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EDITORIAL Turkish Journal of Immunology, 13(3):121

Highlights from This Issue and Perspectives for
the New Year

Dear Colleagues,

It is my pleasure to introduce the current issue of the Turkish Journal of Immunology,
which brings together a series of original studies reflecting continued scientific prog-
ress in our field. This issue features contributions from Turkiye (4 articles), Indonesia
(1 article), and Saudi Arabia (1 article), demonstrating both the journal’s expanding
international engagement and the strong research activity within our region.

This issue also includes a review article that examines the role of circular RNAs in can-
cer immune checkpoint therapy, with a particular focus on anti-PD-1 treatment. This
comprehensive analysis highlights the emerging regulatory functions of circRNAs and
their potential to influence therapeutic responses, offering new perspectives for the
future of cancer immunotherapy.

The original articles presented here address important and diverse areas of immunolo-
gy. One study employs molecular dynamics simulations to explore the allosteric stabi-
lization of pMHC complexes, contributing to our understanding of peptide design and
T-cell epitope prediction. Another study integrates clinical data with in silico modelling
to evaluate the pathogenic potential of hypomorphic DNA cross-link repair 1C (DCL-
RE1C) variants, offering refined perspectives on malignancy and autoimmunity risk.

Research on the dose-dependent effects of maternal vitamin D3 supplementation
provides valuable insights into the regulation of IL-6 and IL-1p in offspring, expand-
ing our understanding of prenatal immunomodulation. The analysis of typeable and
non-typeable Haemophilus influenzae strains offers important observations regarding
their influence on CD4* T-cell proliferation and Th1/Th2 cytokine responses. Finally,
an investigation into the impact of different human leukocyte antigen (HLA) typing
resolutions on population genetic parameters highlights considerations of significance E-mail

for immunogenetics and transplantation studies. gdeniz@istanbul.edu.tr
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REVIEW ARTICLE

Turkish Journal of Immunology, 13(3):122-31

Role of Circular RNAs in Cancer Immune Checkpoint

Therapy: Focus on Anti-PD-1 Treatment

Duygu Kirkik'* ®, Furkan Aydin?® ®, Sevgi Kalkanli Tag® ®

*University of Health Sciences Hamidiye Medicine Faculty, Department of Medical Biology, istanbul, Turkiye; 2 Yeditepe University Faculty
of Medicine, Department of Immunology, Istanbul, Ttirkiye; & University of Health Sciences Hamidiye Medicine Faculty, Department of

Immunology, [stanbul, Ttrkiye

Abstract

Circular RNAs (circRNAs) have gained attention in cancer immunotherapy, particularly in the
context of immune checkpoint blockade therapies targeting programmed cell death 1 (PD-
1). In this review, we aimed to elucidate the complex interactions between circRNAs and the
PD-1 axis across various malignancies, highlighting their pivotal roles in modulating tumor
immunity and influencing therapeutic responses in in vitro, in vivo, and in clinical studies.
Beginning with an overview of circRNA biogenesis and functionalities, we examine cir-
cRNA-mediated mechanisms that impact the PD-1 pathway in cancers such as colorectal,
gastric, pancreatic, hepatocellular, bladder, breast, lung, and metastatic melanoma. Cir-
cRNAs exhibit diverse functions, including acting as microRNA (miRNA) and protein sponges,
translational modulators, and gene expression regulators, thereby intricately modulating the
efficacy of PD-1 blockade therapy. Despite remarkable advancements, the field necessitates
further investigation to unravel the full spectrum of circRNA-PD-1 interactions and translate
these findings into clinical practice effectively. Our review underscores the significant trans-
lational potential of circRNAs in cancer immunotherapy, highlighting their multifaceted role
in shaping innovative therapeutic strategies. These circRNAs offer insights into the molecular
mechanisms of malignancies and hold promise as reliable biomarkers for early detection,
prognosis, and monitoring of treatment responses. By integrating circRNA profiling into clin-
ical practice, we envision the development of more personalized treatment approaches that
cater to the unique molecular and immune landscapes of individual patients, ultimately
revolutionizing cancer management and improving patient outcomes.

Keywords: Circular RNA, programmed cell death 1, immune checkpoints

Introduction

Immune Checkpoints and Anti-PD-1 Therapy
Immunotherapies refer to the usage of stimulative or suppressive substances in
order to change the outcomes of immune system interactions and antagonize the
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Circular RNAs and Anti-PD-1 Therapy

disease progression (1). In cancer immunotherapies, it
is provided by cancer vaccines, adoptive cell therapies
with tumor-infiltrating lymphocytes, chimeric antigen
receptor (CAR) T-cell therapies, and immune checkpoint
blockade.

Immune checkpoints (ICPs) typically function to suppress
overactivated cell-mediated immune responses, there-
by maintaining homeostasis, particularly normal anti-
tumor immunity; concurrently, they prevent peripheral
tissue damage (2). Examples of immune checkpoint pro-
teins are programmed cell death 1 (PD-1), programmed
cell death ligand 1 (PD-L1), cytotoxic T-lymphocyte-as-
sociated antigen 4 (CTLA-4), lymphocyte activation gene
3 (LAG3), T-cell immunoglobulin (Ig) and mucin domain
(TIM3), and V-domain Ig suppressor of T-cell activation
(VISTA) (3). However, cancer cells acquired the ability to
activate these ICPs to evade immune surveillance. For
this reason, potential chemopreventive strategies should
be developed to counteract the diminished or decreased
immune cell activity in cancer treatment by ICP inhibi-
tors (4). Immune checkpoint inhibitors (ICls) represent a
transformative therapeutic strategy designed to reverse
this tumor-induced immune suppression (5). The core
concept behind ICIs is to release the “brakes” placed
on the immune system by the malignant cells, thereby
restoring the effector T-cell capacity to recognize and
eliminate the tumor (6). This novel mechanism of action
has led to remarkable clinical success and significant im-
provements in patient outcomes across numerous solid
tumors (7).

Nevertheless, the therapeutic utility of ICIs remains
challenged by considerable patient response variability,
the development of acquired resistance, and the poten-
tial for immune-related adverse events, necessitating
ongoing research into predictive biomarkers and rational
combination strategies (8,9).

Programmed cell death 1, which is also depicted as
CD279, is an example of the immune checkpoint and
can be found on the surfaces of activated T cells, B cells,
dendritic cells (DCs), regulatory T cells (Tregs), and tu-
mor-associated macrophages (TAMs) (2). Structurally,
PD-1 protein contains a monomeric extracellular do-
main (ECD), transmembrane domain (TMD), and intra-
cellular domain (ICD). In the tumor microenvironment
(TME), T cell and PD-1 interacts with PD-L1 expressed in
tumor cells (10). After the PD-1/PD-L1 interaction, im-
munoreceptor tyrosine-based inhibitory (ITIM) or switch

motifs (ITSM) are activated, and later this interaction
suppresses downstream T-cell receptor (TCR) signal-
ing pathways and therefore inhibits T cell proliferation
and the production of cytokines like interferon-gamma
(IFN-y) and interleukin-2 (IL-2) (11). In this way, tumor
cells make the immune cells vulnerable while performing
their functions (12). Recent research has uncovered that
non-coding RNAs, especially circular RNAs (circRNAs),
may play a significant role in influencing immune check-
point pathways like PD-1, providing new opportunities
for therapeutic interventions.

Biogenesis and Functions of circular RNAs

After the discovery of its role in viral replication in RNA
viruses by Sanger et al. (13) in 1976, circRNAs were
found to have distinct features, particularly in their
unique structure among non-coding RNAs (ncRNAs),
and are responsible for a vast number of both physi-
ological and pathophysiological events, as discussed
in detail elsewhere (14). Biogenesis of these special
ncRNAs is dependent on the circularization of linear se-
quences of both exons and/or introns throughout the
interaction with 5’-cap and 3’-poly-A tail, which are

Highlights

« Circular RNAs (circRNAs) have emerged as crit-
ical regulators of immune evasion in cancer by
modulating programmed cell death 1 (PD-1)
and programmed cell death ligand 1 (PD-L1)
signaling pathways.

» Recent studies demonstrate that specific cir-
cRNAs can directly or indirectly influence PD-1
expression, affecting T cell exhaustion and im-
mune checkpoint blockade efficacy.

« Circular RNA-mediated competitive endoge-
nous RNA (ceRNA) networks represent promis-
ing therapeutic targets to enhance the response
to PD-1 inhibitors.

» Major unanswered questions include the pre-
cise mechanisms by which circRNAs modulate
immune cell phenotypes within the tumor mi-
croenvironment and their clinical utility as pre-
dictive biomarkers.

e Future perspectives suggest integrating cir-
cRNA profiles into immunotherapy decision
algorithms and exploring circRNA-based thera-
peutics in combination with immune checkpoint
blockade.
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covalently bound and do not have the site for binding
the RNA exonucleases, which drives downregulation of
RNA components in the environment (15). After their
biogenesis, circRNAs act like sponges to certain microR-
NAs (miRNAs), which are other ncRNAs that have diverse
functions either inhibiting or activating the downstream
effect of miRNA-associated pathways. It has been iden-
tified as a key regulator of gene expression pathways,
functioning through interactions with enhancer and
silencer proteins, mediating RNA splicing to generate
diverse transcript variants, and contributing to protein
translation processes (16). Although they are synthe-
sized in the nucleus, they transfer to the cytoplasm and
then eventually can be found in different body sites and
cellular components such as exosomes, plasma, and in-
terstitial fluids (17).

Circular RNAs in Tumorigenesis and Cancer
Progression

Circular RNAs are emerging as critical regulators of im-
mune cell function, influencing processes such as activ
ation, differentiation, and immune evasion, particularly
within the TME (18,19). By acting as sponges for specific
miRNAs, circRNAs modulate gene expression in immune
cells, shaping their activity and interactions. In T cells,
circRNAs like circNCOA3 and circFGFR1 suppress cyto-
toxic responses by indirectly promoting the recruitment
of immunosuppressive cells or reducing CD8* T cells in-
filtration into tumors. Similarly, circRNAs regulate DCs
by affecting their antigen-presenting capacity and cy-
tokine production, as seen with circDLG1, which recruits
myeloid-derived suppressor cells (MDSCs) and impairs
T cell activation (20-22). These effects collectively hin-
der effective anti-tumor immunity, making circRNAs key
players in immune regulation. In addition to their roles
in T cells and DCs, circRNAs significantly influence mac-
rophages, particularly TAMs, by driving their polarization
toward an immunosuppressive M2 phenotype (23-25).
For instance, circPRDM4 enhances this polarization via
the hypoxia-inducible factor-1a (HIF-1a) pathway, sup-
porting tumor immune evasion (26)

Circular RNAs also regulate other immune cells, such
as Tregs, where they contribute to maintaining immune
suppression in pathological conditions (27). In acute
respiratory distress syndrome, circFLNA increases PD-1
expression on Tregs, promoting their anti-inflammatory
functions (27,28). These findings underscore the diverse
and interconnected roles of circRNAs across immune
cell populations, highlighting their potential as targets

Kirkik D et al.

Turkish Journal of Immunology, 13(3):122-31

for therapeutic intervention in diseases like cancer and
inflammatory disorders (29-31).

In this review, we aimed to reveal the influence of cir-
cRNAs on anti-programmed cell death 1 (anti-PD-1)
therapy and their underlying pathways, which give us
insights into considering circRNAs either as interrupting
or promoting the therapeutic efficacy. After a literature
search on databases such as Scopus, Web of Science,
and PubMed, all the relevant information was summa-
rized for each different malignancy, separated by the
subheadings. Critically, the mechanisms discussed, and
data compiled integrate findings from both in vitro (cell
lines) and in vivo (animal and clinical) studies, providing
a holistic view of the circRNA-PD-1 axis. The identifier of
the circRNAs and their downstream pathways were indi-
cated in Figure 1. The affected protein expression levels
and the relationship with anti-PD-1 therapeutic efficacy
were summarized in Table 1.

Circular RNAs and Programmed Cell Death 1
(PD-1) Axis in Multiple Malignancies

Colorectal Cancer

In a study that investigated colorectal cancer (CRC) pa-
tients who underwent PD-1 immune checkpoint block-
ade therapy, it was determined that hsa circ 0060627,
also known as circNCOA3, was associated with an in-
crease in metastatic ability and tumor mass. Further-
more, levels of circNCOA3 were found to be correlated
with low overall survival and progression-free survival.
Also in this study, results were confirmed to be from the
activity of circNCOA3 as miR-203a-3p.1 sponge, which
eventually inhibits the C-X-C motif chemokine ligand 1
(CXCL1) mRNA transcription. The downstream effect of
these mechanisms can be summarized as the accumula-
tion of MDSCs, which usually prevent the effector func-
tions of immune cells in the tumor microenvironment.
Also, it was proposed to be a means suitable for possible
therapeutic intervention as augmenting PD-1 respon-
siveness (20).

Gastric Cancer

There is just one study that explores the axis in which
gastric cancer (GC) and circRNA are investigated to-
gether. As reported by Chen et al. (21), circDLG1 (hsa_
circ 0008583) causes the attraction of MDSCs to the
tumor site through the C-X-C motif chemokine ligand 12
(CXCL12), which facilitates this migration when circDLG1
performs miR-141-3p sponge activity. The overall ef-
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Figure 1. Summary of the circRNAs in the axis of PD-1 therapy and its efficacy. The names of the circRNAs were indicated in pink, while miRNAs that interfere
with the circRNA function were indicated in green. Blue boxes were designed to indicate the affected protein that eventually interferes with the anti-PD-1 thera-
peutic efficacy.
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Table 1. Expression levels of circular RNA molecules for each cancer group and their effects on the therapeutic effectiveness of anti-PD-1 therapy.

Disease type CircBase ID

MicroRNA that

Expression level

Effect on PD-1 therapy

circRNA interacts effectiveness
Colorectal cancer circNCOA3 hsa_circ 0060627 miR-203a-3p.1 CXCL1 Increased Decreased
Gastric cancer circDLG1 hsa_circ 0008583 miR-141-3p CXCL12 Increased Decreased
Gastric cancer circPRKDC hsa _circ 0136666 miR-375 PD-L1 Increased Decreased
Gastric cancer CircAFF2 hsa_circ 0001947 mi.R_éél and CD39 Increased Decreased
- miR-671-5p
Pancreatic cancer circUBAP2 hsa_circ 0007367 miR-494 CXCR4 and ZEB1 Increased Decreased
Hepatocellular carcinoma circPRDM4 hsa _circ 0007468 miR-203a-3p.1 HIF-1a Increased Decreased
Hepatocellular carcinoma circCAR1 hsa_circ 0000240 miR-127-5p WTAP Increased Decreased
Hepatocellular carcinoma circSOD2 hsa_circ 0004662 miR-497-5p Annexin A11 Increased Decreased
Hepatocellular carcinoma circRHBDD1 hsa_circ 0058497 - YTHDF1 Increased Decreased
Hepatocellular carcinoma circSC25 - miR-25 miR-25 Decreased Increased
Bladder cancer circMGA hsa_circ 0000491 - CXCL1 Increased Decreased
Bladder cancer circFAM13B hsa_circ 0001535 - PKM2 Increased Decreased
Breast cancer circFGFR4 hsa_circ 0075147 miR-185-5p CXCR4 Increased Decreased
Lung cancer circHSP90A hsa_circ 0033393 miR-424-5p HSP90A Increased Decreased
Lung cancer circSOD2 hsa_circ 001678 miR-326 ZEB1 Increased Decreased
Lung cancer circHMGB2 hsa_circ 0071452 miR-181a-5p CARM1 Increased Decreased
Lung cancer - hsa_circ 0020714 miR30a-5p SOX4 Increased Decreased
Lung cancer - hsa_circ 0000190 - sPD-L1 Increased Decreased
Lung cancer circFGFR1 hsa_circ 0084003 miR-381-3p CXCR4 Increased Decreased
Melanoma - hsa_circ 0020710 miR-370-3p CXCL12 Increased Decreased
Acute respiratory syndrome circFLNA hsa_circ 0092012 miR-214-5p PD-1 Increased Decreased

fects of this migration can be summarized as diminished
cancer cell detection and killing, and insensitivity to
anti-PD-1 treatment. Further research revealed that
circ 0001947, encapsulated within small extracellular
vesicles (sEVs) derived from GC cells, is markedly upreg-
ulated in GC and is associated with unfavorable clinical
outcomes. Functionally, elevated circ 0001947 levels
enhance GC cell proliferation, migration, and invasion.
Mechanistically, circ 0001947 functions as a molecular
sponge for miR-661 and miR-671-5p, resulting in in-
creased CD39 expression, which in turn promotes CD8*
T cell exhaustion and contributes to immune evasion.
In contrast, inhibition of circ 0001947 mitigates CD8* T
cell exhaustion and improves the efficacy of anti-PD-1
therapy (31). Additionally, hsa circ 0136666 has been
shown to act by sponging miR-375-3p to competitive-

ly upregulate protein kinase, DNA-activated, catalytic
subunit (PRKDC) expression, which regulates immune
checkpoint proteins and promotes PD-L1 phosphoryla-
tion to prevent its degradation, thereby driving PD-L1
aggregation and suppressing immune function (33).

Pancreatic Cancer

According to a study by Zhao et al. (34) covering pancre-
atic adenocarcinoma, the researchers specifically exam-
ined the involvement of circ-UBAP2 within the circRNA
network. Through their analysis, circ-UBAP2 was iden-
tified as a key regulator influencing the expression of
pivotal genes, including C-X-C motif chemokine recep-
tor 4 (CXCR4) and zinc finger E-box binding homeobox
1 (ZEB1), in tumor tissues. Furthermore, it was observed
that circ-UBAP2 interacts with hsa-miR-494 to modulate
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the expression levels of these genes. This interaction
underlines the potential role of circ-UBAP2 in orches-
trating immune modulation within the tumor site, po-
tentially impacting immune cell infiltration and function
through increased PD-1 levels.

Hepatocellular Carcinoma

In hepatocellular carcinoma (HCC), according to a study
done by Chen et al. (26), hsa_circ 0007468, also known
as circPRDM4, was evaluated in hypoxic conditions. It
was found that circPRDM4 was associated with increased
PD-L1 levels through the HIF-1a pathway, which is cor-
related with the positive response to anti-PD-1 therapy
with good prognostic markers; however, downstream ac-
tivation of PD-L1 was reported as diminishing anti-tumor
response to the cancerous cells, resulting in immune
evasion. In addition, a microarray study comprising HCC
patients and their circRNA levels was assessed by Hu et al.
(35), and circCCAR1 (hsa circ 0000240) was discovered
to be abundant in patients’ plasma samples, especially
located in exosomal content. CircCCAR1 was associated
with the regulation of PD-1 through post-transcriptional
events, as high circCCAR1 levels were correlated with the
diminished proteolysis of PD-1 and ubiquitination, which
all affect the resistance to inhibition of PD-1. By using
BALB/c nude mice, Ye et al. (36) established a mice xen
ograft tumor assay for understanding the role of hsa_
circ 0004662 or circSOD2 in HCC, as a result of the study
it was confirmed that circSOD2 through sponging the
miR-497-5p upregulate the oncogene expression such
as Annexin A1l (ANXA11) which is also thought to be
involved in cancer hallmarks as favoring tumor survival.
This pathway and its axis were also found to be correlat-
ed with poor response to anti-PD1 therapy. CircRHBDD1
(hsa circ 0058497) in HCC throughout the mechanism
that upregulates glycolysis, as its elevated levels were
identified to be associated with prolonged HCC pro-
gression. The underlying mechanism in the context of
glycolysis and circRHBDD1 was considered as YTH do-
main-containing family protein 1 (YTHDF1), as they rec-
ognize post-transcriptional RNA modification m®A and
upregulate the translational activity of phosphoinosit-
ide-3-kinase regulatory subunit 1 (PIK3R1). Also, when
considering circRHBDD1 as an indicator of the potency of
PD-1 blockade, elevated levels were detected in patients
with low response rates to the anti-PD-1 therapy (37). In
another study, Lai et al. (38). developed an innovative,
multifunctional engineered circRNA for HCC therapy, de-
signed to execute a dual therapeutic function: it acts as
a sponge for the oncogenic miR-25 while simultaneously

expressing an anti-PD-1 single-chain variable fragment
(scFv). This circRNA-based construct successfully inhib-
ited HCC cell proliferation and suppressed angiogenesis
in vitro by effectively sequestering miR-25. Furthermore,
the expression of the anti-PD-1 scFv significantly bol-
stered the cytotoxic T-cell response against the cancer
cells, indicating enhanced immunotherapeutic action.
The combined mechanism proved highly effective in vivo,
resulting in a significant reduction in tumor volume and
prolonged survival in treated mouse models compared
to controls, thereby demonstrating a promising strategy
for combined gene- and immuno-therapy in HCC

Bladder Cancer

Via utilizing NOG (NOD/Shi-scid/IL-2RyntY) mice, which
are immunodeficient as they do not have some of the
immune cells or even their immune regulatory functions
are diminished, the researchers created a humanized
(HUNOG) bladder cancer model by injecting human pe-
ripheral blood mononuclear cells (PBMCs) and bladder
cancer cell line T24. NOG mice are immunodeficient as
they do not have some immune cells or their immune
regulatory functions are diminished. Researchers cre-
ated a humanized (HUNOG) bladder cancer model by
injecting PBMC and the bladder cancer cell line T24.
This model is used to study the interactions between
the human immune system and cancer cells. By working
with HUNOG, Lv et al. (39) stated that, after two weeks
of PD-1 immunotherapy, circFAM13B was found to be as
effective in improving therapeutic efficacy in the case
of bladder cancer as compared to mice with suppressed
circFAM13B expression through reversing the enzymes
promoting lactic acid formation (pyruvate kinase muscle
isozyme M2 [PKM2]) and eventually increased pH levels
can restore effector functions of immune cells in the
TME.

Furthermore, hsa circ 0000591 (circMGA) was found to
be correlated with an increased level of chemokine li-
gand 5 (CCL5), which is responsible for the enrollment
of CD8* cytotoxic T cells to the TME through the mech-
anism of CCL5 mRNA stabilization with the help of het-
erogenous nuclear ribonucleoprotein L (HNRNPL) and
these results reflected the capability of this mechanism
to induce efficient anti-PD-1 therapy (40).

Breast Cancer

With the research done by Wang et al. (41) in triple-neg-
ative breast cancer (TNBC) lesions, it was found that the
severity of the disease course was correlated with the
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elevated levels of circFGFR4 (hsa circ 0075147). The
research findings demonstrated that circFGFR4 pro-
motes immune escape in TNBC and is a predictive bio-
marker for anti-PD-1 immunotherapy responsivity.

Mechanistically, circFGFR4, when overexpressed, com-
petitively sequesters miR-185-5p (acts like a sponge),
preventing the suppression of CXCR4 expression and
thereby hindering CD8* cytotoxic T cell infiltration into
TNBC lesions in both human and mice. Moreover, circF-
GFR4 emerges as a potential therapeutic target in TNBC
patients, particularly those undergoing anti-PD-1 immu-
notherapy.

Lung Cancer

The dual effect of circHSP90A (hsa_circ 0033393) was
shown as an activator of the signal transducer and ac-
tivator of transcription 3 (STAT3) pathway and elevated
levels of PD-L1 in non-small cell lung cancer (NSCLC).
Circ HSP90A recruits and increases the levels of ubiqui-
tin-specific peptidase 30 (USP30), which is responsible
for the downstream activation of heat shock protein 90
A (HSP90A) via ubiquitination and eventually STAT3 acti-
vation that is thought to be related to the upregulation
in cancer stem cell formation, invasion, and migratory
ability. On the other hand, throughout the miR-424-5p
sponge effect, circ HSP90A increases the level of PD-L1
expression, which ultimately causes programmed cell
death of CD8* cytotoxic T cells, characterized by dimin-
ished anti-tumor response (42). Another study, revealing
the circRNA and NSCLC axis, was done by Tian et al. (43),
who stated that circ 001678, which captures miR-326,
leads to diminished miR-326 levels. This study has gov-
erned the rise in the levels of PD-L1 throughout the ZEB1
protein, causing lung cancer cell proliferation and de-
pletion in apoptosis or cytotoxicity maintained by CD8*
T cells via PD-L1 overexpression. In NSCLC, circHMGB2
(hsa circ 0071452) showed increased expression in lung
tumor tissues, correlating with poor prognosis in both
adenocarcinoma and squamous cell carcinoma patients,
which are the common subtypes of NSCLC. While its
impact on cell proliferation was moderate, circHMGB2
notably influenced the TME by inducing antitumor im-
mune cell exhaustion, which ultimately downregulates
the effectiveness of monoclonal antibody therapy tar-
geting PD-1. circHMGB?2 facilitated the downregulation
of the type 1 interferon response by sponging miR-181a-
5p, thereby enhancing coactivator-arginine methyltrans-
ferase 1 (CARM1) activity (44). As remarked by a study
done by Wu et al. (45), a high level of hsa circ 0020714
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expression was defined in NSCLC tumors as compared
to surrounding healthy tissue. By sponging miR-30a-5p,
this context results in an increased expression of tran-
scription factor ex-determining region Y-box 4 (SOX4),
which is classified as an oncogene and eventually caus-
es impairment in response to anti-PD-1 therapy. Hsa_
circ 0000190, another type of circular RNA, has been
identified as a potential biomarker for monitoring the
progression of NSCLC and assessing the effectiveness of
immunotherapy. Research conducted by Luo et al. (46)
suggested that elevated levels of hsa circ 0000190 may
contribute to poor prognosis in NSCLC patients by regu-
lating the expression of soluble PD-L1 (sPD-L1), which
has a negative influence on anti-PD-L1 antibody ther-
apeutic efficiency and cytotoxic T-cell activation. This
study implies a role for hsa circ 0000190 in promoting
tumorigenesis and immune evasion in NSCLC, which
suggests an antagonistic approach to defined circRNAs’
levels could potentially enhance the effectiveness of im-
munotherapy in treating NSCLC. In addition, Zhang et
al. (47) delved into the upregulated expression of circF-
GFR1 within NSCLC tissues, correlating with an adverse
clinical profile and poor prognosis in NSCLC patients.
Insights from this research underline circFGFR1's role
as directly sponging miR-381-3p and downregulating
its downstream target, CXCR4. This intricate regulatory
network orchestrated by circFGFR1 confers NSCLC pro-
gression and resistance to anti-PD-1 immunotherapy.
Lastly, in NSCLC, increased expression of circlGF2BP3
was found to be associated with reduced CD8* T cell
infiltration and compromised anti-tumor immunity in
mice, mediated by plakophilin 3 (PKP3) and PD-L1. Via
revealing the pathways correlated with the circlGF2BP3,
N6-adenosine-methyltransferase 70 kDa subunit (MET-
TL3) facilitates the modification of circlGF2BP3, which
competitively upregulates PKP3 by sponging miR-328-
3p and miR-3173-5p. Another finding that researchers
postulated implies that inhibition of circlGF2BP3/PKP3
enhances the effectiveness of anti-PD-1 therapy in NS-
CLC mouse models, which is thought to be a possible
therapeutic strategy (48).

Metastatic Melanoma

By using the bioinformatics analysis of RNA sequence
data taken from different databases, metastatic mela-
noma (MM) patients who are on the course of anti-PD-1
treatment alone were analyzed to elucidate circRNAs
that hold the potential to emphasize prognostic markers
related to the monotherapy of PD-1 blockade. Among
more than 74,000 distinct circRNAs, five of them were
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statistically shown to be related to response or survival
rates in MM patients throughout the treatment regime,
either pembrolizumab or nivolumab, as PD-1 block-
ers (49). RNA sequencing of cutaneous melanoma pa-
tients’ formalin-fixed and paraffin-embedded samples
with a history of metastasis was done to define possi-
ble circRNA candidates that are potential markers of
therapeutic efficacy among the patient cohort taking
nivolumab as chemotherapy, which is an anti-PD-1
monoclonal antibody. Together with the other circRNA
candidates, it was shown that the hsa CDR1 0001 signifi
cantly increased, and it is thought to be associated with
response to nivolumab chemotherapy according to sta-
tistical analysis, which needs further validation with in
vitro or in vivo studies (50). Researchers discovered that
circ 0020710, found in higher levels in melanoma sam-
ples, correlates with more aggressive cancer behavior
and poorer patient prognosis. Formation of this circRNA
causes upregulation in CXCL12 expression through miR-
370-3p sponging, which ultimately leads to activation of
biochemical pathways that are essential for tumor pro-
gression and even calls out MDSCs, which promotes an
unfavorable environment for efficient response to can-
cer cells by cytotoxic T cells. Researchers also postulated
that combining AMD3100 and anti-PD-1 therapies effec-
tively slows tumor growth, offering a potential treatment
approach for melanoma (51).

Other Pathologies

As stated by Zhong et al. (26), elevated levels of circ-
FLNA (or hsa circ 0092012) were found to be associated
with the severity of acute respiratory distress syndrome
(ARDS) induced by sepsis as examined via bronchoalve-
olar lavage of the patients and mice, and also with the
lung tissue of mice. Inhibition of circFLNA led to a nota-
ble increase in CD4tCD25+FoxP3* Tregs and suppressed
the release of inflammatory cytokines in ARDS mice.
miR-214-5p, which circFLNA behaves like a sponge to
it, played a crucial role in modulating these effects by
targeting PD-1, suggesting its potential as a therapeutic
target for ARDS. These findings highlight the intricate
regulatory network involving circFLNA, miR-214-5p, and
PD-1 in the pathogenesis and treatment of ARDS. In a
study comparing PD-1 antagonist-treated A/PR8(H1N1)
influenza A-infected mice lungs to control groups, differ-
ential expression analysis revealed significant changes in
various types of non-coding RNA molecules. Specifical-
ly, 22 differentially expressed circRNAs were identified
in the lungs, while in the spleens of mice, 24 circRNAs
showed differential expression. However, it was not

shown which circRNA is responsible for impairment in
antiviral immunity or the essential pathways regulating
viral infection-associated comorbidities; overall results
can express their possible role in PD-1 checkpoint block-
ade treatment (52).

Conclusion

In summary, circRNAs have emerged as a research in-
terest within cancer immunotherapy research, exhibit-
ing considerable potential and clinical relevance, par-
ticularly in the context of PD-1 blockade therapy across
diverse cancer types. Our literature review of circRNA
biogenesis and functionalities has given novel insights
into their molecular mechanisms in the context of PD-1
blockade in cancer. CircRNAs exhibit a widened array
of functions, serving as miRNA and protein sponges,
translational modulators, and gene expression regula-
tors, collectively modulating the efficacy of PD-1 block-
ade therapy. Nevertheless, despite notable advance-
ments, the exploration of the circRNA-PD-1 blockade
axis remains limited and needs further research to
apply circRNA-based interventions to clinical practice
effectively. Here are some points that need to be ad-
dressed: firstly, while studies have postulated individual
pathways, a better understanding of multiple pathways'
modulating circRNA’s downstream effects and their
synergistic effects is needed to ease our understanding
of the circRNA network's molecular interactions. Sec-
ondly, particular attention should be given to exosomal
circRNAs, as they have distinct biological functions,
which hold promise in increasing the efficacy of PD-1
blockade therapy. Thirdly, while most of the techniques
primarily rely on in vitro cellular assays, blood-based
assays, and animal models, extensive clinical investiga-
tions and multicenter trials are necessary to advance
our understanding of circRNAs in clinical settings. Uti-
lizing new technologies is also important in elucidat-
ing the physiological importance of circRNAs, so that
it will be possible to integrate them into diagnostic and
therapeutic approaches related to PD-1 blockade ther-
apy across different cancer types. Efforts given by re-
searchers will give rise to new therapeutic approaches
in cancer immunotherapy, such as involving circRNA in
their experimental setup, which may even lead to a new
era in cancer treatment. Further studies are needed to
determine the therapeutic potential of circRNAs in spe-
cific cancer types.
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Understanding Allosteric Stabilization of pMHC
by Peptide Ligands Through Molecular Dynamics

Simulations

Onur Serginoglu' ®

! Gebze Technical University School of Engineering, Department of Bioengineering, Kocaeli, Turkiye

Abstract

Objective: The dynamic interaction between peptide ligands and major histocompatibility
complex (MHC) molecules plays a critical role in regulating cytotoxic T-cell response. While
peptide-free MHC molecules are known to be highly unstable, the precise mechanisms un-
derlying peptide-induced stabilization remain poorly understood.

Materials and Methods: Classical molecular dynamics simulations of human leukocyte an-
tigen (HLA)-A*02:01 in both peptide-free and peptide-bound states were performed. Each
simulation was conducted in triplicate to ensure reproducibility. Protein energy networks
were constructed using pairwise amino acid interaction energies computed from resulting
trajectories. Network analysis was performed to reveal the roles of residues in protein sta-
bility.

Results: The analysis revealed that peptides with weak interactions at the F pocket failed to
enhance connectivity at the HLA-B2m interface, thereby compromising the overall structural
stability of peptide-loaded MHC (pMHC).

Conclusion: These findings shed light on the mechanisms by which peptides stabilize MHC
molecules and modulate their dynamics, providing insights into T-cell receptor recognition
and the regulation of immune responses.

Keywords: Major histocompatibility complex, protein stability, protein dynamics, immuno-
genicity, antigen presentation, molecular dynamics, structural bioinformatics, protein ener-
gy networks

Introduction

The adaptive immune response is a critical component of the immune system, pro-
viding highly specific and long-lasting protection against pathogens. Cytotoxic T
lymphocytes play a crucial role in this response by eliminating infected or can-
cerous cells (1,2). Cytotoxic T lymphocytes recognize and kill target cells through
the interaction of their T cell receptors (TCRs) with peptide-loaded major histo-
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compatibility complex (pMHC) molecules presented on
the surface of antigen-presenting cells (APCs) (3). This
interaction is highly specific, with the TCR recognizing
both the peptide antigen and the MHC molecule, a phe-
nomenon known as MHC restriction (4,5).

There are two classes of MHC molecules: MHC class |
(MHC-1), which presents endogenously derived peptides
to CD8* T cells, and MHC class Il (MHC-I1), which presents
exogenously derived peptides to CD4* T cells (6). MHC-I
molecules consist of a heavy chain, a light chain ($2-mi-
croglobulin, 2m), and a bound peptide. The heavy chain
comprises three domains (a1, a2, and a3), with the al
and a2 domains forming the peptide-binding groove. The
peptide is anchored within this groove, while 2m inter-
acts with the binding groove and a3 domain of the heavy
chain, stabilizing the overall structure (7,8).

Protein dynamics play a critical role in the interaction be-
tween TCRs and pMHC complexes (9). Both MHC and TCR
molecules exhibit inherent flexibility, which is essential
for their function (10,11). The dynamics of MHC-I mole-
cules thus influence peptide binding, presentation, and
T cell recognition. Once bound, the peptide ligand itself
can also modulate the dynamics of pMHC, affecting its
flexibility (12), with significant implications for TCR recog-
nition and subsequent T cell activation (13).

The stability of pMHC complexes is also essential for ef-
ficient TCR recognition. Peptide ligands were shown to
stabilize pMHC by interacting with specific pockets (A,
B, C, D, E, and F) within the peptide-binding groove (14).
Different peptides modulate the dynamics and flexibility
of pMHC complexes in distinct ways, thereby altering the
protein’s energy landscape and influencing overall stabil-
ity. Notably, pMHC stability has been positively correlated
with its flexibility (15).

Furthermore, p2m binding and dissociation have been
used as accurate measures of pMHC stability, highlight-
ing the importance of the human leukocyte antigen
(HLA)-B2m interface (16,17). These findings suggest that
peptides can allosterically affect the HLA-B2m interface,
thereby influencing the stability of the pMHC complex.
However, the exact mechanisms underlying this allosteric
effect remain largely unknown.

Molecular dynamics (MD) simulations provide detailed in-
sights into the conformational changes and interactions
that govern pMHC stability and flexibility (18-22). Given

the potential of MD simulations to unravel the allosteric
mechanisms by which peptides stabilize pMHC complex-
es, this study aimed to investigate these mechanisms us-
ing MD simulations and shed light on the complex inter-
play between peptide binding, pMHC dynamics, and TCR
recognition.

Materials and Methods

Molecular Dynamics Simulations of Peptide-
HLA*02:01 Complexes

Explicit-solvent MD simulations were performed us-
ing GROMACS version 2023.4 (GROMACS Development
Team, Stockholm, Sweden) (23). Hydrogen mass repar-
titioning was employed to enable a 4 fs integration time
step (24). Each system was simulated three times, with
each simulation covering a total time of 750 ns. The AM-
BER99SB-ILDN force field (25) was used in combination
with the TIP3P water model (Jorgensen Laboratory, Yale
University, New Haven, CT, USA).

Systems were neutralized with sodium/chloride ions to
a final ionic strength of 0.15 M. Simulations were run in
the isothermal-isobaric (NPT) ensemble with the pres-
sure maintained at 1 bar and the temperature at 310 K.
A non-bonded interaction cutoff of 12 A was applied for
van der Waals interactions. A conformation was saved ev-
ery 5000 steps.

Initial protein structures were obtained from Protein
Data Bank (PDB; Research Collaboratory for Structural
Bioinformatics, Piscataway, NJ, USA) (26) with accession
codes of 3UTQ, 5N1Y, and 5COF (24). The peptide-free
system was obtained by simply removing the peptide li-
gand from the MHC structure deposited in 3UTQ.

Root Mean Square Deviation and Root Mean
Square Fluctuation Analysis

Root mean square deviation (RMSD) was calculated for
each simulation to assess the deviation of the molecu-
lar structure from its initial conformation over time. The
calculation was based on alpha carbon coordinates, with
the first frame of the trajectory as the reference. The
equation used for RMSD calculation was as follows:

N
1
RMSD = Nz(xi —x*y?
i=1
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where N is the number of atoms, x; is the position of
atom i in the current frame, and x® is the position of
atom i in the reference frame.

Root mean square fluctuation (RMSF) was computed to
quantify the atomic flexibility around their average po-
sitions during the simulation. Root mean square fluctu-
ationfor each atom was calculated using the following
equation:

T
1
RMSFi = |2 (v = %, )?
i=1

where T is the total number of frames, x;; is the position
of atom i at time t, and x; is the average position of atom
i over the entire simulation. Root mean square fluctua-
tion was computed using only the final 500 ns of each
trajectory.

Essential Dynamics Analysis

Essential dynamics analysis (EDA), also known as princi-
pal component analysis (PCA), was performed to iden-
tify cooperative global motions of amino acids. First, a
covariance matrix (C) of alpha carbon coordinates was
computed:

C=({X - XN& - (X)")

where X is the coordinates of all alpha carbon atoms,
with a dimension of 3N by 3N. <X> denotes the average
position matrix over the equilibrium portion included in
the RMSF analysis as well. This matrix is then diagonal-
ized to identify its eigenvalues and eigenvectors:

A=TTCT

Here, A is a diagonal matrix consisting of eigenvalues,
and T denotes eigenvectors. The eigenvectors are prin-
cipal components (or individual modes of motion) that
describe the essential dynamics of the protein complex.

From each mode of motion, individual fluctuations of
alpha carbons can thus be obtained. Using these fluctu-
ations, elements of dynamic cross-correlation matrices
(DCCMs) can be constructed using the following equa-
tion:

_ (Ar;Ary)
= (ATi2)1/2<A7}'2)1/2
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Here, C; is the cross-correlation value between residues
i and j, Ar; and Ar; represent the positional fluctuations
of alpha carbons in the respective modes of motion. The
values of C; range from -1 to 1, denoting the maximum
levels of anti-correlation and correlation, respectively. To
simplify the analysis and focus on the top global modes
of motion that describe the majority of variance in mo-
tion, C matrices were computed for only the top 20 glob-
al modes of motion. A weighted average of these matri-
ces was then computed using eigenvalues as weights to
yield a single DCCM for each simulation trajectory.

Root mean square inner products (RMSIPs), also termed
subspace overlaps, of two simulation trajectories were
also computed to quantify the levels of (dis)similarities
between them, using the following equation:

20 20

1
RMSIP = %ZZ( 7, - 9,)?

i=1 j=1

Here, n; and v; are eigenvectors associated with modes i
and j, respectively.

Calculation of Pairwise Residue Interaction
Energies

Non-bonded interaction energies between contacting
amino acid pairs throughout the simulation trajectories
were computed using a modified version of gRINN (get
Residue Interaction eNergies and Networks) (28). First, a
cutoff distance of 10 A was used to identify pairs of ami-
no acids to be included in the calculation, based on po-
sitions of their alpha carbons. Then, the “rerun” feature
of gmx mdrun was used to compute non-bonded van der
Waals and electrostatic interaction energies between
these identified amino acid pairs. Energies were initially
reported in kJ/mol by GROMACS and subsequently con-
verted to kcal/mol before further analysis.

Construction of Protein Energy Networks

Once interaction energies were computed, a protein en-
ergy network (PEN) was constructed by taking each ami-
no acid as a node, each interaction as an edge, and van
der Waals interaction energies as an edge weight. Edges
were added between two residues if they were covalent-
ly-bound or interacted with each other in the respective
conformation with a van der Waals interaction energy of
at least 1 kcal/mol in magnitude (either < -1 kcal/mol or
> 1 kcal/mol). Edge weights were given a value of 1 if the
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two interacting pairs are covalently bound, and a value
of X;; if otherwise. X;; was computed as follows:

|€ij |
Xij = ymax(eqee)’
0, otherwise

ifgif <0

Here, X; is the edge weight, ¢; is the non-bonded van
der Waals interaction energy, and e, is the array of neg-
ative interaction energies. Using this formula enables
the assignment of higher weights to more negative (or
more attractive) interactions. A PEN was constructed for
each conformation in the simulation trajectory. Once a
PEN was constructed, betweenness-centralities (BCs)
of each node were computed using Brandes’ algorithm
(29), based on shortest paths identified using Dijkstra’s
algorithm (30).

Statistical Analysis

Statistical significance was defined as p<0.05. One-way
analysis of variance (ANOVA) and Student’s t-test were
used as appropriate.

Tools and Software Packages

All analyses were performed within a Python-based
data analysis environment using the following packag-
es: NumPy (31), Matplotlib (32), Seaborn, Pandas, and
ProDy (33).

Results

Weaker Interactions with the F Pocket Lead
to Lower pMHC Conformational Stability
Three peptides (ALW, MVW, and RQW) bound to
HLA-A*02:01 were studied using molecular dynamics
simulations. Each system underwent three 750-ns sim-
ulations, including a peptide-free control as reference.
The selection of these particular peptides was based on
comprehensive experimental data reported by Hopkins
et al. (31). This study is notable as it uniquely provides
not only half-life measurements, indicative of thermal
stability, but also detailed insights into the conforma-
tional flexibility of these pMHCs through high-pressure
perturbation experiments. Such extensive experimental
data, covering both stability and dynamic conformation-
al responses, is uncommon in pMHC literature, where
studies often report only affinity or thermal/cell surface
stability, leaving the role of conformational flexibility
less defined.

Given that all three pMHC systems (ALW, MVW, and RQW
with HLA-A*02:01) were found to behave differently in
high-pressure or temperature perturbation experiments
and previous molecular dynamics simulations (31), they
serve as ideal benchmarks for a more granular investi-
gation of the effect of peptide binding on the overall
pMHC structure, as intended here. Notably, the exper-
imental data from Hopkins et al. (31) highlighted dis-
tinct biophysical characteristics for these peptides; for
instance, the ALW-HLA-A*02:01 complex showed phys-
icochemical indicators (a significantly higher ACp) sug-
gestive of greater conformational flexibility compared
to the others. Furthermore, these peptides are valuable
benchmarks due to observed discrepancies between
their experimental stability and affinity data and those
predicted by standard computational tools, underscor-
ing the need for detailed mechanistic studies. A detailed
description of the characteristics of these peptides can
be found in Supplementary Text.

Figure 1A shows stable fluctuations after equilibration,
with the ALW peptide and peptide-free system display-
ing higher fluctuation levels. This suggests ALW's effect
on pMHC dynamics is less significant than that of other
peptides. The effect on stability of the whole complex is
often directly linked to the binding stability of the pep-
tide throughout the simulations. To probe the stability
of each peptide residue, we next computed the RMSF
values of each peptide residue (position) in each simu-
lation.

This analysis revealed partial peptide detachment in one
simulation of each system: at the C-terminus (F pocket)
for ALW and MVW, and at the N-terminus (B pocket) for
RQW. In peptide-free and ALW simulations, HLA and 2m
residues showed higher variation in positions 70-85 and
140-150, corresponding to a-1 and a-2 regions of the
F pocket. Results indicate that strong peptide C-termi-
nus-F-pocket interactions are crucial for conformational
stability.

Peptide Ligand Leads to Reproducible Global
Dynamics Profiles

Our findings showed that peptide sequence and inter-
actions affect fluctuations of peptide and HLA resi-
dues, and influence regions beyond the peptide binding
groove. This is not clearly visible in the RMSF plot (Figure
1C), except in parts of the a3 domain, possibly due to
thermal fluctuations masking potential dynamic differ-
ences. We performed EDA of simulation trajectories to
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Figure 1. Conformational stability and dynamic profiles of simulated peptide-loaded Major Histocompatibility Complex (pMHC) systems.

A) Root mean square deviation (RMSD) profiles over time for peptide-free and
peptide-bound HLA-A02:01 systems. Darker lines represent the mean RMSD
from three replicate simulations; shaded areas indicate standard deviation
ranges.

B) Root mean square fluctuation (RMSF) profiles of individual peptides in
each simulation. Each line corresponds to one replicate simulation.

C) Root mean square fluctuation profiles of HLA-A02:01 and p2-microglobu-

lin (B2m) residues. Darker lines indicate the average per-residue RMSF across
three replicates; shaded areas denote the standard deviation.

D) Subspace overlap (Root Mean Square Inner Product, RMSIP) values be-
tween individual replicate simulations. An RMSIP of 1 denotes identical
essential dynamics, while O indicates no similarity. Axis labels show PDB
four-letter codes for each peptide-HLA-A*02:01 complex, followed by the
replicate number. 3UTQ corresponds to the ALW peptide, 5SN1Y to the MVW
peptide, and 5COF to the RQW peptide.
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Figure 2. Residue coupling patterns and peptide-induced differences in residue coupling in HLA-A*02:01 systems.

Dynamic cross-correlation matrices (DCCMs) and difference DCCMs (ADCCMs)

are shown for peptide-loaded and peptide-free systems.

Top left: DCCM (upper triangle) and ADCCM (lower triangle) for the ALW pep-

tide system.

Top right: DCCM (upper triangle) and ADCCM (lower triangle) for the MVW

peptide system.

Bottom left: DCCM (upper triangle) and ADCCM (lower triangle) for the RQW
peptide system.

Bottom right: Schematic legend defining intra- and inter-domain interaction
regions on the DCCM heatmap. Domain labels indicate the peptide-binding
groove (BG; al and a2 domains), a3 domain, a2-microglobulin (a2m), and
inter-domain regions.
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better understand similarities/differences between glob-
al dynamics profiles of different systems.

Essential dynamics analysis provides motional modes and
their contributions to overall variance. We analyzed the
top 20 motions describing global coordinated movements
and calculated similarities between these modes using
the RMSIP metric. Figure 1D shows that the replica sim-
ulations of each system exhibited the highest similarity,
indicating strong reproducibility. This enables a reliable
comparison between different systems. Subspace overlaps
between different systems exhibit moderate similarity lev-
els (0.5-0.6), indicating that while peptides do not create
unique cooperative domain motions, they produce distinct
motional profiles. RQW and MVW peptide simulations
showed relatively higher similarities compared to others.

Stronger Peptide Binding in F Pocket Leads
to More Extensive Changes in Dynamic
Residue Couplings

Having confirmed that replica simulations explored sim-
ilar essential subspaces, we next investigated residue
couplings, comparing peptide-loaded and peptide-free
systems. For this, we generated average DCCMs for
each system using the top 20 global motional modes.
Subtracting the DCCM of the peptide-free system from
each peptide-loaded system yielded difference DCCMs
(ADCMMs), visualizing changes in residue couplings
upon peptide binding (Figure 2).

Consistent with similar RMSF profiles and RMSIP values
above 0.5 (Figure 1D), the systems exhibited similar over-
all residue coupling profiles. However, ADCMM plots also
revealed subtle peptide-specific differences. ALW binding
induced relatively smaller coupling changes, increasing
both correlations and anti-correlations between the
HLA binding groove and a.3/p2m. Notably, ALW binding
showed minimal changes in intra-a3 couplings, with in-
creased intra-p2m correlations but decreased p2m-a3
correlations.

Conversely, MVW and RQW exerted similar, but stron-
ger, effects than ALW. They increased positive correla-
tions between the HLA binding groove and a3/f2m,
shifted intra-a3 couplings toward anti-correlation, and
increased p2m-a3 coupling. In summary, stronger F
pocket peptide binding led to more extensive changes
in MHC dynamic coupling, particularly an increase in the
positive correlation between the peptide-binding groove
and distal domains.

Peptide Binding Induces Perturbations in
Intra- and Inter-Chain Residue Interaction
Energies

We identified "consistent pairs" that exhibited signifi-
cantly similar interaction energies across replicas using
one-way ANOVA. In other words, pairs whose interaction
energies did not differ significantly (p>0.05) across repli-
ca simulations (defined as those with a p-value > 0.05
from the ANOVA test) were identified (the full list of pairs
and their corresponding p values can be found in Supple-
mentary Data file under Tab “Consistent Pairs”). Finally,
we identified pairs that showed statistically significant
(p<0.05, Student’s t-test) energy shifts upon peptide
binding, defined as those with a p-value < 0.05 from a
Student’s t-test, and which also had with an absolute
interaction energy difference of at least 2 kcal/mol upon
peptide binding toward attractive or repulsive ranges
(Figure 3) (the full list of pairs and their corresponding
p values can be found in Supplementary Data file under
Tab “Affected upon Peptide Binding”).

Strikingly, ALW exhibited a smaller effect compared to
the other peptides. ALW induced shifts toward attrac-
tion only within the binding groove, not extending to
distal domains or the f2m-a3 interface. It also caused
shifts toward repulsion in this interface, decreasing at-
traction between Val12(BG)-Ser34(f2m) and Ile23(B-
G)-Phe63(p2m). Conversely, MVW and RQW showed
much more extensive effects, both within the binding
groove and on interacting pairs between pf2m and a3,
as well as at the bottom of the binding groove. Their
effects were also highly similar, affecting the same
pairs. Interactions becoming more attractive includ-
ed Phe9(BG)-Phe57(B2m), Serl1(BG)-Glub5(p2m), and
Tyr11(p2m)-Pro235(a.3), while those becoming more
repulsive included Val12(BG)-Ser34(f2m), Thr10(BG)-
Gly56(p2m), and Val25(BG)-Gly56(p2m).

Stabilization of the F Pocket by Peptides
Leads to Stabilized Interactions Near the
Core of the MHC

Motivated by the differential effects of peptides on the
pMHC protein-protein interface, we investigated how
these changes translate to individual residue behavior.
Since edge weights reflect interaction attractiveness or
repulsiveness, PENs are useful for probing stability. We
computed betweenness centrality (BC) values for each
residue, representing the average number of shortest
paths through that residue. Here, residues with optimized
interactions (and thus predominantly negative/attractive
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Figure 3. Residue pairs exhibiting significant shifts in interaction energies upon peptide binding.

Residue pairs that showed statistically significant shifts in nonbonded in-
teraction energies upon binding of ALW, MVW, or RQW peptides are shown.

(A, B) ALW-bound system; (C, D) MVW-bound system; (E, F) RQW-bound system.

Red spheres represent residue pairs with interactions shifted toward stronger
attraction; purple spheres represent residue pairs with interactions shifted
toward increased repulsion.

non-bonded interaction energies with their surroundings)
have higher BC values.

These scores were subsequently compared to overall res-
idue conservation scores obtained from the CONSURF da-
tabase (35). A scatter plot of conservation scores versus
mean BC levels is shown in Figure 4. A key takeaway from
this plot is the high conservation levels of HLA residues
with the highest BC levels. These include Pro235(a3),
Tyr209(a3), Pro210(a3), Trp244(a3), Ala245(a3), and
Val28(BG).

Finally, we identified residues with statistically signif-
icant BC differences between systems, which were de-
fined as those having a p-value < 0.05 from a using one-
way ANOVA test. From this group of significant residues,
we (p<0.05) and selected the top 10 residues with the

Sercinoglu O

largest BC increases or decreases upon peptide binding
(Figure 5), based on median BC levels (the full list of res-
idues with their corresponding p values can be found in
Supplementary Data file under Tab “Betweenness Cen-
tralities”).

Two key findings emerged from this analysis. First, res-
idues 64 B (B2m threonine) and 235 A (a3 proline),
both located in distal domains (Figure 6), showed the
largest BC increases upon peptide binding. All peptides
increased 64 B's betweenness, suggesting an allosteric
effect near the p2m/pMHC core, reinforcing surrounding
interactions. However, 235 A's BC increase was observed
only with RQW and MVW, not ALW.

The first finding leads to the second key finding: for most
residues in Figure 4, BC patterns were shared between
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Figure 4. Relationship between residue betweenness centrality and evolutionary conservation.

Scatter plot of mean median betweenness centrality (BC) values for residues
from peptide-bound simulations plotted against their conservation scores
obtained from the CONSURF database (PDB ID: 5N1Y). Lower conservation

scores indicate higher evolutionary conservation. Chain identifiers following
underscores denote the respective chains in the simulated complex; chain A
corresponds to HLA-A*02:01.

the ALW and peptide-free systems, as well as between
the RQW and MVW peptides, consistent with the lack of
structural effects upon ALW binding. Consequently, the
behavior of Pro235(a3) is particularly noteworthy; its
high mean BC as shown in Figure 4 underscores its gen-
eral importance to the structural integrity of the com-
plex, while its significant and selective increase in BC
upon binding of the strongly stabilizing peptides RQW
and MVW further pinpoints it as a key residue involved
in mediating peptide-specific allosteric effects on pMHC
stability.

Discussion

This study investigated the influence of different peptide
ligands on the structural dynamics and conformational
stability of HLA-A*02:01 using molecular dynamics sim-
ulations. Essential dynamics and protein energy network
analyses provided insights into peptide-induced changes
in MHC-I and the modulation of complex dynamics.

The stability of pMHC has long been recognized as a
critical factor for immunogenicity (39,40). Consequently,
characterization of pMHC stability is of great interest for
immunotherapeutic applications (41). It is understood
that peptide binding is not solely dictated by interac-
tions within the peptide-binding groove. Instead, the en-
tire MHC complex, including more distal domains, con-
tributes to the binding event and the overall stability of
the pMHC assembly (16,42). Indeed, previous simulation
studies have shown the importance of regions beyond
the canonical binding site in modulating peptide-MHC
interactions (19,42).

Despite this broader understanding, a significant portion
of computational studies aimed at predicting or char-
acterizing pMHC stability has predominantly focused on
the interactions within the peptide-binding groove. This
focus is often a necessary simplification to enable pre-
dictions at larger scales (44-47). However, such a narrow
perspective may overlook crucial contributions from oth-
er regions of the complex to its overall stability. To our
knowledge, the present study is the first to employ mo-
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Figure 5. Residues with the highest peptide-induced changes in betweenness centrality.

Box plots show residues (Residue id) with the greatest increases (top) and
decreases (bottom) in median betweenness centralities (BC) upon peptide
binding. Data are presented for ALW, MVW, and RQW peptide-bound systems
and the peptide-free control. Chain identifiers denote the respective chains:

chain A for HLA-A*02:01 and chain B for $2-microglobulin (32m). The p val-
ues denoting statistical significance of the BC differences per residue are de-
noted above each box plot.

lecular dynamics simulations to systematically evaluate
pMHC stability with a specific focus on protein-protein
interaction interfaces throughout the entire complex
(e.g., the heavy chain-f2m interface and intramolecu-
lar domain contacts). This approach enabled the iden-
tification and characterization of allosteric mechanisms
through which peptides differentially modulate stabiliza-
tion across these distal interfaces, extending our under-
standing beyond direct peptide-groove interactions.

Our results are consistent with prior research that high-
lights the tight connection between peptide ligands and
MHC-I. Peptides typically anchor deeply into the MHC-|
binding groove, resulting in MHC-I stability and flexibil-
ity depending on the peptide cargo (49). Peptide-free
MHC is known to be unstable (49), and peptide binding
stabilizes and dampens complex dynamics, affecting dis-
tal p2m and a3 domains. MHC conformational stabili-
ty depends on peptide C-terminus interactions with the

F-pocket (50). Our findings offer new insights into this
stabilization. We have shown that stable F-pocket bind-
ers (MVW and RQW) induce larger increases in positive
correlations between the binding groove and a3, as well
as in both positive and negative correlations between the
binding groove and p2m. This strengthens crosstalk be-
tween distal domains and the binding groove, potentially
through increased attraction between HLA and $2m, as
revealed by our non-bonded interaction energy analysis.
Weaker ALW binding even increased repulsiveness at the
Bp2m-HLA interface.

The highly polymorphic nature of MHC-I molecules has
significant implications for their structural dynamics and
stability (20,51-53). Certain MHC alleles are more depen-
dent on the chaperone protein Tapasin for proper pep-
tide loading compared to others (54-57). Micropolymor-
phisms within the F-pocket region of the peptide-binding
groove may lead to differential dependencies on Tapasin
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for binding of high-affinity peptides (57-60). These subtle
sequence variations in the F-pocket can lead to distinct
global conformational dynamics of the MHC complex,
even in the peptide-free state. Specifically, some F-pocket
polymorphisms may favor a more stable and rigid confor-
mation of the MHC, while others may result in a more flex-
ible and dynamic structure (61). This allele-specific behav-
ior of the peptide-free MHC likely has consequences for
the conformational stabilization induced by the binding
of different peptide ligands, as observed in our findings.
Future studies that explore the interplay among F-pock-
et polymorphisms, Tapasin dependency, global dynamics,
and complex stability will provide valuable context for in-
terpreting the conformational stabilization mechanisms
revealed by our molecular dynamics’ simulations.

Furthermore, major stability differences among HLA
genes themselves may also imply differential behaviour
to peptide binding. For instance, HLA-C alleles are known
to exhibit lower cell surface expression and stability lev-
els compared to HLA-A and HLA-B alleles (62,63). This
reduced stability of HLA-C has also been associated with
less efficient responses against viral infections (64). Our
previous local frustration analysis of human MHC-I allele
structures highlighted a less stable F pocket in HLA-C
(65). Weaker interactions between the F pocket and pep-
tide cargo may thus represent a general phenomenon in
HLA-C, resulting in a failure to strengthen interactions
with distal domains of the complex, as observed in the
case of the ALW peptide in this study.

Finally, it is important to note that we did not observe a
strong correlation between experimental or theoretical
measures of thermal stability (i.e., melting temperature)
or kinetic stability (i.e., half-time) and our findings relat-
ed to conformational stability (see Supplementary Text).
This may be explained by discrepancies between experi-
mental measurements on the same peptide-HLA pair, or,
more specifically, a lack of sufficient data points, which
restricts the reliability of such comparisons. Alternative-
ly, the thermal and conformational stability of MHC mol-
ecules may not be directly related, as is also the case for
many other proteins (66,67). Previous work in this field
has explored both kinetic (i.e., over time) and thermal
stability of pMHC, and a positive correlation between
these two types of stability metrics has been identified
(68,69). It is also worth emphasizing that classical MD
simulations in the isothermal-isobaric ensemble (i.e., at
constant temperature and pressure) are inherently limit-
ed to mimic experimental conditions used in both types

LEU-64-B-2-m

™~

PRO-235 HLA

Figure 6. Spatial distribution of residues most affected by peptide
binding based on betweenness centrality.

Residues corresponding to the top (red) and bottom (blue) ranked residues
from Figure 5 are mapped onto the HLA-A*02:01 structure. Red spheres de-
note residues with the largest BC increases; blue spheres indicate residues
with the largest BC decreases upon peptide binding.

of stability measurements since simulations cover nei-
ther the full-time scale (often hours) nor the temperature
ranges (increased over time) used in these experiments.
To this end, predicting and evaluating MHC thermal sta-
bility alongside molecular simulation findings remains a
challenge. Application of a similar computational strate-
gy to a higher number of pMHC complexes with reliable
experimental structures and both thermal and kinetic
stability data may lead to more comprehensive insights
into peptide-induced stabilization in this regard.

Conclusion

In summary, this study highlights the intricate relationship
between peptide ligands and the conformational dynam-
ics of HLA-A*02:01, emphasizing the crucial role of stable
interactions within the F-pocket for achieving structur-
al integrity and stability. The observed enhancements
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in dynamic coupling and crosstalk between the pep-
tide-binding groove and distal domains underscore the
complexity of MHC-I-peptide interactions and their influ-
ence on overall protein behavior. These enhancements
may result in a shift of attractive interactions towards the
HLA-B2m interface, ultimately contributing to increased
conformational stability of the whole complex. To this
end, our findings also challenge the assumption that
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Abstract

Objectives: Hypomorphic variants of DNA cross-link repair 1C (DCLRE1C) cause a spec-
trum of combined immunodeficiency phenotypes that range from mild autoimmunity to
life-threatening malignancy. We aimed to integrate detailed clinical phenotyping with in sili-
co pathogenicity metrics to improve the prediction of adverse outcomes in this rare disorder.
Materials and Methods: We compiled a descriptive cohort of 41 patients carrying one of 12
published hypomorphic DCLRE1C variants. Inferential analyses focused on the molecularly
homogeneous subgroup of 25 individuals harboring three recurrent missense changes within
the metallo-B-lactamase/B-CASP domains—c.194C>T [p.Thr65lle], c.500C>T [p.Thr167Met]
and c.632G>T [p.Gly211Vall. Comprehensive clinical, immunological, and laboratory data
were extracted. Pathogenicity was assessed with eight in silico algorithms, AAG stability
modelling, and structural mapping. Logistic regression identified variables associated with
malignancy and autoimmunity, and composite risk scores were generated.

Results: Median age at last follow-up was 9.4 years (range 0.5-27). Recurrent sinopulmo-
nary infection (80%), chronic diarrhea (48%), and candidiasis (44%) were common across
variants, while otitis media and growth retardation were confined to c-terminal changes. All
three analyzed variants exceeded pathogenicity thresholds (mean Combined Annotation-De-
pendent Depletion [CADD] 26.7 + 2.1) and reduced predicted protein stability (mean AAG
+1.8 kcal/mol). A revised malignancy risk score (lymphadenopathy, immunoglobulin G [IgG]
<400 mg/dL, diarrhea, AAG = 1 kcal/mol, BayesDel >0.5, age > 60 months) > 4 achieved an
area under the receiver operating characteristic curve (AUC) of 0.89 (95% confidence inter-
val [CI] 0.57-1.00), with 75% sensitivity and 100% specificity. The analogous autoimmunity
score (skin lesions, pulmonary infections, IgG low, AAG = 1, BayesDel > 0.5, CD19 low, age >
60 months) > 8 showed moderate discrimination (AUC 0.75; 95% Cl, 0.54-0.97), with 83.3%
sensitivity and 73.7% specificity.

Conclusion: Integration of domain-restricted in silico metrics with core clinical parameters
modestly improves malignancy risk prediction in hypomorphic DCLRE1C deficiency. Prospec-
tive, multi-center validation and functional assays are required before clinical implementation.
Keywords: Artemis, leaky severe combined immunodeficiency, combined immune deficien-
¢y, DCLRE1C
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Hypomorphic DCLRE1C Variants

Introduction

The Artemis protein, encoded by the DNA cross-link re-
pair 1C (DCLRE1C) gene, plays a critical role in variable,
diversity, and joining [V(D)J] recombination and in the
repair of non-homologous end joining (NHEJ) DNA dou-
ble-strand breaks (1,2). Pathogenic variants in the DCL-
RE1C gene severely impair T and B-cell development,
resulting in the clinical phenotype of severe combined
immunodeficiency (SCID) (3). In contrast, hypomorphic
DCLREIC variants allow for partial protein expression,
leading to a milder phenotype of combined immunode-
ficiency (CID) (4).

Patients with hypomorphic DCLRE1C variants, first iden-
tified in 2015 (5) may present at variable ages with di-
verse clinical manifestations (infections, granulomatous
lesions, autoimmune disorders, malignancy) and labo-
ratory findings. To date, only 16 hypomorphic variants
in the DCLRE1C gene have been reported in 41 patients,
resulting in a CID phenotype (Figure 1) (5-13). In addi-
tion to CID, these patients often develop malignancies
and autoimmune diseases later in life (13), and predict-
ing these conditions remains highly challenging. No
large case series has been published regarding patients
affected by the hypomorphic DCLREIC gene variant,
and the cases in the literature consist of studies with a
small number of cases. Despite their clinical relevance,
functional impacts of hypomorphic variants remain un-
clear. There is limited research investigating the cor-
relation between hypomorphic DCLREIC variants and
clinical or laboratory parameters. Prior research has
mainly focused on functional validations, creating a
knowledge gap in the application of in silico tools for
pathogenicity prediction in this context (14,15). Recent-
ly, in silico tools have emerged as promising approaches
for predicting the pathogenicity of variants detected in
patients (16-19).

Inborn errors of immunity (IEI) are rare diseases caused
by mutations in over 550 genes (20,21), many of which
are still classified as variants of uncertain significance
(VUS), posing challenges for clinicians. However, patho-
genicity analyses of variants identified as VUS through
in silico analyses may lead to an increase in the number
of new genes responsible for IEl, providing patients with
the opportunity for early treatment. In IEl patients, vari-
ants identified as VUS have begun to be demonstrated as
pathogenic through in silico analyses followed by func-
tional studies (16-19).

From this perspective, our study aimed to correlate clin-
ical and laboratory findings with data obtained through
in silico analyses of hypomorphic DCLREIC variants de-
scribed in the literature. We further suggest that this
approach may be applicable to similar analyses in other
genes associated with |El, especially when functional as-
says are unavailable.

Materials and Methods

Study Design

The study employed a two-tier design and was conduct-
ed at the Department of Paediatric Immunology and
Allergy, Necmettin Erbakan University Faculty of Med-
icine.

We assembled a descriptive cohort of 41 patients (23
from the literature, 18 from our center) who harbor one
of 12 hypomorphic DCLREIC variants that have been
reported to date (5-13). For genotype-phenotype com-
parisons, data from all available patients were included
to provide a comprehensive descriptive overview. How-
ever, for laboratory-based in silico analyses, cases from
the B-CASP domain were excluded due to substantial
missing information. To maintain analytic homogene-
ity, these analyses were therefore restricted to 25 pa-
tients carrying missense variants in the metallo-p-lact-
amase (MBL)/B-CASP domains (c.194C>T [p.Thr65lle],
c.500C>T [pThr167Met], and c.632G>T [p.Gly211Vall).
Among these 25 patients, 18 originated from our insti-
tutional cohort and seven from the literature.

C-terminal variants were excluded from in silico analyses
because they predominantly consist of large deletions,
insertions, or duplications, which cannot be reliably
evaluated using tools. These cases were nevertheless re-
tained for descriptive clinical analyses.

In silico Analysis of Commonly Observed
Hypomorphic DCLRE1C Variants

A comprehensive literature review was conducted to
identify pathogenic and potentially pathogenic vari-
ants associated with the Artemis protein, as shown in
Figure 1. To assess the pathogenicity of these variants,
we calculated multiple in silico prediction scores, in-
cluding BayesDel addAF, BayesDel noAF, Combined An-
notation-Dependent Depletion (CADD), Eigen, Eigen-PC,
Functional Analysis through Hidden Markov Models
(FATHMM)- Multiple Kernel Learning (MKL), FATHMM-
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Figure 1. The genomic and protein localization of hypomorphic DCLRE1C variants described in the literature. (A) Genomic localizations of hypomorphic vari-

ants. (B) Localizations within the protein structure.

eXtended Features (XF), and Deleterious Annotation of
Genetic Variants using Neural Networks (DANN) (22).
These scores provide insights into the functional impact
of the variants based on different computational models
that integrate sequence conservation, protein structure,
and functional annotations.

Kuggukturk S et al.

The three-dimensional (3D) structure of the Artemis
protein was retrieved from the Research Collaboratory
for Structural Bioinformatics Protein Data Bank (PDB ID:
6WOO; https://www.rcsb.org). To evaluate the structur-
al consequences of the identified variants, we utilized
PremPS (Li Lab, Soochow University, China; http://lilab.
jysw.suda.edu.cn/research/PremPS/), a tool designed to
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Figure 2. Schematic representation of the structural regions of the Artemis protein. Wild-type Artemis protein (left side of the panel).
Mutant Artemis protein resulting from the variants and its interaction with other amino acids (right side of the panel). (A) c.194C>T,
p.(Thré5lle); (B) c.500C>T, p.(Thr167Met); (C) c.632G>T, p.(Gly211Val). Rose Pink dashed lines represent hydrogen bonds.

predict the impact of amino acid substitutions on pro-
tein stability (23). This analysis enabled us to determine
the delta-delta G (AAG) (kcal/mol) values, representing
the predicted change in protein stability induced by each
variant. A positive AAG value indicates destabilization,
whereas a negative value suggests stabilization of the
protein structure.

Wild-type and mutant structures were compared using
UCSF ChimeraX (version 1.10.1; Resource for Biocom-
puting, Visualization, and Informatics, University of Cali-
fornia, San Francisco, USA) (25). In addition to structural
analyses, the evolutionary conservation of the affected
residues was evaluated (Figure 2). Homologous protein
sequences across multiple species were retrieved from
the Ensembl database (release 115; European Bioinfor-
matics Institute, Hinxton, UK), and multiple sequence

alignment (MSA) was performed using the ClustalQ al-
gorithm (version 2024; EMBL-EBI, Hinxton, Cambridge,
UK) within the JalView platform (version 2.11.5.0; The
Barton Group, University of Dundee, UK) (26). Conser-
vation scores were analyzed to determine whether the
substituted residues are located within highly conserved
regions, as alterations in such positions are more likely
to be functionally deleterious.

Statistical Analysis

Categorical variables, including the presence of autoim-
munity and malignancy, were compared across variant
domain groups using the chi-square test of indepen-
dence. Continuous variables were analyzed with the
Mann-Whitney U test. Demographic data are presented
as mean + standard deviation (SD). All statistical analy-
ses were performed using Python software (version 3.11;
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Figure 3. Schematic ROC curves for malignancy (AUC=0.89) and autoimmunity (AUC=0.75) risk scores based on combined clinical and

in silico parameters.

Python Software Foundation, Wilmington, DE, USA) and
GraphPad Prism (version 6.0; GraphPad Software, San Di-
ego, CA, USA). A two-sided p value <0.05 was considered
statistically significant.

A composite risk scoring system was developed to pre-
dict the likelihood of malignancy and autoimmunity
based on clinical, immunological, and in silico param-
eters. Variable selection was informed by univariate as-
sociation, biological plausibility, and multicollinearity
assessment. Each parameter was assigned a weighted
score reflecting its relative contribution (Table 1). The
total score ranges were optimized to 0-10 for malignan-
cy and 0-12 for autoimmunity.

Predictive performance was evaluated using receiver
operating characteristic (ROC) curve analysis (figure 3).
The area under the ROC curve (AUC) was calculated, and
95% confidence intervals (Cls) were estimated using the
method of Delong et al. (24). To assess overfitting and
provide optimism-corrected performance estimates, bi-
as-corrected and accelerated (BCa) bootstrap Cls were
computed with 1000 replications, using a fixed random
seed (seed=978) to ensure reproducibility. Optimal cut-
off values were determined using the Youden index. Sen-
sitivity, specificity, positive predictive value (PPV), neg-
ative predictive value (NPV), and odds ratios (ORs) with

Kuggukturk S et al.

95% Cls were calculated using 2x2 contingency tables
and Fisher’s exact test where appropriate. For all esti-
mated effect sizes, including odds ratios, 95% Cls were
computed using exact or asymptotic methods as appro-
priate and are reported alongside p-values to reflect the
precision of the estimates.

In this exploratory cohort, the predictive performance
of the risk scores was evaluated in the context of a
small sample size and clinical heterogeneity. Given
the exploratory nature of this study and the rarity of
hypomorphic DCLRE1C variants, AUC values exceeding
0.60 were considered to reflect potential discriminative
ability in the context of preliminary risk stratification,
with statistical significance (p<0.05 vs. AUC=0.5) and
internal validation via bootstrapping serving as key
supportive criteria.

Results

Genomics, Clinical, and Laboratory
Characteristics of Hypomorphic DCLRE1C
Variants

In the initial phase of the study, a total of 41 patients with
hypomorphic DCLRE1C variants were identified through
literature review and institutional records. Domain-based
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Table 1. Summary of variables and scoring weights used in the malignancy and autoimmunity risk models. Low IgG and low CD19 expres-

sion were defined according to age-adjusted reference intervals.

Pulmonary infections Present

Lymphadenopathy Present 2

Diarrhea Present 1

Skin lesions Present 1 1
Immunoglobulin G (IgG) Low 2 3
Cluster of differentiation 19 (CD19) Low 2
AAG (kcal/mol) >1.0 1 2
BayesDel addAF >0.5 2 2
Age > 60 months 1 1
Total score range 0-10 0-12

distribution and genotype associations were summarized
as follows: Among them, 23 had mutations in the MBL
domain, 15 in the C-terminal domain, and 3 in the B-CASP
domain. Genotypic analysis revealed that 34 (82.9%) pa-
tients were homozygous, and 7 (17.1%) were compound
heterozygous patients. No statistically significant differ-
ences were observed in the frequency of autoimmunity
across variant domains (p=0.470). Similarly, malignancy
rates did not differ significantly among the domain groups
(p=0.297). In pairwise comparisons between genotypes,
the prevalence of autoimmunity was similar between ho-
mozygous and compound heterozygous patients as was
the occurrence of malignancy (p>0.05). These findings
suggest that neither the structural localization of the
DCLREIC variant nor genotype (homozygous vs com-
pound heterozygous) significantly influences the risk of
autoimmunity or malignancy in this cohort.

Among the clinical features examined, the frequency of
pulmonary infections was significantly higher in patients
with MBL domain variants (63.2%) compared to those
with C-terminal domain variants (p=0.032), whereas the
difference between MBL and B-CASP domains was not
statistically significant (p=0.236), nor was the difference
between B-CASP and C-terminal domains (p=0.502).
Several other clinical features showed statistically sig-
nificant differences across domain groups, including
diarrhea (p=0.028), otitis (p=0.038), fever (p<0.001),
growth retardation (p=0.007), malignancy (p=0.048),
and mortality status (p=0.006); however, skin lesions did
not differ significantly. Notably, both otitis and growth

retardation were observed exclusively in the C-terminal
domain group and were absent in the MBL and B-CASP
groups. When clinical findings were evaluated by geno-
type, candidiasis was significantly more common among
patients with compound heterozygous variants (3/7;
42.9%) than in those with homozygous mutations (1/34;
2.9%) (p=0.001).

Statistically significant differences were found across do-
main groups for natural killer (NK) cells, CD25 activation,
and naive B-cell levels. Natural killer cells were low in 3/9
C-terminal cases (33%), but normal in 0/21 MBL and 6/7
-CASP cases (p=0.025) (12). CD25 activation in T cells
was markedly reduced in both C-terminal (88.9%) and
MBL (90.5%) domain groups. Although these two do-
mains showed comparable suppression rates (p=0.894),
the overall distribution reached statistical significance
(p=0.030), primarily due to the single B-CASP patient
exhibiting normal CD25 activation. Naive B-cell levels
differed significantly across protein domains (y2=7.843,
p=0.005). Only patients with either decreased or normal
naive B-cell levels were included in the analysis due to
the absence of elevated cases. The majority of patients
with MBL domain variants exhibited decreased naive
B-cell counts (94.4%), whereas most patients with C-ter-
minal domain variants showed normal counts (66.7%).

In Silico Analysis Results

Combined Annotation-Dependent Depletion scores were
available for a subset of variants located within the MBL
and B-CASP domains. All variants in both domains ex-
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Table 2. Diagnostic performance of the malignancy and autoimmunity risk scores. Diagnostic performance of the two risk scoring systems
applied to predict malignancy and autoimmunity. Sensitivity, specificity, predictive values, and odds ratio were calculated at the optimal
cut-off value for each score using Youden’s index.

Malignancy score

Autoimmunity score

(Cut-off >4) el (Cut-off >8) <o
Sensitivity (%) 75 19.4-99.4 83.3 35.9-99.6
Specificity (%) 100 83.9-100.0 73.7 48.8-90.9
PPV (%) 100 79.4-99.1 50 30.29-69.72
NPV (%) 95.5 79.4-99.1 93.3 69.64-98.84
OR 100 3.37-2988.99 14 1.29-150.89
Youden index (J) 0.75 0.25-1.00 0.57 0.18-0.84

AUC: Area under the receiver operating characteristic curve, Cl: Confidence interval, PPV: Positive predictive value, NPV: Negative predictive value,

OR: Odds ratio.

ceeded the commonly accepted pathogenicity threshold
(CADD = 20) (15), indicating a 100% predicted deleterious
rate for these domains. No CADD scores were available
for variants in the C-terminal domain, primarily due to the
presence of large deletions and complex mutations not
compatible with current CADD scoring models. Accord-
ing to BayesDel (addAF) scores, 50% of the variants in
the MBL domain and 33.3% of those in the B-CASP do-
main were predicted to be deleterious (threshold> 0.5).
Based on Eigen scores, all evaluated variants in the MBL
and B-CASP domains exhibited values greater than zero,
which is indicative of potential deleteriousness. This cor-
responds to a 100% predicted pathogenicity rate in both
groups. No Eigen scores were available for variants locat-
ed in the C-terminal domain, primarily due to structural
or complex variant types that are beyond the scope of
this prediction tool. All evaluated variants within the MBL
and B-CASP domains showed DANN scores above 0.9, in-
dicating a predicted deleteriousness rate of 100% in both
domains. Variants from the C-terminal domain could not
be assessed due to unavailable scores. According to the
FATHMM-MKL model, all variants in the MBL domain and
66.7% of those in the B-CASP domain were predicted to
be deleterious (threshold >0.5). Using the FATHMM-XF
model, deleterious predictions were observed in 50.0%
and 66.7% of variants within the MBL and B-CASP do-
mains, respectively. Based on protein stability predictions
(AAG =1.0), 50.0% of the evaluated variants in the MBL
domain were classified as destabilizing, whereas none of
the variants in the B-CASP domain met this threshold.

Kuggukturk S et al.

Association Between in Silico

Deleteriousness Scores and Clinical Features
To explore the association between in silico pathogenic-
ity metrics and clinical phenotypes, we developed two
separate minimal predictive scoring systems tailored
for malignancy and autoimmunity. Each scoring system
combined selected clinical and immunological features
with in silico deleterious parameters.

For malignancy risk stratification, the scoring model
included lymphadenopathy, diarrhea, skin lesions, low
IgG levels, AAG =1.0, BayesDel addAF >0.5, and age >60
months. Each variable contributed one or two points
depending on presumed clinical relevance, with a total
possible score of 11. Receiver operating characteristic
analysis in our cohort (n=25) revealed an AUC of 0.89. At
an optimal cut-off of >4 points, determined by Youden’s
index, the model achieved 75% sensitivity and 100%
specificity, with a PPV of 100%, NPV of 95.5%, and an
odds ratio of 100 (Table 2). These findings support the
utility of this score in identifying patients at elevated risk
of malignancy while minimizing false positives.

For autoimmunity prediction, a separate composite
score was optimized using AAG >1.0, BayesDel addAF
>0.5, low IgG, low CD19 expression, and the presence of
skin lesions and pulmonary infections. At a cut-off of >8
points, the model demonstrated 83.3% sensitivity and
73.7% specificity, with a PPV of 50%, NPV of 93.14%,
odds ratio of 14, and an AUC of 0.75 (Table 2). Although
the discriminatory power was limited, this score may
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serve as a high-sensitivity screening tool for identifying
patients at risk of autoimmune manifestations.

Both scoring systems integrate clinical and computa-
tional evidence, offering a practical framework for ear-
ly risk stratification in patients harboring hypomorphic
DCLRE1C mutations.

Discussion

This study represents one of the most comprehensive
evaluations of patients with hypomorphic DCLRE1C mu-
tations under study to date, integrating clinical, immu-
nological, and bioinformatic data. While previous reports
have described these variants in small patient cohorts,
our findings further highlight the significant phenotypic
heterogeneity associated with hypomorphic mutations
in the DCLREIC gene. Affected individuals presented
with a wide clinical spectrum, ranging from recurrent
infections and autoimmune manifestations to malig-
nancies, whereas some patients exhibited only mild fea-
tures of immune deficiency. This variability suggests that
DCLRE1C mutations alone may not fully account for
disease expression, and that additional genetic, envi-
ronmental, or epigenetic modifiers likely play a role.
Furthermore, the increasing application of in silico tools
provides valuable insights into the functional conse-
quences of these variants, supporting their utility in clin-
ical diagnostics and variant interpretation.

The pronounced phenotypic variability observed
among patients with similar DCLREIC variants sug-
gests that additional modifying factors likely contrib-
ute to disease expression. These may include genetic
background, epigenetic regulation, or environmental
influences such as infectious exposures and treat-
ment differences. Similar modifying effects have been
described in other inborn errors of immunity, where
host genetics, epigenetic programming, and external
triggers modulate clinical severity beyond the primary
causal mutation (20,21). A deeper exploration of these
modifiers—through multi-omic approaches and longi-
tudinal environmental monitoring—will be essential to
fully understand disease heterogeneity in hypomorphic
DCLRE1C deficiency.

Our analysis revealed no statistically significant associ-
ation between the localization of these variants within
functional Artemis domains and the occurrence of au-

toimmunity or malignancy. Similarly, genotype distribu-
tion (homozygous vs. compound heterozygous) did not
predict clinical severity with respect to these outcomes.
These results align with previous reports documenting
phenotypic variability among patients with structural-
ly similar mutations (5,9,13). Moshous et al. (3,4) also
noted that patients with identical or similar mutations
may exhibit widely differing clinical courses, suggesting
the involvement of additional modifying genetic or en-
vironmental factors. Hence, while domain-based classi-
fication offers structural insights, it appears insufficient
for predicting disease progression or associated compli-
cations. These findings underscore the need for integra-
tive approaches beyond sequence localization—incor-
porating immune profiling, environmental exposures,
and multi-omic analyses—to better predict clinical out-
comes in Artemis deficiency.

Previous studies have highlighted the susceptibility to
recurrent respiratory and fungal infections in patients
with hypomorphic variants, though the correlation be-
tween clinical features and mutation localization has
remained largely unexplored. For instance, Volk et al. (5)
and Hazar et al. (13) reported recurrent sinopulmonary
infections and candidiasis as common manifestations,
particularly in early-onset cases. In our study, a statis-
tically significant association was observed between
C-terminal domain mutations and a higher frequency
of pulmonary infections. This may reflect the functional
role of the C-terminal region in facilitating nuclear lo-
calization signals and protein stability, suggesting that
alterations in this domain impair mucosal immune de-
fense more severely than mutations in catalytic regions.
In addition to these findings, other clinical manifesta-
tions such as diarrhea, otitis, fever, growth retardation,
malignancy, and survival status also differed significant-
ly across domain groups. Otitis and growth retardation,
notably, were observed only in patients with C-terminal
domain mutations, further supporting domain-specific
clinical vulnerability. Moreover, candidiasis was signifi-
cantly more frequent in patients with compound het-
erozygous variants compared to homozygous individ-
uals (42.9% vs. 2.9%, p=0.001), indicating that allelic
diversity may exacerbate susceptibility independently
of domain localization. Although candidiasis has been
described in Artemis-deficient individuals (10), our data
indicate that allelic diversity may exacerbate suscepti-
bility, potentially through additive or synergistic loss of
function (9). This observation warrants further investi-
gation in functional assays and may have implications
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for early clinical monitoring in compound heterozygous
patients.

Immunological analyses revealed domain-specific al-
terations in lymphocyte subsets and immune function.
Notably, NK cells were reduced exclusively in patients
with C-terminal domain mutations (33.3%; 3/9), while
they remained normal in patients harboring variants in
the MBL or $-CASP domains (p=0.028). Although no ma-
jor NK cell abnormalities have been consistently report-
ed in patients with the hypomorphic DCLRE1C variant,
this finding may reflect subtle defects in hematopoiet-
ic regulation or lineage development in the context of
structurally disruptive variants. Previous studies, such as
Moshous et al. (4), have reported variable T- and B-cell
abnormalities, but NK cell dysregulation has not been
systematically analyzed. Similarly, CD25 activation,
which reflects T cell proliferative capacity, decreased in
most patients across domains. This aligns with findings
by Rohr et al. (6) and ljspeert et al. (7), who demonstrat-
ed impaired T cell responses in patients with splicing or
deletional DCLREIC variants. These data support the
notion that even hypomorphic variants can lead to func-
tional T cell compromise despite partial V(D)J recom-
bination activity. These immunophenotypic differences
across domains may have important clinical implica-
tions. The selective reduction of NK cells in patients with
C-terminal variants could suggest a role for this region
in hematopoietic lineage stability or NK cell develop-
ment, potentially contributing to increased suscepti-
bility to viral infections or malignancy. Similarly, the
consistent decrease in CD25 activation across MBL and
C-terminal variants reflects impaired T-cell proliferative
capacity, which may compromise immune surveillance
and predispose to autoimmunity or lymphoproliferation.
The depletion of naive B cells in MBL variants highlights
the catalytic domain’s importance for B-cell maturation
and bone marrow output, consistent with impaired V(D)
J recombination activity. Taken together, these findings
support the concept that distinct structural regions of
Artemis differentially influence lymphocyte subsets,
providing mechanistic clues to the heterogeneous
clinical outcomes observed in hypomorphic DCLRE1C
deficiency.

The most striking immunological finding was the deple-
tion of naive B-cells. All patients with MBL domain mu-
tations exhibited reduced naive B-cells (100%), where-
as those with C-terminal or B-CASP variants displayed
mixed patterns. Since naive B-cells are a critical mark-
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er of bone marrow output and immune reconstitution,
this domain-specific depletion suggests that catalytic
domain integrity may be particularly essential for B cell
development. These results expand upon prior observa-
tions by Volk et al. (5) and highlight the diagnostic val-
ue of detailed immunophenotyping in Artemis-deficient
cohorts.

Our in silico analysis demonstrated consistently high
pathogenicity scores for missense variants located in
the MBL and B-CASP domains, with all assessed muta-
tions surpassing deleteriousness thresholds for CADD,
DANN, and Eigen scores. This is consistent with the cat-
alytic importance of these regions, where even subtle
amino acid substitutions may severely impair Artemis
function. In contrast, variants located in the C-terminal
domain were not amenable to assessment using most
computational models, largely due to their complex
nature (e.g., large deletions or splice-disrupting muta-
tions). This highlights a technical limitation of current in
silico tools, which remain optimized for simple missense
changes rather than structural alterations or non-cod-
ing variants (14,15).

Protein stability analysis using AAG values (PremPS) fur-
ther reinforced these findings: half of the variants in the
MBL domain were predicted to destabilize the protein
structure (AAG >1.0), whereas no such destabilization
was observed in 3-CASP domain variants. This discrepancy
underscores that not all high-scoring in silico predictors
necessarily translate into structural damage, reaffirming
the importance of integrating multiple tools and domains
of evidence. Similar approaches have recently been vali-
dated in other primary immunodeficiencies, such as ISG15
and ZBTB24-related ICF (immunodeficiency, centromeric
instability, and facial anomalies) syndromes (16,18), sup-
porting the broader utility of in silico-guided pathogenici-
ty frameworks in rare immune disorders.

The incorporation of in silico predictors into the model
is particularly noteworthy, as these tools are increasingly
being used to reclassify VUS in primary immunodeficien-
cies (16,17). Building on this trend, our study introduces
a novel composite scoring system tailored to Artemis
deficiency. To our knowledge, no comparable composite
scoring system has been proposed in the context. Exist-
ing studies tend to describe qualitative associations or
focus solely on molecular characterization (5,13), with-
out integrating predictive algorithms into patient man-
agement strategies.
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To improve clinical risk stratification in hypomorphic
DCLRE1C variant carriers, we developed a minimal pre-
dictive score incorporating both clinical and in silico vari-
ables. Although preliminary, the model demonstrated
modest discriminatory power for malignancy and auto-
immunity, with particularly high sensitivity for malignan-
cy at a threshold of >4 points. Although specificity was
limited, the high sensitivity suggests that the score may
be useful as a screening tool for early risk stratification.
In interpreting these results, it is important to note that
variable weightings were intentionally guided by pre-
sumed clinical relevance rather than purely statistical
optimization. Features such as lymphadenopathy and
hypogammaglobulinemia were prioritized, given their
established links with immunodeficiency-associated ma-
lignancy, whereas in silico parameters were assigned low-
er weights reflecting their exploratory role. Likewise, the
malignancy cut-off of >4 points was chosen not only by
statistical optimization (Youden index) but also because
it represents the co-occurrence of several clinically
meaningful abnormalities. This dual rationale strength-
ens the interpretability of the proposed score despite its
exploratory nature.

Study Limitations

Although this study offers a detailed picture of the clin-
ical impact of hypomorphic DCLRE1C variants, several
constraints must be acknowledged. First, the sample size
is relatively small, and a substantial proportion of cases
were extracted from the literature, introducing potential
publication bias and inter-center diagnostic heterogene-
ity. This limitation must also be considered in light of the
exceptional rarity of hypomorphic DCLRE1C deficiency:
to date, only 16 hypomorphic variants have been report-
ed in 41 patients worldwide. Consequently, while our
findings provide a useful preliminary framework, the lim-
ited cohort size reduces statistical power and precludes
external validation. Future prospective, multi-center
collaborations will therefore be indispensable to confirm
and refine the predictive models.

Second, the inclusion of both institutional and litera-
ture-derived cases may still introduce heterogeneity in
clinical assessments. However, to mitigate this effect, we
applied strict inclusion criteria, excluded literature cases

with substantial missing data, and restricted inferential
analyses to a genetically homogeneous subgroup. De-
spite these steps, residual heterogeneity remains a po-
tential source of bias.

Third, the in silico pathogenicity and protein stability
predictions incorporated into our analysis have not yet
been validated by functional assays such as DNA repair
activity or V(D)J recombination studies. Although prior
reports have demonstrated functional impairment in
hypomorphic DCLRE1C variants, our predictive models
remain inferential until corroborated by direct experi-
mental validation.

In addition, this study may be subject to selection bias,
as literature-derived cases were included based on avail-
able data quality, which may not fully represent the en-
tire spectrum of hypomorphic DCLRE1C deficiency. Miss-
ing data for certain clinical and immunological parame-
ters further limited statistical power and comparability
across groups. Finally, the retrospective design inherent-
ly introduces heterogeneity in diagnostic assessments
and follow-up practices across centers, which should be
considered when interpreting the results.

Conclusion

Hypomorphic DCLREIC variants exhibit broad clinical
variability, and current structural or genotypic classifi-
cations alone appear insufficient for precise risk strati-
fication. Integrating domain-restricted in silico metrics
with clinical parameters modestly improves the predic-
tion of malignancy risk and may also provide insight
into overall disease severity. Our findings suggest that
combining computational predictions with clinical pa-
rameters can facilitate the earlier identification of high-
risk patients and guide therapeutic decision-making
-particularly in resource-limited settings where func-
tional assays are unavailable. Nonetheless, prospective,
multi-center validation and functional studies are es-
sential before these approaches can be implemented in
clinical practice.
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Abstract

Objective: Vitamin D3 is increasingly recognized for its role in immune regulation, particu-
larly in modulating proinflammatory cytokines during early development. This study aimed
to investigate the dose-dependent effects of maternal vitamin D3 supplementation during
pregnancy and lactation on offspring inflammatory cytokine levels, focusing on interleukin-1
beta (IL-1pB) and interleukin-6 (IL-6).

Materials and Methods: Twelve pregnant Sprague-Dawley rats were randomly assigned to
four groups: one control and three treatment groups receiving vitamin D3 at 62, 415 and 663
IU/kg body weight/day, respectively. Supplementation was administered orally from gesta-
tion day 1 to postnatal day 23. Offspring were subjected to an acute inflammatory challenge
via lipopolysaccharide injection, after which induration size was measured. Serum levels of
vitamin D3, IL-1f and IL-6 in six offspring per group were quantified using enzyme-linked
immunosorbent assay (ELISA). Data were analyzed by one-way analysis of variance (ANOVA)
followed by the least significant difference (LSD) post hoc test.

Results: No significant difference was observed in post-injection induration size between
groups (p>0.05). However, the group receiving 663 1U/kg/day vitamin D3 exhibited signifi-
cantly higher serum vitamin D3 levels (21.15 + 15.8 ng/mL) compared with controls (3.56
+ 3.20 ng/mL, p=0.023), along with significantly lower IL-1f level (33.5 + 25.44 pg/mL,
p<0.001). IL-6 levels showed a similar decreasing trend. Serum vitamin D3 was moderately
and inversely correlated with IL-1p (r= -0.43, p=0.042).

Conclusion: Maternal vitamin D3 supplementation during gestation and lactation el-
evated serum vitamin D3 and suppressed IL-1f and IL-6 levels in offspring, suggesting a
dose-dependent immunomodulatory effect. These findings highlight the potential of mater-
nal vitamin D3 status to influence inflammatory responses during early life.
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Maternal Vitamin D3 and Offspring Immunity

Introduction

Vitamin D3 deficiency is a significant health concern
during pregnancy and lactation due to its potential
long-term effects on both maternal and neonatal health
(1,2). Vitamin D3 supports calcium homeostasis, immune
development, and inflammation regulation (3). Low ma-
ternal vitamin D5 levels are associated with an increased
risk of pregnancy complications, including preeclampsia
and gestational diabetes, and studies have shown high-
er rates of neonatal asphyxia and immune dysregula-
tion in infants born to vitamin Ds-deficient mothers (4).
Boskabadi et al. (5) reported a higher prevalence of re-
spiratory complications in premature infants of vitamin
Ds-deficient mothers, highlighting the link between ma-
ternal vitamin D3 status and neonatal outcomes (5). Fur-
thermore, maternal deficiency reduces neonatal vitamin
D3 levels, increasing susceptibility to immune dysregula-
tion and excessive inflammation (6,7).

During pregnancy and lactation, vitamin Ds is transferred
to the fetus and infant through the placenta and breast
milk. It contributes to modulating immune responses
by balancing cytokine production, thereby reducing the
risk of allergies, chronic inflammation, and other im-
mune-mediated conditions in early life (8). Studies have
demonstrated that adequate maternal vitamin D3 levels
during pregnancy decrease the risk of chronic inflamma-
tion in infants and promote immune balance, thereby
lowering the likelihood of allergic diseases and asthma
(9,10). Notably, vitamin D3 supplementation during preg-
nancy and lactation has been shown to promote immune
homeostasis and reduce inflammation in offspring (9,11).

Vitamin D3 deficiency has been associated with increased
levels of pro-inflammatory cytokines, particularly inter-
leukin-6 (IL-6) and interleukin-1 beta (IL-1B), which are
implicated in the development of inflammatory disorders
in children (12). Although vitamin D5 is widely recognized
for its role in immune modulation, limited research has
explored its dose-dependent impact during both preg-
nancy and lactation on offspring cytokine responses to
acute inflammatory stimuli (13). To address this gap, the
present study investigated the immunomodulatory ef-
fects of varying doses of maternal vitamin D3 supplemen-
tation administered throughout gestation and lactation,
with a focus on IL-6 and IL-1f expression in the offspring.
A rat model is used to simulate maternal and offspring
interactions and to support the development of early pre-
vention strategies for inflammatory diseases.

No preclinical study has simultaneously implemented
prenatal (gestational & lactational) vitamin D3 sup-
plementation, followed by acute lipopolysaccharide
(LPS)-induced inflammation in offspring, with serum
measurement of IL-6 and IL-1B at the 3-hour post-in-
jection timepoint. Prior studies have focused on single
markers (e.g., tumor necrosis factor alpha [TNF-a] with-
out LPS challenge), organ-specific inflammation, or de-
scriptive immune modulation without acute challenge.
Our design fills this critical knowledge gap by targeting
downstream cytokine responses in a time-sensitive, sys-
temic inflammatory context.

Materials and Methods

Experimental Animals

Female founder (FO) Rattus norvegicus (Sprague-Daw-
ley strain) rats were used as experimental animals. The
animals were housed in a controlled environment at
a temperature of 22 + 2°C, with a relative humidity of
40-70% and a 12/12-hour light/dark cycle. They had
unrestricted access to water and were provided with
standard feed (30 grams/day) ad libitum. The study was
conducted at the Experimental Animal Laboratory, Fac-
ulty of Medicine, Universitas Baiturrahmah, West Suma-
tra, Indonesia, in accordance with the ARRIVE (Animal
Research: Reporting In Vivo Experiments) guidelines. All
experimental procedures were approved by the Research
Ethics Committee of the Faculty of Medicine, Universitas
Baiturrahmah, West Sumatra, Indonesia (Approval No.
040/ETIK-FKUNBRAH/03/07/2024).

Study Design

This experimental in vivo study included 12 female
Sprague Dawley rats (150-200 g, 8-12 weeks old). The
schematic flow of the study is shown in Figure 1. All
founder rats underwent a 14-day acclimatization phase
before any intervention. After a 14-day acclimatization,
founder rats (FO) were paired with males (1 male: 2 fe-
males per cage). Pregnancy was confirmed by the pres-
ence of a vaginal plug, marking gestational day 1, after
which pregnant rats were housed individually (14).

Pregnant rats were randomly assigned to four groups.
Three groups received standard feed diet combined with
vitamin D3 (Cat. No. 020734; SUPRA FERBINDO FARMA®,
Jakarta, Indonesia) supplementation administered orally
via gavage, with each group assigned to a specific sup-
plementation dose (Supplement 1). Group A received
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Figure 1. Vitamin D3 supplementation and experimental intervention design (created with BioRender®, Canada; n=6 per group)

62 1U/kg body weight (BW)/day of vitamin D3, Group B
received 415 1U/kg BW/day of vitamin D3, and Group C
received 663 [U/kg BW/day of vitamin D3. The vitamin
D supplementation was provided separately from the
standard diet to ensure accurate dosage administration.
Group D served as the control and received no vitamin D3
supplementation.

The supplementation doses were adjusted to experi-
mental requirements using the Animal Equivalent Dose
(AED) conversion formula based on the Km ratio. The hu-

man-to-rat dose conversion formula was:

AED (mg/kg) = Human dose (mg/kg) x Km ratio,

Handayani KM et al.

Where the Km value for rats is 6.2, and then the results
are converted to 1U/kg BW. Accordingly, 62 [U/kg BW/day
in rats corresponds to 600 |U/day in humans, 415 U/
kg BW/day corresponds to 4000 1U/day, and 663 1U/kg
BW/day corresponds to 6400 IU/day. These adjustments
ensured the administered doses were physiologically rel-
evant across species.

Rats received 30 grams of feed daily ad libitum and vita-
min D3 administered by oral gavage from gestational day
1 to postnatal day 23. Daily feed intake was measured,
including spilled pellets collected from the sawdust.
Before weaning on postnatal day 23, six offspring (ac-
cording to Federer’s formula) with similar body weights
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per group were selected randomly, regardless of sex, for
analysis of serum vitamin D3 levels, acute inflammation
response, edema, and serum IL-1f and IL-6 levels.

Inflammation Induction

On postnatal day 23, inflammation was induced in each
offspring with a 100 pg/100 pL LPS (Cat. No. L2630-
10MG; Sigma-Aldrich®, Darmstadt, Germany) injection
into the paw (0.1 mL). The inflammatory response was
assessed by measuring induration 3 hours post-injection,
as described by Vajja (15), who found that pro-inflam-
matory cytokines, such as IL-6 and IL-1p, increased at 3
hours post-LPS injection.

Post LPS injection induration (mm)
w
1

0 - T T
Vit. D 62 IU Vit. D4151U  Vit.D6631U  Without Vit. D
(A) (B) ©) (D)

Figure 2. Mean induration diameter (mm) of offspring after
lipopolysacchride (LPS) induction (3 hours) (one-way ANOVA,
p=0.37; n=6 per group).
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—~ 30 4
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£
(o)}
E
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©
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0 - T T
Vit. D 62 IU Vit. D 415 IU Vit. D663 IU  Without Vit. D
(A) (B) © (D)

Figure 3. Serum vitamin D; levels (ng/mL) in offspring across the
four treatment groups (one-way ANOVA, p=0.031).

*Data are presented as mean + SD (n=6 per group). p=0.023 compared with
the control group.

Sample Collection and Biochemical Analysis
Blood samples were collected from the left ventricle. Ap-
proximately 2 mL of blood was collected directly from
the heart following euthanasia, which was performed
using intraperitoneal administration of ketamine at a
dose of 100 mg/kg BW. The collected blood was centri-
fuged at 5000 rpm for 10 minutes to separate the se-
rum. The supernatant was transferred to a new tube and
stored at -20°C. Serum vitamin D3 concentrations were
measured using the competitive enzyme-linked immu-
nosorbent assay (ELISA) kit (Cat. No. E-EL-0014; Elab-
science®, USA). The detection limit for vitamin Dz was
0.94 ng/mL, and the intra-assay coefficients were <10%.
IL-1p and IL-6 concentrations were assessed using sand-
wich ELISA kits (Cat. No. E-EL-R0012; Elabscience®,
Houston, TX, USA for IL-1p and Cat. No. E-EL-R0015;
Elabscience®, Houston, TX, USA for IL-6). The intra-as-
say coefficients of variation for IL-1p were <10% with a
sensitivity of 18.75 pg/mL, while for IL-6, the intra-assay
coefficients of variation were <10% with a sensitivity of
7.5 pg/mL.

Statistical Analysis

Data were analyzed using IBM SPSS Statistics for Win-
dows, version 26.0 (IBM Corp., Armonk, NY, USA). The
Shapiro-Wilk test was used to assess data normality, and
Levene's test was used to evaluate homogeneity of vari-
ances. For normally distributed data, two-way analysis of
variance (ANOVA) followed by least significant difference
(LSD) post hoc testing was performed. For non-normally
distributed data, the Kruskal-Wallis test followed by the
Mann-Whitney post hoc test was applied. Correlations
between variables were examined using Pearson's cor-
relation coefficient. All results were expressed as mean
+ standard deviation (SD), and statistical significance
was set as p<0.05.

Results

Post-LPS Induction Induration Response
Inflammatory induction was performed by injecting
LPS subcutaneously into the plantar surface of the
offspring's paw, and induration was measured 3 hours
post-injection. The induration measurements (mm)
are presented in the graph below (Figure 2). No signif-
icant differences in induration diameter were observed
among the groups following LPS injection (one-way
ANOVA, p>0.05).
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Figure 4. Serum interleukin-1p (IL-1p) levels (pg/mL) in the four
offspring groups (one-way ANOVA, p<0.001; post hoc LSD test,
p=0.03; p=0.02; p<0.001).

*Data are presented as mean + SD (n=6 per group). p<0.05 compared with
the control group.

Figure 5. Serum interleukin-6 (IL-6) levels (pg/mL) in the four
offspring groups (Kruskal-Wallis test, p=0.037).

*Data are presented as mean + SD (n=6 per group). p=0.023
compared with the control group.
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Figure 6. Correlation between serum vitamin D3 levels (ng/mL) and serum interleukin-1p (IL-1B) concentrations (pg/mL) (Pearson's

correlation, r=-0.43, p=0.042; n=24)
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Figure 7. Correlation between serum vitamin D3 levels (ng/mL) and serum interleukin-6 (IL-6) concentrations (pg/mL) (Pearson's

correlation, r=-0.31, p=0.153; n=24).

Serum Vitamin D3 Levels

Serum vitamin D3 levels (ng/mL) in the four groups
were assessed on day 23 after LPS induction. This study
showed a significant difference in the mean levels (Fig-
ure 3) between the group of rats receiving 663 1U/kg BW
of vitamin D3 (21.15 + 15.8 ng/mL) and the group that
did not receive vitamin D3 (3.56 + 3.20 ng/mL) (one-way
ANOVA, post hoc LSD, p=0.023).

Serum IL-1 level

Group C exhibited the lowest serum IL-1p levels, with a
mean concentration of 33.5 + 25.44 pg/mL (Figure 4).
Statistical analysis (one-way ANOVA, p<0.001) showed
IL-1pB levels were significantly higher in low-dose vitamin
D3 groups (62 IU and 415 IU) than in the 663 IU group
(LSD post hoc, p=0.03; p=0.02). The non-supplement-
ed group also showed higher IL-1p levels than the 663
IU group (p<0.001), suggesting a modulatory effect of
higher vitamin D3 doses on inflammation.

Serum IL-6 Level
Serum IL-6 levels were lowest in Group C, with a mean
of 19.64 + 9.05 pg/mL (Figure 5). Kruskal-Wallis analysis

showed a significant difference among groups (p=0.037),
with post hoc LSD revealing lower IL-6 levels in Group C
than the non-supplemented group (p=0.023).

Correlation Between Serum Vitamin D3
Levels and Interleukin Levels

Correlation analyses were conducted to examine the re-
lationship between serum vitamin D5 levels (pg/mL) and
interleukin levels. As shown in Figure 6, serum vitamin
D3 levels exhibited a moderate negative correlation with
serum IL-1B concentrations (Pearson’s correlation, r=-
0.43, p=0.042). In contrast, no statistically significant
correlation was observed between serum vitamin D3 lev-
els (pg/mL) and serum IL-6 concentrations (Pearson’s
correlation, r=-0.031, p=0.153) (Figure 7).

Discussion

The dosage selection in this study was based on previ-
ous research and established recommendations (16,17).
A dose of 600 IU/day for humans, equivalent to 63 1U/
kg BW in rats, was derived from the Institute of Medi-
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cine (IOM) guidelines recommending 400-600 1U/day
during pregnancy and lactation. However, studies have
shown that this level is insufficient to maintain adequate
vitamin D5 status. The maximum dose of 6400 |U/day in
humans (663 1U/kg BW in rats) was chosen because ev-
idence indicates it meets maternal requirements during
breastfeeding without adverse effects (16). An intermedi-
ate dose of 4000 |U/day (415 IU/kg BW in rats) was also
included, as previous findings demonstrated its effec-
tiveness in meeting vitamin D needs in lactating mothers
(17).

This study investigated the effects of maternal vitamin
D3 supplementation on the offspring’s inflammatory re-
sponse to LPS, assessing induration diameter as a marker
of local inflammation. The results showed no significant
differences between groups, suggesting that maternal
vitamin D3 supplementation may not directly influence
acute local inflammatory responses.

The physiological mechanism underlying LPS-induced
induration involves TLR4-dependent activation of innate
immune cells and release of pro-inflammatory cyto-
kines—TNF-a,, IL-1pB, and IL-6—which drive endothelial
activation, chemokine production, leukocyte infiltration,
and localized swelling/induration (18,19). Although vi-
tamin D3 is known to downregulate these cytokines and
enhance the production of anti-inflammatory cytokines
such as IL-10 (20), its modulatory effects appear to be
more prominent in chronic or systemic inflammation
rather than in acute, localized immune responses (21).
We selected IL-6 and IL-1f3 as primary pro-inflammatory
readouts at 3 hours post-LPS. We did not assay TNF-a
because its serum levels are known to peak much ear-
lier (often within 1-2 hours post-stimulation) and rap-
idly decline, making detection at 3 hours susceptible to
false negatives. In contrast, IL-6 and IL-1 have more
sustained serum profiles and reliably reflect downstream
inflammatory amplification (15,22).

Vitamin D3 primarily modulates systemic inflammation,
with studies linking high doses to reduced serum IL-18
and IL-6, but not localized inflammation (23). Addition-
ally, the neonatal immune system is more tolerogenic. A
study by Hughes and Norton (24) highlighted that neo-
natal immune responses tend to suppress excessive in-
flammation as a developmental adaptation, which may
further limit induration diameter in offspring after ma-
ternal vitamin D3 supplementation (25).

Handayani KM et al.
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Maternal D3 supplementation significantly altered the
serum vitamin D3 levels of offspring. Offspring from
dams receiving 663 [U/kg BW exhibited markedly high-
er vitamin D3 levels compared to the non-supplemented
group (p=0.023), consistent with findings by Chien et al.
(26), who reported that maternal intake exceeding 400
IU/day was associated with improved maternal and off-
spring outcomes. A clear dose-dependent response was
observed, as the 663 1U/kg BW group showed substan-
tially higher levels than controls (21.15 + 15.8 ng/mL vs.
3.56 + 3.20 ng/mL), whereas the 62 1U/kg BW group did
not differ significantly from controls, suggesting that low
doses are insufficient. This aligns with Hollis et al. (16),
who noted that low-dose maternal supplementation fails
to raise vitamin D3 concentrations in breast milk, thereby
increasing the risk of neonatal deficiency (27).

Maternal vitamin D3 supplementation enhances the vita-
min D3 status of offspring through both placental trans-
fer and breast milk, with higher maternal levels directly
increasing neonatal vitamin D3 concentrations (28,29).
Hollis et al. (16) further emphasized the critical role of
adequate maternal vitamin D3 in optimal fetal develop-
ment, underscoring the importance of supplementation
during pregnancy (27). Additionally, the placental ex-
pression of vitamin D3 metabolic enzymes, such as CY-
P24A1 and CYP27B1, is regulated, facilitating the trans-
fer of vitamin D3 to the fetus (30).

Postnatally, breast milk is a key source of vitamin D5 for
exclusively breastfed infants, and its vitamin D content is
strongly dependent on maternal intake; high-dose ma-
ternal supplementation (=6000-6400 |U/day) increases
milk vitamin D3 and achieves infant vitamin D sufficiency
comparable to direct infant supplementation, thereby
lowering the risk of neonatal deficiency (16,31). Ade-
quate maternal supplementation increases milk vitamin
D3 levels, thereby reducing the risk of neonatal deficien-
cy (32,33). Conversely, exclusive breastfeeding without
sufficient maternal vitamin D3 may result in infant de-
ficiency (33). Clinical studies further emphasize the im-
portance of maternal supplementation in maintaining
adequate vitamin D3 levels in infants (34).

Maternal vitamin D3 supplementation significantly at-
tenuated offspring inflammatory responses, reflected
by lower serum IL-1f and IL-6 levels following LPS-in-
duced inflammation. The highest dose of supplementa-
tion (663 1U/kg) produced the most pronounced effect,
yielding the lowest IL-1B concentration and indicating
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a dose-dependent anti-inflammatory effect (p<0.001).
In contrast, offspring from dams receiving lower doses
(62 IU and 415 IU) and the non-supplemented displayed
markedly higher IL-1p levels. These findings support the
notion that higher maternal vitamin D3 intake more ef-
fectively mitigates inflammation and are consistent with
a previous report describing the immunomodulatory ca-
pacity of vitamin D3 in downregulating pro-inflammatory
cytokines and limiting excessive immune activation (35).

IL-1pB is a pivotal mediator of systemic inflammation, pro-
duced predominantly by monocytes and macrophages in
response to pathogens or endotoxins (36). It amplifies
inflammatory signaling by upregulating inducible nitric
oxide synthase (iNOS) and cyclooxygenase-2 (COX-2)
(23,37), while simultaneously promoting the release of
IL-6 and TNF-a, thereby sustaining inflammatory cas-
cades and contributing to chronic inflammatory diseases
(38-41). In this study, offspring from dams supplement-
ed with 663 |U/kg vitamin D3 exhibited the lowest IL-1f
levels which were significantly lower than those of the
non-supplemented group. These results indicate that
maternal vitamin D3 supplementation at higher doses is
capable of suppressing acute inflammatory responses by
downregulating IL-1p production. Mechanistically, vita-
min D3 exerts these effects by inhibiting NLRP3 inflam-
masome activation, reducing caspase-1-mediated IL-1
maturation, and promoting macrophage polarization to-
ward the M2 phenotype, which enhances IL-10 secretion
while suppressing pro-inflammatory cytokines (42-45).
Furthermore, vitamin D3 downregulates Toll-like recep-
tor 4 (TLR4) and nuclear factor kappa B (NF-kxB) signal-
ing, key pathways in LPS-induced IL-1f3 expression, and
restrains Th17 differentiation, thereby controlling IL-17-
driven inflammation (46-48).

In addition to IL-1pB, maternal vitamin D3 supplementa-
tion also reduced serum IL-6 concentrations in offspring.
The lowest IL-6 level was observed in the 663 IU/kg
group, which was significantly different from the non-sup-
plemented group. IL-6 is a pleiotropic cytokine secreted
by macrophages, dendritic cells, T lymphocytes, and fi-
broblasts in response to infection or tissue injury (49). It
regulates immune cell activation, antibody production,
and acute-phase responses, and persistent elevation is
linked to chronic inflammatory conditions such as type
2 diabetes, autoimmune diseases, and atherosclerosis
(37,40,41). Lipopolysaccharide, the main component of
Gram negative bacterial cell walls, stimulates IL-6 pro-
duction by binding TLR4 and activating NF-kB signaling,

which also drives the release of IL-1p and TNF-a (38-
41). By suppressing NF-kB activation and preventing its
nuclear translocation, vitamin D3 downregulates IL-6
expression (39,49). Vitamin D3 also reprograms macro-
phages from a pro-inflammatory M1 state to an anti-in-
flammatory M2 state, reduces IL-6 while increasing IL-10
secretion, and inhibits Th17 cells that normally amplify
IL-6 production, while supporting regulatory T cells that
maintain immune tolerance (23, 50-52). These findings
are in line with research by Gatera et al. (52), which re-
ported that vitamin D3 reduces LPS-induced IL-6 synthe-
sis by interfering with NF-xB signaling. Collectively, these
mechanisms demonstrate the capacity of vitamin D3 to
modulate LPS-triggered inflammation through coordi-
nated suppression of both IL-1f and IL-6.

Correlation analyses further confirmed the anti-inflam-
matory role of vitamin D3. A moderate negative correla-
tion was observed between serum vitamin D3 and IL-1§
levels, whereas no significant relationship was detected
with IL-6. These findings aligned with earlier studies
demonstrating that higher vitamin D3 status was asso-
ciated with lower IL-18 levels (54,55), and may indicate
that IL-1p is a more sensitive biomarker of immunomod-
ulatory effects of vitamin D3 in acute inflammation. Ad-
ditional evidence suggests that vitamin D3 supplementa-
tion suppresses both IL-1f and IL-6 by modulating mi-
togen-activated protein kinase (MAPK) phosphatase-1,
thereby alleviating LPS-induced inflammatory responses
(39). Taken together, these results provide compelling
evidence that maternal vitamin D3 supplementation
not only reduces pro-inflammatory cytokine production
in offspring but also enhances immune regulation, sup-
porting its potential role as a preventive strategy against
excessive inflammatory activation in early life (56,57).

Conclusion

Maternal vitamin D3 supplementation during pregnancy
and lactation increased offspring serum vitamin D5 levels
and reduced IL-6 and IL-1p concentrations, demonstrat-
ing a dose-dependent role in regulating systemic inflam-
mation. The negative correlation between vitamin D3 and
IL-1B highlights its potential as an immunomodulatory
agent, promoting immune homeostasis in the offspring.
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Abstract

Objective: Haemophilus influenzae is a Gram-negative bacterium that commonly colonizes
and infects the respiratory tract. The bacterial infection may modulate host immune re-
sponses. However, the T cell responses to H. influenzae remain unclear.. This study aimed
to investigate the CD4™ T cell responses to live strains of typeable H. influenzae (THi) and
non-typeable H. influenzae (NTHi) in vitro.

Materials and Methods: CD4* T cells were isolated from healthy individuals and infected
with live variants of a single strain of THi (132b*, 132b7, 132bp57) and NTHi (A950002,
A950002p57, A850052, d1, d3). The CD4+ T cell responses to H. influenzae were investigated
in vitro by evaluating the cell proliferation using a [3H]-thymidine incorporation assay and
measuring the levels of T helper-1 (Th1) cytokines (interferon-gamma [IFN-y], tumor necrosis
factor-alpha [TNF-a]) and Th2 cytokines (interleukin-5 [IL-5], interleukin-10 [IL-10]) using a
human Th1/Th2 cytokine cytometric bead array (CBA).

Results: Both NTHi strains and THi are bound to CD4+ T cells to variable degrees, and the
presence of the P5 protein in H. influenzae P5+ strains increased the binding to CD4+ T
cells significantly compared to P5-deficient strains (132b” vs. 132b™p5™ [p= 0.0009], A950002
vs. A950002p5 [p=0.0039], d1 vs. d3 [p=0.0014]). THi (132b", 132b"p5) and NTHi strains
(A850052, d1, d3) caused marked inhibition of CD4+ T cell proliferation (p< 0.0001). NTHi
strains (A850052, d1, d3) significantly suppressed IFN-y, TNF-a, IL-5, and IL-10 production
(p<0.0001). THistrains 132b~and 132b"p5- markedly suppressed IFN-y production (p<0.0001).
TNF-o production was significantly inhibited by132b" strain (p=0.0002), and A950002 strain
(p=0.01). IL-5 production was reduced by all THi and NTHi strains (p<0.0001), while all THi
and some NTHi strains (A850052, d1, d3) decreased IL-10 production (p<0.0001).
Conclusion: These results suggest that the immunosuppressive effects of certain strains
of H. influenzae may represent a mechanism by which the bacterium evades the adaptive
immune response, facilitating the establishment of respiratory colonization and persistence
of the infection.
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Lymphocytes responses to Haemophilus influenzae

Introduction

Haemophilus influenzae bacterium inhabits the upper
respiratory tract and may cause local and systemic dis-
eases (1). Haemophilus influenzae strains are classified
into capsulate or typeable H. influenzae (THi) and acap-
sulate or non-typeable H. influenzae (NTHi) based on
the expression of a polysaccharide capsule (1). Typea-
ble H. influenzae strains include six serotypes (a—f), with
type b being the most virulent of them all (2). Typea-
ble H. influenzae strains can cause severe diseases, in-
cluding septicemia and meningitis (3,4). Non-typeable
H. influenzae strains are characterized by the absence
of a polysaccharide capsule, which distinguishes them
from typeable strains (5). These strains may colonize the
respiratory tract and are often implicated in exacerba-
tion of chronic obstructive pulmonary disease (COPD).
Non-typeable H. influenzae is the most prevalent bac-
terial cause of recurrent otitis media during childhood
(6) and COPD exacerbations in humans (7) and mice (8).
Furthermore, NTHi promote biofilm formation and ex-
hibit a strong resistance to the immune system's antimi-
crobial defenses, which enables them to survive in the
COPD lung and cause persistent infections that recur (9).

The initial step in bacterial colonization is attaching to
specific receptors on human mucosal epithelial cells.
Outer membrane proteins (OMPs) P2 and P5 are involved
in the binding of NTHi to mucin, whereas binding to mu-
cosal epithelial cells is mediated by pili (10), high-mo-
lecular-weight surface proteins (HMW1 and HMW2) (11),
H. influenzae adhesin (12), Haemophilus adhesion and
penetration (Hap) protein (13), OMP P5 (14), and the
opacity-associated (Opa) protein A (15).

Bacterial colonization may induce host damage and trig-
ger specificimmune responses that can eradicate the bac-
teria. T lymphocytes detect microbial antigens in conjunc-
tion with major histocompatibility complex molecules. In
the presence of costimulatory signals, T cells become
activated and produce cytokines that regulate immune
responses. T helper-1 (Th1) cells are generated by T-bet
expression through STAT1 and STAT4 upon T cell receptor
(TCR) stimulation in the presence of interferon-gamma
(IFN-y) and interleukin-12 (IL-12), respectively. T helper-2
cells are stimulated by activation of TCR-stimulated T cell
factor 1 and IL-2 and IL-4 signaling (16).

Mucosal CD4* T cell priming occurs in mucosa-associat-
ed lymphoid tissue following bacterial invasion, leading

to the production of effector and memory T cells (17).
Activated CD4* T cells produce both Th1 cytokines, such
as TNF-a and IFN-y, and Th2 cytokines, including IL-5
and IL-10. Th1l cytokines activate cell-mediated immu-
nity, whereas Th2 cytokines stimulate humoral immunity
(18,19). The sequel of infectious diseases is largely de-
pendent on the balance between Th1 and Th2 cytokines
(20).

Bacteria can inhibit lymphocyte proliferation and cy-
tokine production, while others can stimulate the pro-
duction of pro-inflammatory cytokines. Failure to evoke
a strong proinflammatory response from immune cells
might impair host clearance of pathogens and prolong
colonization. Haemophilus influenzae utilizes capsular
polysaccharide for immune evasion, resulting in a de-
ficiency of co-stimulatory signals that impairs robust
lymphocyte activation and proliferation (21). Also, it can
directly trigger programmed cell death in lymphocytes,
effectively shutting down the adaptive immune response
before it can fully develop (22).

Previous studies highlighted the importance of lym-
phocyte responses in the pathogenesis of NTHi infec-
tion. The incidence of COPD exacerbations due to NTHi
suggests that the immunological defense mechanisms
against these bacteria are hindered. It has been demon-
strated that exacerbations of COPD are associated with
a decrease in the proliferation of T cells in response to
the outer membrane lipoprotein P6 of NTHi (23). Ad-
ditionally, CD4* memory T cells specific for NTHi were
present at low rates in the peripheral blood of COPD
patients and healthy controls (24). Furthermore, COPD
due to NTHi was associated with Th2 cytokines and de-
creased expression of CD40 ligand (1). However, the im-
mune responses of CD4* T cells to H. influenzae are not
clearly characterized. This study aimed to investigate the
effects of live variants of single NTHi and THi strains on
CD4* T cell proliferation and production of Th1 and Th2
cytokines in vitro.

Materials and Methods

Bacterial Strains

Variants of a single strains of THi (132bt, 132b", 132b"
p57) and NTHi (A950002, A950002p5-, A850052, d1, d3)
were used in this study. Bacterial strains 132b~, A950002,
and d1 express P5 protein whereas P5 deficient strains
include 132b"p57, A950002p5-, and d3. Haemophilus
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influenzae strains were cultivated on brain heart infusion
agar enriched with 5% blood.

Isolation of Primary CD4+ T Cells

Peripheral blood (18 mL) was collected from healthy
individuals and placed in a Falcon tube containing 2
mL sodium citrate as an anticoagulant. The blood was
carefully layered over 20 mL of Histopaque®-1077 (Sig-
ma-Aldrich, Dorset, UK) in 50 mL conical tubes. Follow-
ing centrifugation, peripheral blood mononuclear cells
(PBMCs) were extracted from the buffy coat layer. CD4*
T cells were then isolated from the PBMCs using neg-
ative selection, adhering to the protocol provided with
the immunomagnetic CD4* T cell isolation kit (Miltenyi
Biotec, Surrey, UK). The cells were subsequently cultured
in RPMI 1640 medium (Sigma Aldrich, Dorset, UK), en-
riched with 10% inactivated fetal bovine serum, 20 mM
HEPES buffer (Sigma-Aldrich, Dorset, UK), 1% L-gluta-
mine (Sigma-Aldrich, Dorset, UK). Cell culture was kept
in a humidified incubator at 37°C with 5% CO,. For adhe-
sion, cell proliferation, and cytokines assays, the T cells
were infected with live strains of H. influenzae at a mul-
tiplicity of infection (MOI) of 100:1. This MOl was chosen
based on a previously published study (25).

Bacterial Adhesion Assay

To upregulate carcinoembryonic antigen-related cell ad-
hesion molecule 1 (CEACAM1) on the surface of CD4+ T
cells, IL-2 (200 U/mL) was added to the cell cultures for
48 hours. After washing, the cells were infected with live
strains of THi and NTHi at MOI of 100:1 and incubated for
3 hours at 37°C in a humidified atmosphere of 5% CO,.
Cells and bacteria were transferred to a 5 um Transwell
filter (Costar, Corning, NY, USA). To remove nonadherent
bacteria, the filters were washed six times with Hanks'
balanced salt solution (HBSS; Sigma-Aldrich, Dorset, UK).
The filters were then transferred to new wells, and 200
pL of 1% saponin was added per filter for 30 minutes
to release cell-associated bacteria. These bacteria were
harvested by four 200 pL washes with HBSS, and suspen-
sions of bacteria were plated after appropriate dilutions
to estimate the colony-forming units (CFU). The bacterial
adhesion assay was conducted in duplicate, and adhesion
was quantified by counting the number of bacterial CFUs
attached to the CD4* T cells, as previously described (25).

T Cell Proliferation Assay and Th1/Th2
Cytokine Analysis

To evaluate the impact of live bacteria on CD4* T cell
proliferation, cells were seeded at a density of 2 x 10°
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cells/well in 24-well plates pre-coated with anti-CD3
antibody (OKT3) at 1 pg/mL. Simultaneously, the cells
were infected with bacteria at MOI of 100:1. Gentami-
cin (50 pg/mL) was added 3 hours post-infection and
maintained throughout the experiment to stop bacterial
overgrowth. On day 3, cell proliferation was evaluated
by determining the [3H]-thymidine incorporation, as
outlined in prior studies (26). Briefly, 100 uL aliquots of
each CD4* T cell culture were added in triplicate to a
96-well plate, pulsed with [3H]-thymidine (1 uCi/well),
and incubated for 6 hours in a humidified atmosphere
of 5% CO, at 37°C. Radioactivity was quantified by a
liquid scintillation beta counter (1450 Microbeta; LKB
Wallac, Turku, Finland). The results were expressed as
the average counts per minute (CPM) of duplicate cul-
tures. Additionally, 50 pL samples of cell supernatants
were collected in duplicate on day 3 for cytokine analy-
sis. The levels of IFN-y, TNF-q, IL-5, and IL-10 were mea-
sured using a human Th1/Th2 cytokine cytometric bead
array (CBA) kit (BD Biosciences, Oxford, UK), following
the manufacturer’s guidelines. Cytokine concentrations
were determined based on fluorescent intensities (FL2),
and average values were computed using CBA software
(BD Biosciences, Oxford, UK). The Th1/Th2 CBA assay is a
reliable and sensitive method for simultaneously quanti-
fying multiple cytokines (27).

Statistical Analysis

All data were analyzed using GraphPad Prism version 8
(GraphPad Software, San Diego, CA, USA). Results are
presented as mean + standard error of the mean (SEM).
Statistical comparisons were performed using one-way
analysis of variance (ANOVA) with Tukey's and Dunnett's
multiple comparison tests, and unpaired t-tests. The
statistical significance was set as p<0.05. In figures, sig-
nificance is indicated as follows: *=p<0.05, **=p<0.01,
***=p<0.001, ****=p<0.0001, ns=p>0.05.

Results

Adhesion of Haemophilus influenzae to CD4+
T Cells

Variants of single strains of THi and NTHi were used to
assess the adhesion of H. influenzae to CD4* T cells. Car-
cinoembryonic antigen-related cell adhesion molecule 1
was upregulated on CD4* T cells by stimulation with IL-2
before infection with bacteria. As shown in Figure 1, both
THi and NTHi strains are bound to CD4* T cells to vary-
ing degrees. Typeable H. influenzae (132b* and 132b")
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Figure 1. Quantitative analysis of the binding of typeable Hi (THi)
and non-typeable Hi (NTHi) to CD4* T cells. The CD4* T cells were
infected with live single strains of THi (132b+, 132b-) and NTHi
(A950002, A850052, d1) at a multiplicity of MOI of 100:1. The
bacterial binding was assessed by viable count assays. Data are
representative of at least two independent experiments. A one-way
ANOVA followed by Tukey's multiple comparisons test was used to
compare NTHi and NTHi. THi (132b* and 132b~) vs NTHi A850052
(p=0.0004) and THi (132b* and 132b7) vs d1 (p=0.0196 and 0.0219)
respectively. THi (132b+ or 132b-) vs NTHi A950002 (p=0.3812 and
0.3325), respectively.

bind more to CD4* T cells compared to NTHi A850052
(p=0.0004) and d1 (p=0.0196 and 0.0219), respective-
ly. However, there was no significant difference between
THi (132bt or 132b7) and NTHi A950002 (p=0.3812 and
0.3325), respectively.

As shown in Figure 2, the presence of P5 protein in P5+
strains (132b-, A950002, and d1) increased the binding
to CD4t T cells significantly compared to P5-deficient
strains (132b"p5-, A950002p5-, and d3), with p value less
than 0.05 [132b™ vs. 132b7p5™ (p=0.0009), A950002 vs.
A950002p5 (p=0.0039), d1 vs. d3 (p=0.0014)]. However,
P5-deficient strains can still bind to T cells. These find-
ings suggest that the P5 protein contributes to H. influ-
enzae binding to T cells in a significant but non-essential
way.

Effect of Haemophilus influenzae on CD4+ T
Cell Proliferation

CD4* T cells were stimulated by immobilized anti-CD3
(iCD3) antibody. The cells were infected with live THi
or NTHi strains in the presence of iCD3 antibody. Fig-
ure 3 shows that THi (132b", 132b"p5) and NTHi strains
(A850052, d1, d3) caused marked inhibition of CD4+ T
cell proliferation (p<0.0001), whereas THi strain 132b*

Figure 2. Quantitative analysis of the binding of P5* or P5-
H. influenzae to active CD4* T cells. Black bars represent P5+
strains (132b-, A950002, d1) and grey represent P5 deficient
strains (132b-p5-, A950002p5- and d3). The bacterial binding was
assessed by viable count assays. Data are representative of at least
two independent experiments. p=0.0009 for 132b- vs. 132b-p5-,
p=0.0039 for A950002 vs. A950002p5-, p=0.0014 for d1 vs. d3.
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Figure 3. Effect of H. influenzae on CD4* T cell proliferation. The cells were
stimulated with anti-CD3 antibody and then either left uninfected (control) or
infected with THi (132b+, 132b~, 132b-p5-) or NTHi (A950002, A950002p5-,
d1, d3) at MOI of 100:1. The unstimulated cells were cultured without iCD3 or
bacteria. CD4 proliferation was determined by [3H]-thymidine incorporation
on day 3. Results are represented as the means of duplicate samples. Data
are representative of at least two independent experiments. A one-way
ANOVA followed by Dunnett's multiple comparisons test was used to compare
all H. influenzae strains with the control. THi strains (132b-, 132b p5) and
NTHi strains (A850052, d1, d3) inhibit CD4* T cell proliferation markedly
(p<0.0001). THi strain 132b* and NTHi strain A950002 induced moderate
inhibition (p=0.0004, p=0.0079), respectively. NTHi strain A950002p5-
increased proliferation slightly (p=0.0064).

and NTHi strain A950002 induced moderate inhibition
compared to uninfected controls (p=0.0004, p=0.0079),
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Figure 4. Effects of H. influenzae on the production of Th1 cytokines (IFN-y and TNF-a) and Th2 cytokines (IL-5 and IL-10) by CD4+ T cells. The cells were
stimulated with anti-CD3 antibody and then either left uninfected (control) or infected with THi (132b+, 132b-, 132b p5-) or NTHi (A950002, A950002p5-, d1,
d3) at MOI of 100:1. The unstimulated cells were cultured without anti-CD3 or bacteria. The cell supernatants were analyzed on day 3 for Th1 and Th2 cytokines
by cytometric bead array, and the average of the calculated cytokine values was calculated by CBA software. One-way ANOVA Dunnett’s multiple comparisons
test was used to compare all H. influenzae strains with the control. *p=0.0101, **p=0.0016, ***p=0.0001 and 0.0002, ****p<0.0001.

respectively. In contrast, NTHi strain A950002p5~ in-
creased proliferation slightly (p=0.0064). The overall
pattern of CD4* T cell proliferation was not significantly
influenced by the P5 protein.

Effect of Haemophilus influenzae on Thl

and Th2 Cytokine Production

The production of Th1 (IFN-y and TNF-a) and Th2 (IL-5,
and IL-10) cytokines by CD4* T cells were assessed using
a cytometric bead array to assess Thl and Th2 immu-
nological responses to H. influenzae infection (Figure
4). IFN-y production was significantly inhibited by both
THi and NTHi strains (except A950002p5- strain), with
marked suppression observed for NTHi strains (A850052,
d1l, d3) and the THi strains 132b- and 132b-p5
(p<0.0001). TNF-a. production was significantly inhibit-
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ed by132b- strain (p=0.0002), A950002 strain (p=0.01),
A850052, dland d3 strains (p<0.0001). In contrast, THi
strain 132b* and NTHi strain A950002p5 significantly
increased TNF-a production (p<0.0001). IL-5 produc-
tion was reduced by all THi and NTHi strains (p<0.0001),
while all THi and NTHi (A850052, d1, d3) decreased IL-
10 production (p<0.0001).

Discussion

This study demonstrates that both THi and NTHi strains
of H. influenzae bind to CD4* T cells at varying degrees.
The presence of the P5 protein enhanced binding in
both strain types; however, they can still bind to T cells in
its absence, likely due to the presence of other adhesins
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on the bacterial surface. Activated human CD4* T cells
express CEACAM1 (28), B1 integrins (29), and Toll-like re-
ceptor (TLR) 2 and TLR4 (30). It has been demonstrated
that the OMP-P2 and P6 interact with TLR2 (22,31,32),
and the P5 protein interacts with CEACAM1 (33,34). Ad-
ditionally, NTHi strain d1 expresses P5 protein bound
strongly to Chinese hamster ovary (CHO)-CEACAM1 cells,
whereas P5-deficient d3 strain did not (34). Moreover, H.
influenzae expresses a range of adhesins that bind to
host cells, such as Haemophilus surface fibrils that bind
to vitronectin (35), and pili, which adhere to fibronectin
and heparin-binding matrix proteins (36,37).

Immunity to microbial infection is organized by Th cells.
Th1 cells are essential for immunity to intracellular
pathogens via the production of IFN-y, which activates
macrophages, and IL-2, which induces lymphocyte pro-
liferation. On the contrary, Th2 cells produce IL-4, IL-5,
IL-10, and IL-13, which support humoral immunity and
play a crucial role in eliminating extracellular pathogens
(38). Antimicrobial Th1 and Th2 responses are typically
linked to resistance and susceptibility to infectious dis-
eases, respectively. This was demonstrated in intracel-
lular pathogens Leishmania major and Mycobacterium
leprae (18,39). The interaction of H. influenzae with mu-
cosal CD4* T cells is a significant factor in determining
the outcome of H. influenzae infection. Herein, the re-
sults of this study have shown that certain live strains of
NTHi and THi inhibited T cell proliferation and markedly
reduced Th1 and Th2 cytokine production. This immuno-
suppressive effect may represent a mechanism by which
the adaptive immune response is evaded.

Bacteria can manipulate the inhibitory signaling to avoid
host defense. IgA proteases and phase variation of lipo-
polysaccharide enable NTHI to evade mucosal immune
mechanisms and invade respiratory epithelial cells, al-
lowing it to live intracellularly (3). On the contrary, H.
influenzae can stimulate CD4* T cell immune responses
(1). In response to the NTHi antigen, the activated Th
(CD4*CD69) cells produced Thl cytokines (IFN-y and
IL-2) in healthy controls (1). However, the bronchiecta-
sis group had predominant Th2 cytokines such as IL-4
and IL-10 (1). In murine models, nasal immunization with
NTHi antigen induced specific Thl and Th2 responses
(40). Furthermore, stimulation with P6 protein induced
CD4* T cell proliferation in P6é-immunized mice, and
these cells upregulated mRNA for Th2 cytokines (41).
The findings presented in this study may appear to be
different from previous reports. Unlike prior studies that

used bacterial antigens (1,40,41). The bacterial strains
used in this study are well-characterized, specific live
strains, which may explain the difference.

The inhibition of T-cell proliferation can be explained
by several mechanisms. Haemophilus ducreyi-reactive
CD4* T cell proliferation was markedly increased by
CD25%CD4+ T cell depletion, underscoring the function
of regulatory T (Treg) cells in regulating the immuno-
logical response to bacterial infection (42). Regulatory
T cells can suppress the immune responses through
cellular interactions and/or release of IL-10 and TGF-p
(43). It has been shown that IL-10 released by activated B
lymphocytes in humans inhibited CD4+CD25" T-cell pro-
liferation in vitro (44). Furthermore, Foxp3+ CD25% Treg
cells may produce suppressor cytokines, such as TGF-f
and IL-10, induce apoptosis or granzyme-mediated cy-
tolysis, or compete with effector T cells for IL-2. After
Treg activation, the cells may express galectin-1, which
may arrest the cell cycle when interacting with receptors
on effector T cells (45).

This study demonstrated the immunosuppressive prop-
erties of certain H. influenzae strains in vitro. However, it
has some limitations that may affect its relevance to in
vivo settings. One of the limitations is the lack of system-
ic immune components, such as circulating cytokines
and complement proteins, which modulate immune re-
sponses in vivo. In addition, using isolated immune cell
types rather than mixed populations found in vivo results
in the absence of immune cell crosstalk and an incom-
plete immune response.

Conclusion

The present study demonstrates that certain strains of
H. influenzae inhibit the proliferation of primary human
CD4* T cells and suppress the production of Th1 and Th2
cytokines. This immunosuppressive effect may contrib-
ute to the ability of H. influenzae to evade the adaptive
immune response and establish respiratory colonization
and persistence of the infection. The molecular mecha-
nisms behind H. influenzae's immunosuppressive effect
on CD4* T cells require more research.
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Effects of HLA Typing Resolution on Hardy-
Weinberg Equilibrium, Linkage Disequilibrium,

and Hidden Heterozygosity
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IEski§ehir Osmangazi University Faculty of Medicine, Department of Immunology, Eskisehir, Turkiye

Abstract

Objectives: The resolution level of human leukocyte antigen (HLA) typing critically influenc-
es the interpretation of population genetic parameters. This study aimed to quantitatively
evaluate the effects of 2-, 4-, and 8-digit typing resolutions on allelic diversity, Hardy-Wein-
berg equilibrium (HWE), linkage disequilibrium (LD), and asymmetric LD (ALD) in a Central
Anatolian population.

Materials and Methods: High-resolution next-generation sequencing (NGS)-based HLA
typing was performed for six loci (HLA-A, HLA-B, HLA-C, HLA-DRB1, HLA-DQB1, and HLA-
DPB1) in 150 unrelated healthy donors. Population genetic analyses were conducted using
PyPop v1.2.1 software, and the results were comparatively assessed across 2-, 4-, and 8-digit
resolution levels.

Results: Higher typing resolution systematically increased allelic richness and revealed hid-
den heterozygosity. While several loci appeared to conform to HWE at lower resolutions, sig-
nificant deviations emerged at higher resolutions. Linkage disequilibrium strength increased
with resolution, and ALD analysis consistently demonstrated directional dominance between
specific locus pairs, reflecting biological hierarchies within haplotypes. Low-resolution typing
underestimated allelic diversity, obscured heterozygosity, masked evolutionary signals, and
weakened LD, potentially leading to misinterpretations.

Conclusion: High-resolution HLA typing, particularly at the 8-digit level, is essential for the
accurate interpretation of population genetic parameters, disease association studies, and
donor-recipient matching in transplantation. Future studies should focus on developing
cost-effective high-resolution typing methods to enhance global accessibility and improve
data accuracy in global HLA research.
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Introduction

The human leukocyte antigen (HLA) complex, encoded by
the major histocompatibility complex (MHC), is charac-
terized by its remarkable polymorphism and linkage dis-
equilibrium (LD), which makes it crucial for both immunity
and disease susceptibility (1). Balancing selection, which
promotes a heterozygote advantage and enhances resis-
tance to infection, is the main evolutionary force main-
taining this diversity (2). This diversity poses a significant
challenge in clinical settings, such as hematopoietic stem
cell transplantation, whereas strong LD aids in forming
ancestral haplotypes that are essential for tracking popu-
lation migration and disease susceptibility (3).

Identifying HLA alleles depends on typing resolution, which
ranges from 2-digit serological groups to 8-digit sequenc-
es that capture the most detailed level of allele diversity.
Population genetics utilizes tools such as the Hardy-Wein-
berg equilibrium (HWE) and LD to analyze a population's
genetic structure (1-3). However, the quantitative effect of
the "resolution gap" on these parameters remains unclear.
Low-resolution methods can group functionally distinct
alleles, leading to a "dilution effect", which can obscure
true genetic diversity and weaken statistical signals (4,5).

This study addressed a key methodological question:
How does HLA typing resolution influence the estima-
tion of population genetic parameters and the evolu-
tionary inferences drawn from them? Specifically, our
objectives were to:

1. Quantify changes in allelic diversity and heterozy-
gosity at 2-, 4-, and 8-digit resolutions.

2. Assess the effect of resolution on the results of HWE
and Ewens-Watterson (EW) neutrality tests; and

3. Evaluate how typing resolution alters the strength
and directionality of LD and asymmetric LD (ALD).

By analyzing a single Central Anatolian population at
three distinct resolution levels, we aimed to demonstrate
that typing resolution is a fundamental determinant of
how population genetic structure and evolutionary pat-
terns are interpreted (3,6,7).

Materials and Methods

The overall workflow of the study is summarized in
Figure 1.

Study Population and Methodological
Considerations

This retrospective study included 150 unrelated healthy
donors from the database of the Tissue Typing Labo-
ratory, Eskisehir Osmangazi University, between Janu-
ary 2020 and July 2025. The study group consisted of
150 unrelated donors (52.7% female, 47.3% male) with

1. Sample collection & DNA prep

L» DNA isolation
Ls qc (quality check)

2. High-resolution HLA typing via NGS

Ly Target loci: A, B, C, DRB1, DQB1, DPB1
Ly 8-digit alleles

3. Resolution conversion
L» From 8-digit — 4-digit
L From 4-digit — 2-digit

4. Population genetics analyses

L Allelic diversity
Heterozygosity
L» HWE, EW, LD & ALD

5. Interpretation & clinical relevance

L Evaluation of resolution impact
L Clinical & research

Figure 1. Overview of the study workflow. The diagram illustrates
the sequential steps from sample collection to the final compara-
tive interpretation of results across different HLA typing resolutions.
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a mean age of 38.6 + 19.4 years. The cohort partially
overlapped with the donor database used in our previ-
ous publication, while also incorporating newly recruited
donors (8).

Most participants were of Central Anatolian origin, resid-
ing primarily in the city where the study was conducted
or in neighboring provinces (8). As this was a retrospec-
tive study using a donor database, certain limitations
were acknowledged. To minimize bias, individuals with
known familial relationships were excluded based on a
database cross-check and self-reporting by donors, en-
suring that all participants were unrelated. No additional
confounding factors were controlled for, as the primary
objective was to compare the methodological resolu-
tions within the same cohort rather than to conduct a
case-control analysis.

The study was conducted in accordance with the princi-
ples of the Declaration of Helsinki, and the study proto-
col was approved by the Ethics Committee of Eskisehir
Osmangazi University Faculty of Medicine (Approval No:
2025-06).

Human Leukocyte Antigen Typing

Genomic DNA was isolated from peripheral blood col-
lected into tubes with K3 EDTA using an automated
system (EZ1 DNA Blood Kit 200 pL; Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
DNA concentrations were measured using the QlAxpert
System (QIAGEN GmbH, Hilden, Germany), as described
in our previous study (8,9). DNA samples purified to an
A260/A280 ratio between 1.65 and 1.80 were used for
subsequent next-generation sequencing (NGS) analysis.

High-resolution genotyping for HLA-A, HLA-B, HLA-C,
HLA-DRB1, HLA-DQB1, and HLA-DPB1 loci was conduct-
ed using the MIA FORA NGS FLEX HLA Typing Kit (BioAr-
ray Solutions Ltd., New Jersey, USA), following the man-
ufacturer's guidelines. Sequencing data were processed
using the MIA FORA NGS FLEX HLA Genotyping Software
(version 3.0), with reference to the IMGT/HLA database
version 3.43.0 (10). For comparative analyses, 8-digit
high-resolution data were converted to 2- and 4-digit
resolutions by focusing on the initial two fields of the
HLA allele identifiers.

Population Genetics Analysis
Population genetics analyses for all three resolution lev-
els were performed using Python for Population Genom-
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ics (PyPop) v1.2.1 software (11). Alleles with frequencies
below 1% were excluded from the HWE and LD analyses
to minimize the potential for statistical artifacts arising
from rare variants.

Compliance with HWE was evaluated using the Markov
chain Monte Carlo (MCMC) exact test (12). Evidence of
natural selection pressure was assessed via Slatkin's
EW neutrality test (13). LD was measured using the nor-
malized D’ coefficient and Wn (a multiallelic extension
of the r2 correlation measure) (14), and ALD analysis
was performed based on the criteria defined by Thom-
son and Single (15). The statistical significance of LD
measures was determined by a permutation test (1000
permutations) to account for multiple pairwise compar-
isons. For all analyses, statistical significance was set
at p<0.05.

Results

Impact of Resolution on Allelic Diversity and
Genotype Counts
Analysis of six HLA loci demonstrated that as typing res-

Allele counts (k)

A C B
HLA locus

DRB1 DQB1 DPB1

B 2-digit B s-digit

4-digit

Figure 2. Allelic richness (k) by HLA locus across 2-, 4-, and 8-digit typing
resolutions.

Bars show the number of unique alleles (k) observed at each HLA locus at 2-, 4-, and
8-digit resolution; exact counts are printed above bars. Data were derived by collapsing
the same high-resolution NGS typings to lower resolutions. Allelic richness increases sys-
tematically with resolution, most notably at the B and DRB1.
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Table 1. Observed and expected homozygote/heterozygote frequencies at different loci and resolution levels.

Locts Rasolion Observed Expected Observed Expected
homozygotes (n) homozygotes (n) heterozygotes (n) heterozygotes (n)
2-digit 21 20.34 129 129.66
HLA-A 4-digit 12 15.4 138 134.6
8-digit 11 13.74 139 136.26
2-digit 22 11.6 128 138.4
HLA-B 4-digit 14 7.06 136 142.94
8-digit 11 6.57 139 145.2
2-digit 34 19.76 116 130.24
HLA-C 4-digit 25 12.33 125 137.67
8-digit 14 6.34 136 143.66
2-digit 18 18.59 132 131.41
HLA-DRB1 4-digit 11 9.7 139 140.3
8-digit 11 6.57 139 143.43
2-digit 32 39.79 118 110.21
HLA-DQB1 4-digit 18 18.1 132 131.9
8-digit 17 11.67 133 138.33
2-digit 26 22.33 43 46.67
HLA-DPB1 4-digit 15 14.51 54 54.49
8-digit 7 531 62 63.69

Due to typing limitations, the HWE analysis for the HLA-DPB1 locus was performed on a reduced sample size of N=69 individuals.

Table 2. Hardy-Weinberg equilibrium (HWE) exact test
(Guo-Thompson MCMC) p-values.

2-digit 4-digit 8-digit
(p-value) (p-value) (p-value)

HLA-A 0.1463 0.4969 0.0216
HLA-C 0.0020 0.0024 0.0011
HLA-B 0.0002 0.0000 <0.0001
HLA-DRB1 0.2325 0.0458 0.0005
HLA-DQB1 0.7440 0.3513 0.0157
HLA-DPB1 0.0868 0.1290 <0.0001

Table 3. Summary of p-values for the Ewens-Watterson (EW)
neutrality test and Hardy-Weinberg equilibrium (HWE) homozy-

gosity test.

HWE homozygosity

Locus Resolution test (p-value)
2-digit 0.0168 0.0007
HLA-C 4-digit 0.1662 0.0029
8-digit 0.1662 <0.0001
2-digit 0.0096* 0.0040*
HLA-B 4-digit 0.0456* 0.1842
8-digit 0.0456* 0.1842
2-digit 0.0063* 0.8993
HLA-DRB1 4-digit 0.1368 0.8993
8-digit 0.1368 0.8993
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Table 4. Linkage disequilibrium (LD) measures (D" and Wn) for major HLA locus pairs.

Locus pair 2-digit D’ 4-digit D’ 8-digit D’ 2-digit Wn 4-digit Wn 8-digit Wn
HLA-A: HLA-C 0.46928 0.59824 0.75926 0.32873 0.48810 0.54729
HLA-A: HLA-B 0.55093 0.69351 0.73031 0.41791 0.55265 0.58476
HLA-C : HLA-B 0.85144 0.92100 0.93958 0.71223 0.75377 0.74748
HLA-B : HLA-DRB1 0.60246 0.77966 0.87513 0.46484 0.51672 0.56286
HLA-DRB1 : HLA-DQB1 0.94183 0.96729 0.95636 0.93373 0.84443 0.76977

Table 4 summarizes the strongest Linkage Disequilibrium (LD) findings; D' values for all 15 locus pairs are illustrated in Figure 3.

Table 5. Asymmetric linkage disequilibrium (ALD) values among selected HLA loci.

2-digit 0.93373 0.60155 0.94344 <0.0001
HLA-DRB1 : HLA-DQB1 4-digit 0.84443 0.7411 0.92872 <0.0001
8-digit 0.76977 0.6906 0.87049 <0.0001
2-digit 0.71223 0.77876 0.64005 <0.0001
HLA-C : HLA-B 4-digit 0.75377 0.81541 0.66424 <0.0001
8-digit 0.74748 0.7978 0.71408 <0.0001
2-digit 0.50531 0.23721 0.5383 <0.0001
HLA-B : HLA-DQB1 4-digit 0.58367 0.39864 0.62972 <0.0001
8-digit 0.5775 0.47329 0.64707 <0.0001
2-digit 0.46484 0.36098 0.51365 <0.0001
HLA-B : HLA-DRB1 4-digit 0.51672 0.50716 0.58582 <0.0001
8-digit 0.56286 0.55813 0.60471 <0.0001
2-digit 0.41791 0.42723 0.36501 <0.0001
HLA-A: HLA-B 4-digit 0.55265 0.53381 0.44397 <0.0001
8-digit 0.58476 0.5973 0.49967 <0.0001

8ALD (Locus 1 — Locus 2): Indicates the predictive power of the first locus (e.g., DRB1) in the first column of the table for the second locus (e.g., DQB1).
ALD (Locus 2 — Locus 1): Indicates the predictive power of the second locus for the first.

*Marked p-values were found to be statistically significant based on the results of 1000 permutation tests (p<0.05).

Values marked in bold indicate a stronger prediction direction for each locus pair.

olution improved, the number of distinct alleles (k) also
increased (Figure 2). For instance, transitioning from a
2-digit to an 8-digit resolution increased allele richness
from 16 to 44 for the HLA-A locus and from 23 to 58 for
HLA-B.

Alongside the increase in allele numbers, there was a con-
sistent decrease in the number of homozygous individuals
across all loci with higher resolution, whereas the number

of heterozygous individuals increased (Table 1). For exam-
ple, at the HLA-C locus, the number of observed homozy-
gotes dropped from 34 at a 2-digit resolution to 14 at an
8-digit resolution. By contrast, the number of heterozy-
gous individuals at this locus increased from 116 to 136.

Hardy-Weinberg Equilibrium and Natural
Selection Test Results
The population's adherence to the HWE was highly
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Figure 3. Linkage disequilibrium (D) values across HLA loci at dif-
ferent typing resolutions.
Each cell represents the pairwise D’ value between HLA loci, shown for 2-digit,

4-digit, and 8-digit resolution. The color scale indicates the strength of LD
from low (yellow) to high (dark red), with exact values overlaid in each cell.

sensitive to typing resolution (Table 2). The HLA-C and
HLA-B loci consistently and significantly deviated from
HWE across all three resolution levels (all p<0.01). In
contrast, the HLA-A, HLA-DQB1, and HLA-DPB1 loci con-
formed to HWE at lower resolutions but deviated signifi-
cantly at the 8-digit level. The HLA-DRB1 locus deviated
at both 4-digit (p=0.0458) and 8-digit (p=0.0005) reso-
lutions.

The EW neutrality test revealed a different and more

complex pattern (Table 3). The HLA-B locus showed sig-

nificant deviation from neutrality at all resolutions. How-

ever, the HLA-C, HLA-DRB1, and HLA-DQB1 loci deviated

significantly only at the 2-digit level, whereas the HLA-A

and HLA-DPB1 loci did not deviate at any resolution. Figure 4. Asymmetric linkage disequilibrium (ALD) values between HLA loci
at different typing resolutions.

Linkage Disequilibrium (LD) and Asymmetric The heatmap shows directional ALD values for each HLA locus pair at 2-digit, 4-digit, and
LD (ALD) 8-digit resolution. Rows indicate the locus pair and the direction of the association (e.g.,
A:B-1-2 vs. A:B-2-1). The color scale represents the magnitude of ALD, ranging from

The normalized D’ coefficient was used to assess the LD i
low (blue) to high (red).
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between pairs of loci. Generally, as typing resolution in-
creased, there was a noticeable increase in the D’ values
(Table 4, Figure 3, Supplementary Table 1). For instance,
the D’ value for the HLA-A : HLA-C locus pair was 0.46928
at the 2-digit level and increased to 0.75926 at the 8-dig-
it level. The strongest LD signals were detected at the
8-digit level between HLA-C : HLA-B (D'=0.93958) and
HLA-DRB1 : HLA-DQB1 (D'=0.95636).

In the ALD analysis, a consistent and prevailing direction
was observed between certain locus pairs, regardless of
resolution levels (Table 5, Figure 4, Supplementary Ta-
ble 2). Across all resolution levels analyzed, the predic-
tive influence from HLA-C to HLA-B (C - B) and from
HLA-DQB1 to HLA-DRB1 (DQB1 - DRB1) was more pro-
nounced than that in the reverse direction.

Discussion

The findings of this study demonstrated that increasing
HLA typing resolution, from low to high, reshapes our
understanding of the HLA genetic landscape. High-res-
olution typing uncovered previously "hidden" allelic di-
versity and heterozygosity, prompting a re-evaluation of
HWE, natural selection, and LD. Our results highlighted
how the "dilution effect" associated with low-resolution
typing systematically diminishes or obscures evolution-
ary signals, resulting in a "blurred" view of the genetic
landscape (16).

"Dilution Effect": The Core Mechanism
Obscuring the Genetic Landscape

The primary mechanism responsible for nearly all ob-
served outcomes is the "dilution effect," which stems
from the low resolution (8). Two-digit typing merg-
es structurally and functionally distinct alleles (e.g.,
Cx07:01 and C=07:02) into a single serological category
(C*Q7). This leads to an artificial decrease in the number
of alleles, as demonstrated in our study: the number of
alleles identified at the HLA-A locus increased from 16 at
2-digit to 32 at 4-digit and 44 at 8-digit resolution.

More critically, this merging leads to the artificial clas-
sification of individuals with different genotypes (e.g.,
C*07:01/C*07:02) as "homozygous" (C*07/C*Q7). This
phenomenon, termed "hidden heterozygosity," directly
accounts for the systematic reduction in the number of
homozygotes observed in our study as resolution im-
proved (11).

Turkish Journal of Immunology, 13(3):177-86

Selection at the Haplotype Level: Synthesis
of Complex Signals in HWE and EW Tests

Our analysis also demonstrated that deviations from the
HWE are notably influenced by resolution and become
particularly complex when considered in conjunction
with selection tests. The HLA-C and HLA-B loci consis-
tently deviated from HWE across all resolution levels
(all p<0.0024), indicating the strong selection pressure.
However, selection signals at these loci are not well un-
derstood. Hardy-Weinberg equilibrium analyses revealed
that the number of homozygous individuals at these loci
was significantly higher than expected. In contrast, the
EW neutrality test indicated that the overall homozy-
gosity (F) at these loci was lower than expected under
neutral evolution, suggesting a heterozygote advantage.

This apparent contradiction may result from selection
acting on the entire haplotype rather than on the individ-
ual alleles. If a beneficial B-C haplotype becomes com-
mon in the population, certain genotypes may appear
overrepresented in HWE analyses (17). This was more ap-
parent when examining specific targets of selection at the
genotypic level. The overall excess of homozygotes at the
HLA-C locus was specifically driven by genotypes, such as
C*07+C*07. The presence of many other rare haplotypes
in the population maintained a low overall homozygosity
(F), creating a heterozygote advantage signal in the EW
test (18). Thus, the differing outcomes of the two tests re-
vealed two distinct aspects of the same evolutionary pro-
cess: the rise of certain advantageous haplotype blocks
and the maintenance of overall diversity (19).

Linkage Disequilibrium and the True Power
of Ancestral Haplotypes

Strong LD, the fundamental architecture of the HLA re-
gion, became increasingly evident with higher typing res-
olution in our study. This is a direct consequence of the
elimination of the "dilution effect.” High-resolution anal-
ysis directly reflected the true, non-random association
between specific alleles and leads to a marked increase
in LD measures such as D'. For example, the D" value for
the HLA-A : HLA-C locus pair increased from 0.469 at the
2-digit level to 0.759 at the 8-digit level. This increase was
particularly notable for some pairs; for instance, at 8-digit
resolution, the D' value for the HLA-B : HLA-DRB1 pair was
over 12% higher than that observed at 4-digit resolution.

These findings suggest that high-resolution typing does
not create new links, but rather reveals the inherent
strength of ancestral haplotype structures that have
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been maintained by evolutionary forces. In particular,
the HLA-C : HLA-B pair in Class | and the HLA-DRB1 :
HLA-DQB1 pair in Class Il were identified as nearly stable
genetic blocks, exhibiting exceptionally high LD values.
This suggests that previous evolutionary research using
low-resolution datasets may have consistently underes-
timated the extent of MHC haplotype conservation.

Asymmetric LD analysis further clarified these relation-
ships. Although ALD values varied depending on typ-
ing resolution, directional dominance (e.g.,, C-B and
DQB1-DRB1) remained consistent regardless of resolu-
tion in certain locus pairs. This can be seen as a biologi-
cal reflection of the functional or evolutionary hierarchy
within haplotypes (20).

Unveiling Hierarchical Structures in
Haplotypes Through Asymmetric LD
Traditional LD metrics such as D' and r2 offer a single,
symmetric value to describe the relationship between
two loci. However, in systems with multiple alleles, such
as HLA, where one locus has significantly more alleles
than the other, this method does not provide a complete
picture. To address this issue, ALD was developed by as-
sessing the correlation between loci in both directions.

A key finding of our study was that the directional dom-
inance identified by ALD (e.g.,, DOB1 - DRB1 and C -
B) remained consistent across all resolution levels, even
with a substantial increase in the number of alleles. This
consistency strongly indicates that the observed patterns
are not merely statistical anomalies but reflect genuine
biological and evolutionary processes.

Our results demonstrated that the W(DRB1/DQB1) val-
ue for the HLA-DRB1 : HLA-DQB1 pair was almost 1.00,
indicating that knowing an allele at the HLA-DQB1 lo-
cus allows for the perfect prediction of the associated
HLA-DRB1 allele. However, the predictive accuracy in the
opposite direction, W(DQB1/DRB1), is not flawless. This
asymmetry implies a functional or evolutionary hierarchy
between these two loci. This situation might arise from
selection pressures that aim to maintain the structural
and functional integrity of the expressed DR-DQ heterod-
imer or from selection on one locus, causing a "genetic
hitchhiking" effect on the other.

The Broad Implications and Study
Limitations
The results of this study have significant implications for

contemporary immunogenetic research. In the context of
disease association studies, achieving high resolution is
crucial for identifying the actual causal variant, as low-res-
olution findings can be deceptive (21). In the field of an-
thropological genetics, low resolution tends to systemat-
ically underestimate the strength of linkage disequilibri-
um, potentially leading to incorrect conclusions regarding
population history. Regarding transplant compatibility,
8-digit resolution offers a vital evaluation of genomic
compatibility throughout the entire linked MHC region,
reducing the clinical risks associated with mismatches in
minor histocompatibility antigens or immune-regulating
genes, such as tumor necrosis factor (TNF) (22).

However, the broad adoption of high-resolution typing
has encountered several obstacles. Increased expenses,
the need for specialized equipment, and the demand for
advanced bioinformatics expertise can pose significant
challenges, especially in resource-constrained environ-
ments. Although this study established 8-digit typing
as the scientific benchmark, future research should also
aim to develop more affordable and accessible high-res-
olution methods to ensure that these advantages are
globally applicable. Our findings, consistent with those of
studies in other populations that reveal greater diversity
with high-resolution, strongly support the investment in
such technologies.

High-resolution HLA typing studies in African cohorts
have demonstrated a marked increase in allelic richness
and the unmasking of “hidden heterozygosity,” close-
ly paralleling our observations in the Central Anatolian
population (16). In contrast, lower-resolution analyses
in European datasets (7) have tended to underestimate
haplotype conservation, whereas our results confirm
that higher resolution sharpens LD signals and more ac-
curately reflects ancestral haplotype structures.

Moreover, methodological advances in asymmetric LD
analysis (6) provided a theoretical framework for our
findings on stable directional dominance (e.g., C-B,
DQB1-DRB1) across all resolution levels. Clinically,
studies on transplantation immunogenetics (22) have
shown that low-resolution matching increases the risk of
graft-versus-host disease and rejection. Our demonstra-
tion that 8-digit typing represents the gold standard is,
therefore, both clinically and evolutionarily relevant.

Of note, theoretical models of heterozygote advantage
(19) suggested that MHC diversity itself may drive the
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appearance of heterozygote advantage, offering a con-
ceptual framework for the complex HWE and neutrality
test outcomes that we observed. Taken together, these
comparisons highlighted that our study not only pro-
vided a region-specific contribution but also reinforces
broader international evidence that high-resolution typ-
ing is essential for accurate population genetic inference
and clinical decision-making.

Conclusion
This study quantitatively demonstrated that the res-
olution of HLA typing had a significant influence on

the interpretation of population genetic parameters.
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