociated proteases, suggests that TIM-3 also functions
as a cell-free ligand (37). Through interaction with its
ligand Galectin-9, TIM-3 plays an important role in the
onset and progression of chronic autoimmune diseases
and has therefore been proposed as a potential target
for novel therapeutic strategies, including in SLE. Song
et al. (38) demonstrated that increased TIM-3 expression
on peripheral T-lymphocyte subsets in SLE patients is as-
sociated with higher disease activity. Similarly, Zhao et
al. (39) reported that, in its soluble form, plasma TIM-3
levels positively correlate with anti-dsDNA positivity and
SLEDAI scores, suggesting that soluble TIM-3 (sTIM-3)
may serve as a biomarker of disease activity in SLE. In
line with these studies, TIM-3 levels were significantly
higher in SLE patients compared with both the control
and SS groups in our study.

In addition to TIM-3, the significant increase in its ligand
Gal-9 compared with the control group, as well as the
strong positive correlation between sTIM-3 and Gal-9 in
SLE patients, further supports activation of this pathway
in SLE (40-42). On the other hand, no relationship was
observed between SLEDAI scores and TIM-3 levels in our
study. This finding might be attributed to the fact that
the patients included in our study were not newly diag-
nosed and had already been receiving treatment, which
may have reduced disease activity scores, as reported in
previous studies (43,44). Besides its interaction with TIM-
3, Gal-9 has also been shown to bind PD-1 (12), although
no correlation between these two ICPs was observed in
SLE patients in our study. Interestingly, serum LAG-3 lev-
els were also significantly higher in SLE patients. LAG-3
has recently been recognized as a promising target for
inhibitory drug development. Experimental studies have
shown that the absence of LAG-3 does not induce auto-
immune responses in vivo and that modulation of LAG-
3-expressing T cells may reduce autoimmune symptoms
(45). Therefore, LAG-3 has been proposed as a potential
therapeutic target in SLE (45,46) and our findings further
support this hypothesis. Moreover, a positive correlation
between Gal-9 and LAG-3 levels was observed, which is
consistent with previous reports (41).

Compared with SLE, relatively few studies have investi-
gated the role of ICPs in SS. In its membrane-bound form,
the role of PD-1 in SS remains controversial. Kobayashi et
al. (47) reported increased PD-1 expression on infiltrating
lymphocytes in the salivary glands of SS patients, where-
as Zhai et al. (48) identified PD-1-expressing CD8+tCXCR5*

cells in patients with primary SS, particularly in those with
lung involvement. However, immunotherapies targeting
the PD-1/PD-L1 axis have been reported to induce SS
(49-51). Similar to PD-1, increased PD-L1 and CTLA-4
expression in the salivary glands of SS patients has also
been reported (52). In our study, although serum levels of
sPD-1 and sPD-L1 did not differ significantly between the
SS and control groups, a moderate positive correlation
between these two ICPs was observed which may sup-
port their involvement in SS. In contrast, a recent study
suggested that TIM-3 expression is downregulated in T
cells of SS patients (53). As a ligand of TIM-3, Gal-9 has
been proposed as a biomarker for several autoimmune
diseases, including SS (54). In our study, Gal-9 levels did
not differ significantly between SS patients and controls,
although a moderate positive correlation between Gal-9
and sTIM-3 was observed. In a study by van den Hoogen
et al. (55), Gal-9 levels were reported to be elevated in pri-
mary Sjogren’s disease compared with non-Sjogren sicca
and showed a positive correlation with ESSDAI scores.
The ESSDAI was introduced by EULAR to standardize the
assessment of disease activity in SS and is widely used
in both clinical trials and routine practice (56). In our
study, a strong correlation between ESSDAI scores and
serum sCD25 levels was detected. This finding is consis-
tent with previous studies suggesting the involvement of
sCD25 in autoimmune diseases, including primary SS (57,
58). In addition, weak but statistically significant positive
correlations were observed between ESSDAI scores and
both Gal-9 and sTIM-3. Nevertheless, the absence of sig-
nificant increases in sICP levels between SS patients and
healthy controls in our study highlights the need for stud-
ies including larger patient cohorts.

Overall, the significant increase in TIM-3, LAG-3, and Gal-
9 levels in the SLE group is consistent with previous re-
ports. However, no significant correlations were observed
between these markers and disease activity parameters.
In contrast, although no significant differences in sICP
levels were detected between the SS group and healthy
controls, sCD25, TIM-3, and Gal-9 plasma levels showed
positive correlations with disease activity scores. Con-
sidering the relatively low mean disease activity in our
cohort and the fact that the participants were receiving
treatment at the time of sampling, these correlations
should be interpreted cautiously and require further
validation in treatment-naive patients and larger study
populations.
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Conclusion

The results of our study are consistent with previous re-
ports and suggest that sICPs may serve as potential bio-
markers in SLE and SS. Among the 10 sICPs evaluated,
TIM-3, Gal-9 and LAG-3 levels were significantly higher
in SLE patients, and Gal-9 levels showed positive correla-
tions with TIM-3 and LAG-3. However, no association was
observed between SLEDAI scores and sICP levels. In SS
patients, sICP levels were not significantly altered com-
pared with those of controls and SLE patients, although
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Abstract

Objective: This study aimed to determine the concentration of anti-type Il collagen (an-
ti-CIl) and interleukin-1 beta (IL-1B) in patients with hyperuricemia and to evaluate their
relationship with uric acid and other hematological parameters.

Materials and Methods: This case-control study included patients with chronic hyperurice-
mia and healthy controls. Serum uric acid levels, complete blood counts, and quantitative
levels of IL-1B and anti-Cll antibodies were measured using an enzyme-linked immunosor-
bent assay (ELISA).

Results: A total of 80 patients with chronic hyperuricemia and 40 healthy controls were
included in the study. Data analysis showed that uric acid (8.20 + 1.06 mg/dL vs 4.99 + 1.20
mg/dL; p<0.001), MID cells (627.48 + 283.84 cells/pL vs 375.29 + 173.43 cells/pL; p=0.001),
anti-Cll (9.67 + 7.30 ng/mL vs 5.58 + 1.35 ng/mL; p=0.027), and IL-1p (2.21 + 2.18 pg/mL
vs 0.94 + 0.81 pg/mL; p=0.024) were significantly higher in patients than in controls. Regres-
sion analysis revealed a significant negative correlation between MID cells and hemoglobin
(Hb) levels (R2=0.30; p=0.049). Notably, IL-1B was the only variable that showed a statistical-
ly significant effect on anti-ClI levels (3=0.578, p=0.014).

Conclusion: The study concludes that the anti-Cll-mediated autoimmune response in gout
occurs through an IL-1B-mediated production axis rather than as a direct consequence of
elevated uric acid levels. Moreover, the negative correlation between MID cells and Hb sug-
gests that chronic gout may exert a systemic suppressive effect on erythropoiesis.
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Autoimmune Response in Gouty Arthritis

Introduction

Gouty arthritis is a complex inflammatory condition asso-
ciated with metabolic derangements and an enhanced
innate immune response. Gout is caused by the accumu-
lation of monosodium urate (MSU) crystals in the syno-
vial fluid and joint tissues. However, the transition from
asymptomatic hyperuricemia to an acute, self-limiting
attack is regulated by a complex network of immunolog-
ical signals. At the heart of this network is the activation
of the NLR family pyrin domain-containing 3 (NLRP3;
formerly NOD-, LRR- and pyrin domain-containing pro-
tein 3) inflammasome and the ensuing release of inter-
leukin-1 beta (IL-1B), a key proinflammatory cytokine
that coordinates neutrophil recruitment and activation
(1). However, MSU crystals and their associated cytokines
do not solely determine the immune landscape of gout.
The articular environment, particularly the extracellu-
lar matrix, which is mainly composed of type Il collagen
(CIl), also modulates the inflammatory response (2).
Recent research has shown that injury to articular car-
tilage and the release of Cll fragments act as immuno-
logical modifiers that influence the structural properties
of MSU crystals and enhance macrophage activation (3).

This phenomenon creates a harmful feedback loop in
which IL-1B-driven inflammation stimulates the produc-
tion of matrix-degrading enzymes, releasing collagen
fragments and thereby perpetuating the inflammatory
response (4). Understanding this relationship requires
an in-depth assessment of the molecular interplay
between MSU crystals, IL-18 signaling, and the cartilage
matrix (5).

Gouty arthritis begins with hyperuricemia, which occurs
when blood uric acid levels exceed the physiological sat-
uration point of approximately 6.8 mg/dL. In humans,
purine metabolism ultimately produces uric acid, which
is largely eliminated via the kidneys and intestines (6).
When the concentration of urate ions (CsH3N4O37) in
the synovial fluid becomes supersaturated, needle-like
MSU crystals begin to form. Crystal formation is not
determined by concentration alone; the local microen-
vironment, including pH, electrolyte levels, and matrix
components such as proteoglycans and collagen, also
plays a crucial role (7). Elevated uric acid levels are often
considered a risk factor for metabolic and inflammatory
conditions. However, their systemic effects on immune
markers and the hematological profile remain unclear.
It is therefore important to investigate the relationship

between high uric acid concentrations, the autoimmune
marker anti-type Il collagen (Anti-Cll), and the pro-in-
flammatory cytokine IL-1B.

Furthermore, it is unclear how these markers vary across
demographic variables such as age and sex or whether
there are significant changes in hematological parame-
ters, including white blood cell (WBC) counts, neutrophil
counts, and hemoglobin (Hb) levels. To better under-
stand the autoinflammatory response induced by uric
acid, this study aimed to investigate these relationships.
Therefore, this study aimed to investigate the relation-
ship between uric acid levels, anti-Cll antibodies, and
IL-1B concentrations in patients with hyperuricemia and
to evaluate their association with hematological param-
eters (Figure 1).

Materials and Methods

Patient Recruitment and Sample Collection
Samples were collected from patients with persistently
elevated blood uric acid levels. Participants were recruited
from Al-Salam Teaching Hospital, Ibn Sina Hospital, and
several outpatient clinics. Sample collection took place
between January and September 2025. Ethical approval
for the study was granted by the Scientific and Ethical
Committee of the University of Mosul, Iraq, in collabora-
tion with the Iragi Ministry of Health.

Study Subjects

This study involved participants aged 25-65 years,
including patients diagnosed with chronic hyperurice-
mia. The control group comprised healthy individuals
with no history of elevated serum uric acid (SUA) levels.
Patients were diagnosed with gouty arthritis by special-
ist rheumatologists according to the 2015 American
College of Rheumatology (ACR)/European Alliance of
Associations for Rheumatology (EULAR) classification
criteria for gout. Diagnosis required a combination of
clinical presentation (history of acute inflammatory
arthritis episodes), laboratory findings (SUA levels >
6.8 mg/dL), and the presence of tophi. Individuals with
asymptomatic hyperuricemia alone were excluded from
the patient cohort to ensure that the evaluated inflam-
matory markers accurately represented the active
disease state. Exclusion criteria for all participants
included active bacterial or viral infections, autoim-
mune diseases, and the use of pharmacological thera-
pies or antibiotics.
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Figure 1. Conceptual framework of gout-associated inflammation linking hyperuricemia, monosodium urate crystal deposition, IL-1B

signaling, cartilage damage, and study variables.

Serum Collection

Three milliliters of venous blood were collected from
each participant and divided into two tubes: one contain-
ing ethylenediaminetetraacetic acid (EDTA) for complete
blood count analysis and the other containing a serum
separator gel. The gel tubes were centrifuged at 5000
rem for 10 minutes to obtain serum. Aliquots of serum
were then transferred to Eppendorf tubes and stored at
-20°C until further analysis (8).

Estimation of Serum Uric Acid

Principle

This reaction produces allantoin and hydrogen peroxide
(H207). The generated hydrogen peroxide then reacts
with 4-aminoantipyrine and a phenolic compound (such
as dichlorophenol sulfonate) in the presence of perox-
idase (POD) to form a colored quinonimine complex.
The intensity of the resulting red-pink color is directly
proportional to the uric acid concentration in the sample
9).

Complete Blood Count (CBC)

An automated Mythic™ 18 hematology analyzer (Orphée
SA, Geneva, Switzerland) was used to measure 18 hema-
tological parameters (10).

G.M.AL-Allaff R et al.

Human IL-1B (Interleukin-1 Beta) ELISA Kit
Principle

The Human IL-1B ELISA Kit (Catalog No. RE1074H; Reed
Biotech Ltd, Shanghai, China) was used according to the
manufacturer’s instructions. The assay utilizes a micro-
plate pre-coated with a monoclonal antibody specific
for human IL-1B. Samples and standards were added to
the wells and incubated, allowing the target protein to
bind to the immobilized antibody. Subsequently, a bioti-
nylated detection antibody specific for IL-18 was added,
followed by an additional incubation step.

After removal of unbound components, an avidin-horse-
radish peroxidase (HRP) conjugate was added to the
wells and incubated again.

Following a final wash to eliminate excess conjugate,
a substrate solution was added, producing a blue color
whose intensity was proportional to the amount of bound
IL-1B. The reaction was stopped using a stop solution,
causing the color to change from blue to yellow. The opti-
cal density (OD) was measured spectrophotometrically at
450 nm, and IL-1B concentrations in the samples were
calculated by interpolation from a standard curve gen-
erated using standards of known concentrations (11,12).
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Procedure

 Microplate strips were removed from the frame, and
the remaining strips were returned to the alumi-
num foil bag containing desiccants and sealed for
storage.

« Standard, blank, and sample wells were designated.
A volume of 100 pL of diluted standards, blank solu-
tion, and sample dilutions was added to the appro-
priate wells. The plate was sealed with the kit sealer
and incubated at 37°C for 90 minutes. Solutions were
added carefully to the bottom of the wells without
touching the well walls to avoid foaming.

e The plate was aspirated and cleaned three times.
Immediately afterward, 100 pL of biotinylated
detection antibody working solution was added to
each well. A new sealer was applied, and the plate
incubated at 37°C for 1 hour.

 After decanting the solution, 300 pL of wash buffer
was added to each well. After 0.5 minutes, the solu-
tion was aspirated or decanted, and the plate was
patted dry on clean absorbent paper. The washing
procedure was repeated three times. Test strips were
used immediately after washing, and wells were not
allowed to dry.

e A volume of 100 pL of HRP conjugate working
solution was added to each well. A new sealer was
applied, and the plate was incubated at 37°C for 30
minutes.

« After decanting the solution from each well, the
washing procedure described in step 4 was repeated
three times.

» A volume of 100 pL of substrate reagent was added
to each well. The plate was covered with a new
sealer and incubated at 37°C for 15 minutes in the
dark. Optical density was measured after a 15-min-
ute microplate preheating and reading step.

» A volume of 50 pL of stop solution was added to
each well in the same sequence as the substrate
solution.

« The OD at 450 nm of each well was measured imme-
diately using a microplate reader.

Human Anti-Type Il Collagen Antibody (Anti-
ClIAb) Enzyme-Linked Immunosorbent Assay
(ELISA) Kit

Principle

The Human Anti-Type Il Collagen Antibody (Anti-ClIAb)
ELISA Kit (Catalogue No. EH5105; FineTest, Wuhan Fine
Biotech Co., Ltd, Wuhan, China) was used according to
the manufacturer’s instructions. The assay utilizes an

indirect ELISA method in which specific antigens are pre-
coated onto a 96-well microplate. Detection is achieved
using a biotin-conjugated antibody system.

Standards and samples were added to the wells and incu-
bated. After the initial incubation, unbound components
were removed by washing, and a biotinylated detection
antibody was added.

Following additional washing to remove unbound
material, HRP-conjugated streptavidin was applied.
The enzymatic activity of HRP was visualized by adding
3,3,5,5'-tetramethylbenzidine (TMB) substrate, produc-
ing a blue color that turned yellow after the addition of
an acidic stop solution.

The OD was measured at 450 nm using a microplate
reader. The concentration of the target antibody in the
samples was directly proportional to the OD450 values
and was calculated using a standard curve (13).

Procedure

 Preparation and loading of samples: The pre-coated
microplate was prepared by designating appropriate
wells for standards, samples, and blank controls. All
measurements were performed in triplicate to mini-
mize experimental error. A volume of 100 pL of each
standard solution was added to the designated stan-
dard wells. A volume of 100 pL of sample dilution
buffer was added to the blank control wells, whereas
100 pL of diluted serum samples was added to the
sample wells. The plate was sealed and incubated
at 37°C for 90 minutes. Solutions were carefully dis-
pensed into the bottom of the wells without touch-
ing the well walls to avoid foaming.

« Initial washing and antibody incubation: After incu-
bation, the liquid was aspirated, and the plate was
gently blotted on absorbent paper. The wells were
washed twice with 350 pL of wash buffer without
soaking. Subsequently, 100 pL of biotin-conjugated
antibody working solution was added to each well.
The plate was sealed and incubated statically at
37°C for 60 minutes. Following incubation, the plate
was washed three times by immersing the wells in
350 pL of wash buffer for 1 min and discarding the
liquid.

» SABC conjugation and chromogenic development:
A volume of 100 pL of the HRP-streptavidin-biotin
complex (SABC) working solution was added to each
well and incubated at 37°C for 30 minutes. The TMB
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substrate solution was equilibrated to 37°C before
use.

» The plate then underwent five washing cycles using
the previously described immersion washing pro-
cedure. Subsequently, 90 pL of TMB substrate was
added to each well. The plate was sealed and incu-
bated in the dark at 37°C for 10-20 minutes. Color
development was monitored visually, and the incu-
bation time did not exceed 30 minutes. A clear color
gradient was observed in the standard wells.

» Stopping the reaction and measuring: The enzy-
matic reaction was terminated by adding the stop
solution in the same sequence as the TMB substrate
was added. After the stop solution was added, the
color in each well immediately changed to yellow.
Optical density was measured immediately at 450
nm using a microplate reader. To correct background
interference, wavelength correction was performed
using reference readings at either 570 nm or 630 nm
before calculating the final OD450 values.

Statistical Analysis

Data were analyzed using IBM SPSS Statistics for Win-
dows, version 26.0 (IBM Corp., Armonk, NY, USA).
Descriptive statistics were expressed as mean * stan-
dard deviation (SD). Differences between hyperurice-
mic patients and healthy controls were evaluated using
the independent-samples t-test. Associations between
hematological parameters and inflammatory markers
were examined using simple linear regression analysis.
Additionally, a multiple linear regression analysis was
performed to identify independent predictors of anti-Cl|
levels. Statistical significance was set as p<0.05.

Results

This study involved a total 120 participants, including
80 patients with chronic hyperuricemia and 40 healthy
controls with no history of elevated SUA levels.

Statistical Implications of the Current Study
Groups

The differences between the study variables are pre-
sented in Table 1. Statistical analysis demonstrated that
serum uric acid levels were significantly higher in the
patient group (8.20 + 1.06 mg/dL) compared with the
control group (4.99 + 1.20 mg/dL; t=9.992, p<0.001).
Similarly, MID cell counts were significantly elevated in
patients (p=0.001).

G.M.AL-Allaff R et al.
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Regarding immunological markers, both anti-Cll and
IL-1B levels were significantly higher in the patient group
compared with controls (p=0.027 and p=0.024, respec-
tively). In contrast, no statistically significant differences
were observed between the two groups in Hb levels
(p=0.110), WBC (p=0.863), neutrophil count (p=0.268),
or lymphocyte count (p=0.158).

Simple Linear Regression Analyses
Association Between MID Cell Count and
Hemoglobin

A simple linear regression analysis was performed to
evaluate the relationship between MID cell count and Hb
levels (Table 2). The analysis demonstrated a statistically
significant negative association between MID cell count
and Hb levels (B=-31.231, t=-1.970, p=0.049). The coef-
ficient of determination indicated that MID cell count
explained 30% of the variance in Hb levels (R?=0.30).
These findings suggest that higher MID cell counts are
associated with lower Hb levels.

Association Between Neutrophil Count and
Hemoglobin

A simple linear regression analysis was conducted to
examine the relationship between neutrophil count (cells/
pL) and Hb levels (g/dL) (Table 3). The results revealed a
statistically significant negative association between neu-
trophil count and Hb levels (3=-0.001, t=-2.173, p=0.036).
The coefficient of determination (R?) was 0.11.

Multiple Linear Regression Analysis

A multiple linear regression model was constructed to
evaluate the effects of uric acid (mg/dL), MID cell count
(cells/pL), Hb levels (g/dL), and IL-1B (pg/mL) on anti-Cl|
levels (ng/mL) (Table 4).

The analysis showed that:

« Uric acid was not significantly associated with anti-
Cll levels (p=0.534).

» MID cell count was not significantly associated with
anti-Cll levels (p=0.969).

« Hemoglobin levels were not significantly associated
with anti-Cll levels (p=0.286).

 |IL-1B showed a significant positive association with
anti-Cll levels (p=0.014).

» The regression coefficient (3=0.578) indicated that
each 1-unit increase in IL-1B was associated with an
increase of 0.578 ng/mL in anti-ClI levels.

» The coefficient of determination showed that 47%
of the variance in IL-1p levels was explained by the
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Table 1. Comparison of inflammatory markers, hematological parameters, and uric acid levels between patients with gouty arthritis and
healthy controls.

Patient 8.20 + 1.06

Uric acid, mg/dL 9.992 118 0.001
Control 40 4.99 +1.20
Patient 80 13.82+2.41

Hb, g/dL -1.623 118 0.110
Control 40 14.85 + 1.60
Patient 80 7401 + 1852.02

WBC, cell/puL 0.174 118 0.863
Control 40 7305.88 + 1991.06
Patient 80 4124.18 + 1377.53

Neutrophils, cell/uL -1.118 118 0.268
Control 40 4567.65 + 1350.17
Patient 80 2649.30 + 668.51

Lymphocytes, cell/pL 1.432 118 0.158
Control 40 2360 + 763.82
Patient 80 627.48 + 283.84

MID cells, cell/uL 3.394 118 0.001
Control 40 375.29 +173.43
Patient 80 9.67 £ 7.30

Anti-Cll, ng/mL 2.279 118 0.027
Control 40 5.58 + 1.35
Patient 80 2.21+2.18

IL-1B, pg/mL 2.330 118 0.024
Control 40 0.94 +0.81

SD: Standard deviation

variables included in the model, while the remain-
ing 53% may be attributable to other factors not
included in the analysis.

Discussion

The present study demonstrates clear biochemical and
immunological differences between patients with gouty
arthritis and healthy controls. The most prominent
finding was the significantly elevated SUA levels in the
patient group compared with controls. These values
exceed the physiological saturation threshold for MSU,
thereby promoting crystallization within joint tissues.
This observation aligns with the treat-to-target approach
in gout management, which recommends maintaining
SUA levels below 6.0 mg/dL to prevent crystal formation
and recurrent flares (14).

In addition to hyperuricemia, patients exhibited a sig-
nificant increase in MID cell counts, likely reflecting
enhanced monocyte activity. Recent immunological

studies have shown that hyperuricemia induces a form
of trained immunity in monocytes. Once recruited to the
synovium, these cells phagocytose MSU crystals and
activate the NLRP3 inflammasome (15). This intracellu-
lar mechanism likely explains the concurrent significant
rise in IL-1B observed in our patient cohort. IL-18 is the
key cytokine in gouty inflammation, responsible for neu-
trophil recruitment and the intense pain characteristic
of acute flares.

Another important finding of this study is the significant
elevation of anti-Cll antibodies in patients with gout.
Although anti-Cll antibodies are traditionally associated
with rheumatoid arthritis, emerging evidence indicates
that chronic crystal-induced inflammation can lead to
citrullination of proteins in the joint environment, trigger-
ing an autoantibody response. These findings support the
growing theory that chronic gout may involve an autoim-
mune reactivity driven by persistent tissue damage (16,17).

Regression analysis revealed a significant negative rela-
tionship between MID cell counts and Hb levels. This
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Table 2. Simple linear regression analysis of the association between MID cell counts and hemoglobin levels.

Independent Dependent
variable variable
Constant 1037.223 223.138 - 4.648 0.000
Hb, g/dL 0.30
MID cells, cell/uL -31.231 15.855 -0.308 -1.970 0.049

B: Regression coefficient, SE: Standard error, Std. B: Standardized regression coefficient, R2: Coefficient of determination, Hb: Hemoglobin,
MID: Mid-sized cells (monocytes, eosinophils, basophils).
*p<0.05 was considered statistically significant.

Table 3. Simple linear regression analysis of the effect of neutrophils on Hb levels.

Independent Dependent Std
. SE (B)
variable variable
Constant 16.273 1.166 13.955 0.000
Hb, g/dL 0.11
Neutrophils, cell/pl -0.001 0.000 -0.336 -2.173 0.036
B: Regression coefficient, SE: Standard error, Std. B: Standardized regression coefficient, R2: Coefficient of determination, Hb: Hemoglobin.
*p<0.05 was considered statistically significant.
Table 4. Multiple linear regression analysis of predictors for anti-ClI levels.
Independent Dependent "
Constant 7.921 5.139 1.541 0.133
Uric acid-mg/dL 0.290 0.461 0.099 0.629 0.534
MID, cell/pL Anti-Cll, ng/ml -8.300 x 1075 0.002 -0.007 0.47 -0.039 0.969
Hb, g/dL 0.0230 0.212 -0.178 -1.084 0.286
IL-1 Beta, pg/mL 0.578 0.224 0.408 2.577 0.014

B: Regression coefficient, SE: Standard error, Std. B: Standardized regression coefficient, R2: Coefficient of determination, Anti-Cll: Anti-type Il collagen
antibody, Hb: Hemoglobin, MID: Mid-sized cells (monocytes, eosinophils, basophils), IL-1B: Interleukin-1 beta.

*p<0.05 was considered statistically significant.

association may reflect the systemic inflammatory bur-
den in gouty arthritis. Activated monocytes and mac-
rophages produce cytokines such as IL-1B8 and tumor
necrosis factor alpha (TNF-a) (18). Recent studies indi-
cate that chronic inflammatory signaling induces hepci-
din, a liver-derived hormone that sequesters iron, thereby
disrupting iron metabolism and reducing its availability
for erythropoiesis (19). This mechanism underlies the
anemia of chronic disease (ACD), also called anemia of
inflammation, explaining the lower Hb levels in patients
with elevated inflammatory markers (higher MID) (20).
The significance level in our regression analysis sug-
gests that immune activation in gout extends beyond
the joints, potentially exerting a suppressive effect on

G.M.AL-Allaff R et al.

erythropoiesis and contributing to subclinical anemia in
chronic gout patients.

Additionally, neutrophil counts demonstrated a statis-
tically significant negative correlation with Hb levels.
However, the low regression coefficient indicated that
neutrophils have a measurable negative impact on Hb
levels in this population. Neutrophils are major effec-
tor cells in gouty inflammation, releasing a cascade
of pro-inflammatory cytokines upon activation, most
notably IL-1B and IL-6. Elevated neutrophil activity in
gouty arthritis patients may therefore reflect a broader
systemic inflammatory state rather than a purely local-
ized joint response (21). Our findings indicate that as this
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inflammatory burden increases (as reflected in elevated
neutrophil counts), a corresponding decline in Hb levels
may occur.

The inverse correlation can be explained by ACD mech-
anism. Recent studies (22) show that chronic inflam-
mation induces hepatic production of hepcidin, the key
regulator of iron homeostasis. Elevated IL-6, driven by
neutrophil activity, stimulates hepcidin, which inhibits
ferroportin, leading to iron sequestration within macro-
phages and reduced intestinal absorption (23). In addi-
tion, TNF-a and other neutrophil-derived factors can
directly suppress erythroid progenitor cells in the bone
marrow and diminish the biological activity of erythro-
poietin (EPO).

It has been shown that approximately 11% of the varia-
tion in Hb levels is explained by neutrophil count. While
this confirms that neutrophils are an independent pre-
dictor, the remaining 89% of the variance is likely attrib-
utable to multifactorial causes common in gout patients,
including renal impairment and chronic kidney disease,
which affect EPO production; pharmacological factors,
such as long-term use of nonsteroidal anti-inflammatory
drugs (NSAIDs) leading to subclinical gastrointestinal
blood loss; and nutritional status, including diet-related
iron or vitamin deficiencies.

Nevertheless, the statistically significant difference
demonstrates that the neutrophil-Hb axis may represent
an important component of the systemic inflammatory
burden in gout. Recent studies have suggested that the
neutrophil-to-Hb ratio may serve as a potential bio-
marker for monitoring disease activity in inflammatory
arthropathies (24).

The multiple linear regression analysis revealed that
IL-1B was the only significant predictor of anti-Cll lev-
els. The positive and significant correlation between
IL-1B and anti-Cll can be explained through the inflam-
masome-cartilage damage axis. In gouty arthritis, the
deposition of MSU crystals activates the NLRP3 inflam-
masome in macrophages, provoking a robust release of
IL-1B (25). This proinflammatory cytokine stimulates the
production of matrix metalloproteinases, which directly

degrade type Il collagen in the articular cartilage. As
collagen fragments are released into the joint space,
immune tolerance may be disrupted, leading to the pro-
duction of anti-Cll autoantibodies (26).

Interestingly, the initial hypothesis proposed a direct
relationship between SUA and anti-Cll; however, statisti-
cal analysis did not support this. This divergence may be
explained by the “crystallization paradox.” Serum hyper-
uricemia represents a systemic metabolic state, whereas
pathologic cartilage destruction is a local inflammatory
event (27). Clinical evidence suggests that elevated SUA
does not necessarily indicate active crystal deposition or
acute inflammation, as seen in asymptomatic hyperuri-
cemia (28). Therefore, the local inflammatory process
mediated by IL-1B appears to be more strongly associ-
ated with the autoimmune response rather than circu-
lating uric acid levels (29,30).

Taken together, these findings suggest that gouty arthri-
tis involves complex interactions between metabolic
disturbances, innate immune activation, and potential
autoimmune responses. Beyond the classical role of uric
acid, inflammatory mediators such as IL-18 may repre-
sent key drivers linking crystal deposition, cartilage dam-
age, and systemic inflammatory effects.

Conclusion

This study highlights the complex interplay between
hyperuricemia, systemic inflammation, and potential
autoimmune responses in patients with gouty arthritis.
While elevated uric acid levels remain central to dis-
ease pathogenesis, our findings suggest that IL-1B-me-
diated inflammation may play a pivotal role in linking
crystal deposition with cartilage damage and anti-
Cll antibody production. Additionally, the observed
associations between inflammatory cell counts and
hemoglobin levels indicate that the systemic inflam-
matory burden of gout may influence erythropoiesis.
These results underscore the importance of thera-
peutic strategies targeting not only urate reduction,
but also inflammatory pathways involved in disease
progression.
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Abstract

Objective: Efficient enrichment of CD14-expressing cell fractions is important for down-
stream applications such as in vitro differentiation and molecular analyses. However, se-
lecting an optimal magnetic separation method can be challenging, particularly when both
cell yield and enrichment efficiency must be considered. To address this challenge, we com-
pared two magnetic separation platforms, MACS™ and MojoSort™, that use anti-CD14 an-
tibody-conjugated beads for positive selection, focusing on cell recovery and CD14 mRNA
enrichment.

Materials and Methods: Peripheral blood mononuclear cells (PBMCs) were isolated from
eight healthy pediatric donors using Ficoll gradient centrifugation. The performance of two
immunomagnetic cell isolation methods utilizing antibody-conjugated magnetic particles,
differing in separation format (column-based vs. column-free) was evaluated based on viable
cell recovery and relative CD14 gene expression levels measured by RT-qPCR across input
and output fractions, including PBMCs, CD14-enriched fractions, and flow-through fractions.
Results: Column-based method demonstrated higher cell recovery and yielded fractions
with significantly greater CD14 mRNA expression compared to column-free system. Both
systems produced fractions with increased CD14 transcript levels relative to input PBMCs and
corresponding flow-through fractions. Cells derived from both methods exhibited compara-
ble expression of macrophage-associated genes following in vitro differentiation.

Conclusion: Under the tested conditions, Column-based separation system provided high-
er cell recovery and stronger enrichment of CD14 mRNA expression than the column-free
system. These findings highlight differences in enrichment efficiency at the transcript level,
while both systems generated cell fractions suitable for downstream molecular and func-
tional applications.

Keywords: Magnetic cell separation, CD14 mRNA enrichment, column-free magnetic sepa-
ration system, column-based magnetic separation system, RT-gPCR
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Introduction

Magnetic cell sorting is a rapid and reliable technique
commonly used to isolate specific cell types from blood
or tissue samples. Anti-CD14 magnetic beads are com-
monly employed in positive selection strategies, as CD14
is predominantly expressed in monocyte-lineage cells,
including monocytes, macrophages, and certain den-
dritic cell subsets (1-5).

The choice of cell separation strategy can influence not
only cell recovery but also downstream cellular behav-
ior, including differentiation potential. Accordingly,
obtaining viable and sufficiently enriched cell fractions
is critical for applications such as in vitro differentiation
and molecular analyses. However, achieving efficient
enrichment can be particularly challenging in pediatric
settings, where limited blood volume and low peripheral
blood mononuclear cell (PBMC) counts often restrict the
number of cells available for downstream applications.
These limitations may result in insufficient recovery of
CD14-expressing cell fractions for use in cell culture or
nucleic acid—based analyses.

In addition, monocyte-lineage cells are relatively sensi-
tive to handling, and the multi-step procedures required
for PBMC isolation and subsequent magnetic separation
can introduce variability in both yield and enrichment
efficiency.

Several magnetic-bead-based cell separation systems
are currently available, including column-based system,
(MACS™; Miltenyi Biotec, Bergisch Gladbach, Germany)
and column-free system (MojoSort™; BioLegend, San
Diego, CA, USA). Among these, magnetic-activated cell
column-based sorting system (MACS™) is one of the
most widely used systems and relies on direct magnetic
labeling with antibody-conjugated microbeads. In this
system, labeled cells are retained within a magnetic col-
umn, while unlabeled cells are removed, followed by elu-
tion of the retained fraction (2,6).

In contrast, the column-free system (MojoSort™) sys-
tem uses indirect magnetic labeling of cells prior to
separation in a magnetic field, first with the primary
antibody, then with magnetic streptavidin nanobeads
(7-9). Although both approaches have been reported
to be effective, differences in labeling strategy and
workflow may influence cell recovery and enrichment
efficiency.

Comparison of Two Commercially Available Magnetic Cell Separation Systems

In the present study, we compared two magnetic bead-
based separation systems, focusing on post-separation
cell viability and the enrichment of CD14 mRNA expres-
sion. Separation performance was assessed by measur-
ing viable cell yield through cell counting and relative
CD14 transcript levels across input and output fractions
using reverse transcription quantitative polymerase
chain reaction (RT-gPCR).

In addition, the functional potential of the enriched
fractions was assessed through in vitro macrophage dif-
ferentiation assays. Overall, this study aimed to provide
a practical and reproducible framework for optimizing
magnetic separation workflows, particularly in settings
where sample availability is limited, and evaluation is pri-
marily based on transcript-level analyses.

Materials and Methods

Sample Collection

Peripheral blood samples were obtained from healthy
pediatric donors (n=8) in accordance with an approved
institutional ethics committee protocol and following
informed consent from parents or legal guardians. All
donors were clinically evaluated prior to inclusion, had no
history of rheumatic or inflammatory diseases, and were
not receiving any medication at the time of sampling.

In addition, inflammatory markers, including C-reactive
protein (CRP) and erythrocyte sedimentation rate (ESR),
were within normal reference ranges, confirming the
absence of active systemic inflammation. Blood samples
were collected into ethylenediaminetetraacetic acid
(EDTA)-coated tubes (16 x 100 mm) under sterile con-
ditions and processed on the same day to preserve cell
integrity.

Peripheral blood samples were collected from each
donor into two 8 mL EDTA tubes. For the EDTA compar-
ison experiments, blood from one tube was divided into
three equal portions, with approximately 2.5 mL allo-
cated to each experimental condition. For the magnetic
separation experiments, PBMCs isolated from the other
8 mL blood sample were divided into two equal fractions
and subjected to MojoSort™ and MACS™ separation pro-
tocols, respectively.

All experimental procedures were conducted in accor-
dance with relevant guidelines and regulations.
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Demographic and clinical characteristics of the donors,
including age, sex, body mass index (BMI), CRP, and ESR
values, are provided in Table S1.

Isolation of Peripheral Blood Mononuclear
Cells

Equal volumes of peripheral blood were mixed with Dul-
becco's phosphate-buffered saline without calcium and
magnesium, or with DPBS supplemented with 1-2 mM
EDTA (0.5 M stock solution, pH 8.0, RNase-free; Thermo
Scientific™, Waltham, MA, USA) in 15- or 50- mL Falcon
tubes. The blood-DPBS mixture was layered onto the
Ficoll-Paque™ Plus (density 1.077 g/mL; GE Healthcare,
Chicago, IL, USA) by placing the pipette tip against the
inner wall of the tube.

The samples were centrifuged at 400 x g for 40 min-
utes, with the brake off, at 18-20°C. The buffy coat layer,
containing PBMCs, was drawn between the plasma and
Ficoll-Paque layers and washed twice with three vol-
umes of DPBS (with or without EDTA) by centrifugation
at 450 x g for 10 minutes.

Cell counting was performed using a hemocytometer
using 0.4% Gibco™ Trypan Blue Solution (Thermo Fisher
Scientific, Waltham, MA, USA). All procedures involving
cells were conducted in a biosafety level 2 (BSL-2) cell
culture hood.

Technical challenges encountered during the exper-
imental workflow, along with corresponding trou-
bleshooting strategies, are summarized in Table S2.
Peripheral blood mononuclear cells isolated from each
donor were divided into equal fractions (5 x 10 input
cells per condition) and subjected to two magnetic sep-
aration systems in parallel, allowing paired comparison
within the same donor. Additionally, PBMCs isolated
using DPBS without EDTA were subsequently used for
magnetic sorting experiments.

Magnetic Cell Separation Using Miltenyi
Biotec MACS™

Peripheral blood mononuclear cells from each sample
were first passed through a 40-pym cell strainer (Corn-
ing, Corning, NY, USA) to obtain a single-cell suspension
prior to magnetic labeling. Following cell counting,
1 x 107 PBMCs were divided into two aliquots, with
5 x 106 input cells allocated to each separation
method, and centrifuged at 300 x g for 5 - 10 minutes
at 4°C.

Buyuker A et al.

Turkish Journal of Immunology, 14(1):45-58

The supernatant was completely aspirated, and 80 pL
ice-cold MACS buffer (prepared with 0.5% bovine serum
albumin [BSA], 2 mM EDTA, and DPBS without Ca** and
Mg*+, and filtered using the Stericup® Quick Release
Vacuum Filtration System; MilliporeSigma, Burlington,
MA, USA) was added to the cell pellet. The suspen-
sion was then transferred into a 5-mL polypropylene
round-bottom tube (Corning, Corning, NY, USA).

To minimize non-specific antibody binding, Human
TruStain FcX™ Fc Receptor Blocking Solution (BioLeg-
end, San Diego, CA, USA; cat. no. 422301) was added to
the cell suspension. After 10 min of incubation at room
temperature, 20 yL MACS™ CD14 MicroBeads (Miltenyi
Biotec, Bergisch Gladbach, Germany; cat. no. 130-050-
201) was added, and the mixture was incubated for 15
minutes on ice with shaking.

The volume was then adjusted to 3 mL with MACS buffer,
and the cells were gently mixed and centrifuged at 300 x
g for 5 minutes at 4°C. LS columns (Miltenyi Biotec; cat.
no. 130-042-401) were rinsed with 3 mL MACS buffer,
and the cell pellet was resuspended in 500 pL of MACS
buffer.

The cell suspension was applied onto the column placed
in a MidiMACS™ Separator (Miltenyi Biotec; cat. no. 130-
042-302), and the flow-through containing unlabeled
cells was collected. After all the cell mixture left the
reservoir, the column was washed twice with 3 mL MACS
buffer.

The column was then removed from the magnetic field,
and the retained CD14-positive cells were immediately
flushed out with 5 mL MACS buffer by forcefully pushing
the plunger. Both fractions were spun at 300 x g for 10
minutes at 4°C.

Cell counting was performed using trypan blue solution,
and the cells were separated for either nucleic acid iso-
lation or in vitro macrophage differentiation.

Magnetic Cell Separation Using BioLegend
MojoSort™

In parallel with the MACS™ protocol, 5 x 106 PBMCs were
transferred into a 15-mL Falcon tube and centrifuged at
300 x g for 5-10 minutes at 4°C. The supernatant was
completely aspirated, and 100 pL ice-cold MACS buffer
was added to the cell pellet. The suspension was then
transferred into a 5-mL polypropylene round-bottom tube.
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To reduce non-specific antibody binding, 5 pL of Human
TruStain FcX™ Fc Receptor Blocking Solution (BioLeg-
end, San Diego, CA, USA; cat. no. 422301) was added,
and the cells were incubated at room temperature for
10 minutes.

Subsequently, 10 yL of MojoSort™ Biotin Anti-Human
CD14 Antibody (BioLegend; cat. no. 480048) was added,
and the cells were incubated for 15 minutes. This was
followed by the addition of 10 pL of MojoSort™ Strepta-
vidin Nanobeads (BioLegend), with an additional 15 min-
utes of incubation on ice with shaking.

The total volume was then adjusted to 4 mL with MACS
buffer, and the cells were centrifuged at 300 x g for 5
minutes at 4°C. The pellet was resuspended in 2.5 mL of
MACS buffer, and the tube was placed in the MojoSort™
Magnet (BioLegend; cat. no. 480019) for 5 minutes at
room temperature.

Without removing the tube from the magnetic separator,
the supernatant containing the unlabeled cells (remain-
ing in the middle of the tube) was carefully decanted
into a clean tube. The magnetic separation step was
repeated twice to improve purity.

After the final separation, the tube was removed from
the magnet, and the collected putative monocyte-en-
riched fraction was resuspended in 3 mL MACS buffer.
Both fractions were centrifuged at 300 x g for 10 min-
utes at 4°C, then counted using trypan blue solution.

The resulting cells were subsequently used for nucleic
acid isolation or in vitro macrophage differentiation
assays. Non-target fractions obtained from both meth-
ods were used as labeling controls.

Specifically, the number of PBMCs processed was stan-
dardized to 5 x 106 cells for each method, and bead
volumes were applied according to the manufacturer’s
recommended ratios for this input cell number.

Assessment of Cell Viability and Separation
Yield

For each donor, isolated PBMCs were split into two equal
fractions and processed in parallel using the MACS™
and MojoSort™ separation kits. Peripheral blood mono-
nuclear cells, magnetically selected fractions, and the
corresponding flow-through cells were counted using
trypan blue exclusion.

Comparison of Two Commercially Available Magnetic Cell Separation Systems

Cell viability and separation yield were calculated as
follows:

Post-sort cell viability (%) = (Number of viable cells
after sorting / Total number of recovered cells after
sorting) x 100

Separation yield (%) = (Number of cells obtained in
the magnetically selected CD14-enriched fraction
after sorting / Input PBMCs) x 100

RNA Extraction and Quantitative PCR

Total RNA was extracted from equal numbers of cells
derived from PBMCs, magnetically selected fractions,
and corresponding flow-through cells using the Pure-
Link™ RNA Mini Kit (Invitrogen™, Thermo Fisher Scien-
tific, Waltham, MA, USA) according to the manufacturer’s
instructions.

RNA concentration and purity were assessed spectro-
photometrically using the NanoDrop™ One Microvolume
Ultraviolet-Visible (UV-Vis) Spectrophotometer (Thermo
Scientific™, Thermo Fisher Scientific, Waltham, MA, USA).

Complementary DNA (cDNA) was synthesized from equal
input amounts of total RNA (200 ng) using the OneScript
Plus cDNA Synthesis Kit (Applied Biological Materials
Inc., Richmond, BC, Canada) following the manufactur-
er’s protocol.

RT-gPCR was performed using BlasTag™ 2X qPCR Mas-
terMix (Applied Biological Materials Inc., Richmond, BC,
Canada) on a LightCycler® 480 Real-Time PCR System
(Roche Diagnostics, Basel, Switzerland). Each reaction
was performed in technical replicates using gene-spe-
cific primers (Table S3) and standardized amounts of
cDNA.

Relative gene expression levels were calculated using
the 2-ACt method, after normalization to an internal
housekeeping gene glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (10).

In Vitro Macrophage Differentiation

Cells from the magnetically selected fraction were
seeded at a density of 3 x 104 cells/cm2in 12-well tissue
culture-treated plates containing RPMI-1640 medium
(Gibco™, Thermo Fisher Scientific, Waltham, MA, USA;
cat. no. 21875034) supplemented with 2 mM GlutaMAX™
(Gibco™, Thermo Fisher Scientific, Waltham, MA, USA),
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10% heat-inactivated standardized commercial new-
born calf serum (NBCS; Gibco™, Thermo Fisher Scien-
tific, Waltham, MA, USA), 1% NEAA (Life Technologies),
1% sodium pyruvate (Gibco™, Thermo Fisher Scientific,
Waltham, MA, USA), and 500 U/mL of penicillin-strepto-
mycin (Gibco™, Thermo Fisher Scientific, Waltham, MA,
USA).

To induce macrophage differentiation, the cul-
ture medium was further supplemented with 25 ng/
mL recombinant human granulocyte-macrophage
colony-stimulating factor (GM-CSF; R&D Systems,
Minneapolis, MN, USA; cat. no. 215-GM-010) and
50 ng/mL macrophage colony-stimulating factor
(M-CSF; R&D Systems, Minneapolis, MN, USA; cat. no.
216-MCC-010).

Cells were maintained under standard culture conditions
(37°C, 5% CO,) for 7 days, with partial medium replace-
ment performed at regular intervals. At the end of the
differentiation period, adherent macrophages were
gently washed and either collected or directly used for
downstream functional and molecular analyses.

Cell morphology was routinely examined using an
inverted light microscope (Axio Vert.Al, ZEISS, Oberko-
chen, Germany).

Statistical Analysis
Statistical analysis was performed using IBM SPSS

Turkish Journal of Immunology, 14(1):45-58

Statistics for Windows, version 29.0 (IBM Corp., Armonk,
NY, USA). Data were shown as mean + standard deviation
(SD).

For comparisons between the two isolation methods,
paired statistical tests were performed, as measure-
ments obtained from the same eight donors constitute
dependent (matched) quantitative data. All comparisons
were conducted using paired samples derived from the
same donor to eliminate inter-individual variability.

Normality of the paired differences was assessed using
the Shapiro-Wilk test. When data were normally distrib-
uted, group comparisons were conducted using a paired
t-test; otherwise, the Wilcoxon signed-rank test was
applied.

A p-value <0.05 was considered statistically significant.

Results

Optimizing the Working Conditions of PBMC
Isolation

In this protocol comparison and optimization study, we
first evaluated several critical parameters that can be
decisive for efficient PBMC isolation. One key parame-
ter examined was working temperature. Although stan-
dard protocols recommend maintaining all consumables
used for PBMC isolation at room temperature (18-22°C),

Table 1. Comparison of PBMC yields obtained using DPBS supplemented with varying EDTA concentrations. The initial blood volume was
standardized to 2.5 mL for each condition. PBMC yields are presented as cells/mL of blood.

Sambles Count of PBMC DPBS Count of PBMC DPBS Count of PBMC DPBS
P w/out EDTA / PS-PBMC yield w/ 1 mM EDTA / PS-PBMC yield w/ 2 mM EDTA / PS-PBMC yield
1 3.5x 108/ 3.8x 108/ 4.1x 106/
1.40 x 106 cells/mL 1.52 x 106 cells/mL 1.64 x 106 cells/mL
. 3.45 x 10%/ 3.95x 10%/ 3.75x 10%/
1.38 x 10° cells/mL 1.58 x 106 cells/mL 1.450x 10° cells/mL
44 3.8x 108/ 3.75x 108/ 3.65 x 108/
1.52 x 106 cells/mL 1.50 x 106 cells/mL 1.46 x 106 cells/mL
us 3.25x 10%/ 4.05x 100/ 3.95x 10%/
1.30 x 10 cells/mL 1.62 x 106 cells/mL 1.58 x 10 cells/mL
46 3.4x 108/ 3.95 x 108/ 3.9x 108/
1.36 x 10° cells/mL 1.58 x 10 cells/mL 1.56 x 10° cells/mL
48 3.65 x 10%/ 3.90 x 10%/ 3.95x 10%/
1.46 x 10° cells/mL 1.56 x 106 cells/mL 1.58 x 10 cells/mL
Mean + SD 3.51x10%+0.2 x 106/ 3.9x10%£0.11 x 106/ 3.88 x 10% £ 0.16 x 10% /
= 1.40 x 10% + 0.08 x 10° cells/mL 1.56 x 10 + 0.05 x 10° cells/mL 1.55 x 10% + 0.06 x 10° cells/mL

PS: Post-sorting, SD: Standard deviation.
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Table 2. Post-isolation viable cell counts, viability, and separation yield of magnetically selected and corresponding flow-through frac-
tions obtained using different cell separation systems. Input cell numbers were standardized to 5 x 106 PBMCs for each method. Output cell
counts were calculated as the sum of cells recovered in the magnetically selected fraction and the corresponding flow-through fraction.

Viable cell counts | Viable cell counts

in flow-through in magnetically fetaloutngtell ik,

Recovery yield

Samples

. . n viability (9 9
fraction selected fraction® g ablility (%) (%)
#1 42x10° 45x10° 4.65 x 108 93.00 9.68
#2 3.9 x 108 4.1x 10° 431 x 108 86.20 9.51
#3 4x10° 3.9x10° 4.39 x 108 87.80 8.88
#4 4.2 x 10° 435 x 10° 4.64 x 106 92.70 9.38
Column- 5 5 6
based #5 43 x 10 4.15x 10 472 10 94.30 8.80
system 6 5 6
#6 3.1 x 10 3.8x 10 3.48 x 10 69.60 10.92
#7 3.5x 10° 3.7x 10° 3.87 x 106 77.40 9.56
#8 4x10° 43x10° 4.44 x 108 88.70 9.68
3.90 x 106 £ 41x10°+ 431x 106+
Mean + SD 041 x 106 3% 105 0.43 x 105 86.21 + 8.58 9.55 + 0.62
#1 4.10 x 106 3.50 x 10° 4.45 x 108 89.00 7.87
#2 4.00 x 106 3.25x 10° 433 x 108 86.50 7.51
#3 3.85 x 10° 2.95 x 10° 4.15 x 108 82.90 7.11
#4 4.25x 106 3.15x 10° 457 x 108 91.30 6.89
Column- 5 5 6
free #5 3.95 x 10 3.30x 10 428 x 10 85.60 7.71
system 6 5 6
#6 3.55 x 10 2.70x 10 3.82x 10 76.40 7.07
H7 3.90 x 10° 3.10 x 10° 4.21 x 108 84.20 7.36
#8 4.15 x 106 2.95 x 10° 4.45 x 108 88.90 6.63
3.97 x 10% + 3.11x10° + 428x 100+
Mean + SD .22 x 105 .25 % 105 093 x 105 85.6 + 4.62 7.27+0.40
p-value N.S. 3.278E-06 NS NS 7.94797E-07

"The selected fraction refers to the magnetically retained cell population obtained after separation, while the flow-through fraction represents the

unbound cells. Enrichment was evaluated based on cell recovery and downstream molecular analyses and does not represent phenotypic purity or cellular

composition.

Statistical comparisons were performed between the separation systems (Column-based system vs. column-free system).
FT: Flow-through, Sel: Selected fraction. NS: Non-significant. PS: Post-separation. SD: Standard deviation.

lower temperatures are often preferred to preserve cell
viability during long isolation periods.

When cold DPBS was used, and centrifugation was per-
formed at 4°C, the resulting buffy coat appeared clumpy
(Eigure S1a) and was difficult to dissociate into a sin-
gle-cell suspension, although it was more readily visible
and easier to collect (Eigure S1b). In contrast, samples
processed at room temperature consistently yielded
homogeneous single-cell suspensions, facilitating accu-
rate PBMC quantification and efficient downstream sep-
aration and differentiation. Therefore, we continued our

experiments, including PBMC handling, at room tem-
perature to ensure consistency across all processing
steps.

Furthermore, previous studies have reported enhanced
PBMC yield when DPBS is supplemented with EDTA
(11,12). To evaluate this effect, each blood sample was
divided into three equal aliquots: (i) DPBS alone, (ii)
DPBS supplemented with 1 mM EDTA, and (iii) DPBS
supplemented with 2 mM EDTA. Peripheral blood mono-
nuclear cell yield was quantified at the end of isolation
(n=6 per group).
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Supplementation with EDTA concentration significantly
increased PBMC yield compared with DPBS alone. Spe-
cifically, PBMC counts and yields were 3.51 x 106 + 0.2 x
10 cells / 1.40 x 106 + 0.8 x 10 cells/mL for the DPBS
without EDTA group, 3.9 x 106 + 1.1 x 10° cells / 1.56
x 10 + 0.44 x 10 cells/mL for DPBS with 1 mM EDTA
group, and 3.88 x 106 + 1.6 x 10° cells / 1.55 x 106
+ 0.64 x 10° cells/mL for DPBS with 2 mM EDTA group
(Figure Sic, Table 1).

A statistically significant increase was observed only
between the DPBS-alone group and the EDTA-supple-
mented groups (p=0.0015 and p=0.0044, respectively;
Table 1). The higher EDTA concentration also increased
PBMC counts; however, this difference was not statisti-
cally significant (p=0.8376; Table 1).

Comparison of Two Magnetic Bead-Based
Cell Separation Platforms

We evaluated two magnetic bead—based cell separation
platforms, by comparing standard outcome parame-
ters, including post-separation cell viability and recov-
ery yield. In addition, relative enrichment efficiency
was assessed by downstream analysis of CD14 mRNA
expression. All samples were processed using identical
starting material (5 x 106 PBMCs per separation; n=8
per group).

Overall cell viability, calculated as the percentage of
viable output cells relative to the input, was compara-
ble between the two systems (column-based system:
86.21% + 8.58; column-free system: 85.60% + 4.62; p >
0.05; Table 2). The number of recovered cells in the mag-
netically selected fraction was significantly higher with
column-based system (4.1 x 10° + 0.3 x 10°) compared
with column-free system (3.11 x 10° + 0.25 x 10°), indi-
cating a statistically significant increase in recovered

Figure 1. Schematic workflow of magnetic bead-based cell
separation and assessment of CD14 mRNA expression by reverse
transcription quantitative polymerase chain reaction (RT-gPCR).

Relative enrichment of CD14 mRNA in magnetically selected fractions and
corresponding flow-through fractions after separation using the column-
based and column-free magnetic cell sorting systems. Results were
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). RT-
gPCR reactions were performed in duplicate, and eight biological samples
were analyzed. The graph was generated using Simplistats (https://
simplistats.com). Cycle threshold (Ct) values for unbound flow-through cells
were 35 or higher. p values were 6.234 x 1076 for column-based vs column-
free system, 9.695 x 1077 for peripheral blood mononuclear cells (PBMCs) vs
column-based system, and 0.417 for PBMCs vs column-free system.

NS: Nonsignificant.
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cell numbers with the column-based system (p<0.001,
Table 2).

Accordingly, paired analyses demonstrated that
recovery efficiency was significantly higher following
column-based system (9.55 + 0.62%) compared to col-
umn-free system (7.27% + 0.40) (p<0.001, Table 2).

To further characterize the isolated fractions at the
molecular level, CD14 gene expression was analyzed by
quantitative RT-PCR (Figure 1). Following normalization
to GAPDH, CD14 mRNA expression showed a 2.74 + 2.11-
fold increase in PBMCs, an 11.46 + 5.83-fold increase in
column-based system-selected fractions, and a 3.39 *
2.64-fold increase in column-free system-selected frac-
tions (Figure 1).

Cells obtained using the column-based system exhibited
significantly higher CD14 mRNA expression compared to
PBMCs and to fractions obtained using the column-free
platform (p<0.001; Figure 1).

At the individual donor level, CD14 mRNA levels were
consistently higher in fractions obtained using the col-
umn-based system than in those obtained using the col-
umn-free system, based on GAPDH-normalized values
(2-ACt; Figure 2a). Paired statistical analysis (n=8) con-
firmed this observation, demonstrating a significant dif-
ference between the two separation methods (p=0.0105;
Figure 2b), independent of donor variability.

Microscopic observations during trypan blue-based cell
counting revealed differences in cellular composition
between the two systems. Column-based system-de-
rived fractions appeared more uniform, whereas Col-
umn-free system-derived fractions contained a higher
proportion of additional cellular elements, including
platelets (Figure S1d, Figure Sle). These observa-
tions, however, were qualitative and not quantitatively
assessed.

To evaluate functional potential, magnetically selected
fractions were subjected to in vitro differentiation for 7
days. Cells derived from both platforms exhibited mor-
phology consistent with macrophage-like cells (Figure
3a, Figure 3b).

Expression of the macrophage-associated markers
CD68 and colony-stimulating factor 1 receptor (CSF1R)
was assessed by RT-gPCR. No statistically significant

Comparison of Two Commercially Available Magnetic Cell Separation Systems

differences were observed between the two groups
(p>0.05; Figure 3c, Figure 3d). CD68 mRNA expression
increased by 6.51 + 1.8-fold in column-free system-de-
rived cells and by 6.4 + 0.97-fold in column-based
system-derived cells relative to their respective undif-
ferentiated counterparts (Figure 3c). Similarly, CSFIR
mRNA expression increased by 17.08 + 9.77-fold and
19.82 + 6.3-fold in column-free and column-based sys-
tem-derived cells, respectively (Figure 3d).

Discussion

This study aimed to comparatively evaluate the perfor-
mance of two commercially available magnetic bead-
based cell separation platforms, under standardized
experimental conditions. The comparison focused on cell
recovery, viability, and enrichment efficiency as assessed
by CD14 mRNA expression. Although CD14 is commonly
associated with monocyte-lineage cells, it is important
to note that the present study evaluates enrichment at
the transcript level rather than at the phenotypic level.

MACS™, as one of the earliest and most widely adopted
magnetic separation technologies, has been extensively
used in previous studies (2,6,13). In the present work,
both MACS™ and MojoSort™ systems were evaluated in
parallel using identical starting material and processed
by the same operator to minimize technical variability
and ensure an unbiased comparison. In addition, we
present practical optimization strategies for PBMC iso-
lation and magnetic separation that may improve cell
recovery and viability, particularly in settings with limited
sample availability (Table S2).

Pre-analytical variables were found to play a critical role
in downstream outcomes. The use of EDTA-containing
blood collection tubes is recommended for RNA-based
applications, as heparin may inhibit reverse transcriptase
and DNA polymerase activity (14,15). However, EDTA may
not be suitable for all cell types and applications (16),
and its use should be considered in the context of the
intended downstream analysis. Consistent with previous
reports, the inclusion of EDTA in washing buffers reduced
cell aggregation and improved recovery (12). Although
Efthymiou et al. (12) reported no significant difference
in PBMC counts between washing buffer with or without
EDTA, flow cytometry analysis revealed higher frequen-
cies of CD4* and CD8* T cells in the EDTA-supplemented
group. In our experiments, phosphate-buffered saline
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Figure 2. Paired comparison of CD14 expression between two isolation methods.

(A) Relative CD14 mRNA expression levels (2°ACt) of the samples. ACt values  represents an individual donor (n=8), and paired samples are connected by
of CD14 were normalized to GAPDH. (B) Paired comparison of CDI4 mRNA  lines. Statistical analysis was performed using the Wilcoxon signed-rank test
expression levels (2°ACt) between the two isolation methods. Each point  (p=0.0105).

Figure 3. Comparison of macrophage differentiation efficiency in CD14 mRNA-enriched cells isolated using two methods.

Representative inverted microscope images of macrophage (M®) cultures  and p=0.902, respectively). Results were normalized to GAPDH. RT-qPCR
differentiated from (A) MojoSort™-sorted and (B) Column-based platform—  reactions were performed in duplicate, and n=8 biological samples were
sorted CD14-mRNA enriched cell fractions. Scale bar: 100 um. Differential ~ analyzed. Differences between conditions were analyzed using a paired
(C) CD68 and (D) CSFIR mRNA expression levels of macrophages (p=0.576  Student’s t-test.
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(PBS) supplemented with EDTA increased PBMC yield by
approximately 12%, which is particularly relevant when
working with limited blood volumes (Table 1, Figure S1).
Furthermore, timely processing of fresh blood samples
and careful execution of density gradient centrifugation
were essential for maintaining PBMC integrity and mini-
mizing cell loss (17).

Magnetic separation workflows also require careful han-
dling to ensure reproducibility. Preventing cell aggre-
gation, optimizing column loading (for column-based
system), and applying controlled washing steps were
critical factors influencing recovery efficiency (1,2,7-9).
The inclusion of BSA in separation buffers contributed to
improved cell stability and reduced nonspecific binding,
consistent with its known protective and blocking prop-
erties (18,19).

Post-separation viability is a key determinant of down-
stream usability. In the present study, both platforms
demonstrated comparable viability (approximately
86%), with no statistically significant difference between
systems. Although magnetic separation is generally
associated with lower cell loss than fluorescence-ac-
tivated cell sorting, some cell loss is expected due to
mechanical handling and processing steps. Maintaining
high viability after PBMC isolation and magnetic separa-
tion is critical for downstream applications, as mechan-
ical stress and dead cells can promote nonspecific
microbead binding. Although magnetic sorting is asso-
ciated with approximately 10% cell loss (compared with
approximately 70% for FACS) (20), our platforms showed
similar overall losses with comparable post-sorting via-
bility. Notably, although both systems showed similar
overall recovery profiles, Column-based system yielded
a significantly higher cell count in the magnetically
selected fraction.

At the molecular level, CD14 mRNA expression assessed
by RT-qPCR was used as an indirect indicator of enrich-
ment efficiency in this study. Importantly, studies eval-
uating magnetic separation methods often report
outcomes in terms of cell purity and phenotypic iden-
tity. However, when characterization is based solely on
gene expression analysis, such as RT-qPCR, the results
reflect transcript-level enrichment rather than direct
evidence of protein expression or cellular composition.
Therefore, careful interpretation of enrichment data
is required, particularly in the absence of protein-level
validation methods such as flow cytometry. In our study,
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column-based system achieved significantly higher CD14
mRNA-enriched cell yield, which aligns more closely with
the expected ~10% monocyte fraction in peripheral
blood (21). Importantly, these results reflect relative
enrichment of CD14 mRNA expression rather than direct
quantification of CD14 protein-positive cells. Therefore,
interpretations regarding cell identity should be made
with caution. The consistency of increased CD14 mRNA
expression across all donors suggests that the observed
differences are method-dependent rather than driven by
inter-individual variability.

Functional assessment demonstrated that cells derived
from both separation methods could undergo in vitro dif-
ferentiation into macrophage-like cells, as evidenced by
morphology and increased expression of macrophage-as-
sociated genes, including CD68 and CSF1R (Figure 3). No
significant differences were observed between the two
systems for these differentiation-associated markers,
suggesting that both platforms generate cell fractions
suitable for downstream functional applications. These
findings are consistent with previous reports indicating
that magnetic separation methods do not adversely
affect subsequent differentiation capacity (21).

Qualitative microscopic observations revealed differ-
ences in cellular composition between fractions obtained
with the two systems, with column-based system-derived
fractions appearing more uniform, whereas column-free
system-derived fractions contained additional cellu-
lar elements, such as platelets (Figure S1). However,
these observations were not quantitatively assessed and
should be interpreted cautiously, as no phenotypic vali-
dation was performed.

Both positive selection-based magnetic separation sys-
tems present inherent advantages and limitations. The
column-based system employs a direct labeling strategy
and column-based separation, which may contribute to
higher retention efficiency of labeled cells. In contrast,
the column-free system relies on indirect labeling and
column-free separation, which may result in partial loss
of labeled cells during handling steps. Moreover, neg-
atively selected CD14-positive monocytes have been
reported to be highly contaminated with platelets (3),
whereas positive selection may be time-consuming (2). In
our experimental setting, column-based system demon-
strated higher recovery and stronger enrichment of CD14
mRNA expression, along with a shorter processing time.
However, factors such as cost, required equipment, and
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workflow preferences may influence the choice of sys-
tem in different laboratory settings.

A key limitation of this study is the absence of pro-
tein-level validation of the isolated cell fractions. CD14
expression was assessed exclusively at the mRNA level
using RT-gPCR, and no flow cytometric or immunophe-
notypic analysis was performed. Consequently, the pro-
portion of CD14 protein-positive cells within the isolated
fractions and the precise cellular composition remain
undetermined. The results should therefore be inter-
preted as measures of relative enrichment rather than
phenotypic purity or definitive identification of mono-
cytes. Future studies incorporating multiparametric flow
cytometry and additional lineage markers will be neces-
sary to confirm cellular identity and quantify population
composition.

Despite the relatively small sample size, the use of a paired
donor-matched design strengthened the statistical power
and reduced the impact of inter-individual variability. All
samples were processed in parallel under identical condi-
tions, supporting the robustness and reproducibility of the
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