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Abstract



Objective and Significance: To analyze changes in meiosis-related recombination
homolog 11A (MREI11A) expression in T lymphocytes from pediatric sepsis patients
and mouse models, and to explore the potential regulatory mechanisms of MRE11A in
sepsis.

Methods: Flow cytometry was employed to detect MRE11A expression levels and the
expression of the apoptosis-related molecule Cleaved Caspase-3 in peripheral blood T
lymphocytes from 20 pediatric sepsis patients and 20 healthy control children.

A mouse sepsis model was established via cecal ligation and puncture (CLP).

Sepsis mice were treated at 24h, 48h, and 72h post-CLP. Intraperitoneal injection of the
MREI11A inhibitor Mirin simulated reduced MRE11A expression in mice; Mirin-
treated mice underwent processing 24h after inhibitor administration.CD3+ T cells
were isolated from mouse spleens. Immunofluorescence was used to detect MRE11A
expression in T lymphocyte cytoplasm. Real-time quantitative polymerase chain
reaction (qPCR) assessed changes in mitochondrial DNA (mtDNA) within T
lymphocyte cytoplasm. qPCR and Western blot (WB) analysis examined T lymphocyte
expression of STING pathway-related factors cGAS,STING, and apoptosis-related
factors , Cleaved Caspase-3 , and Bax.
Results:In the sepsis group, the proportion and expression levels of CD4+MRE11A+T
cells and CD8+MREI1A+T cells were lower than those in the control group. The
proportions of CD4+Cleaved caspase-3+T cells and CD8+Cleaved caspase-3+T cells
were higher in the sepsis group than in the control group, with statistically significant
differences between the two groups (both P < 0.05). MRE11A expression decreased in
T cells from both the sepsis group (CLP24h, CLP72h) and the Mirin group, while
mtDNA expression was upregulated (both P < 0.05).cGAS expression increased in T
cells from sepsis group mice (CLP24h) and Mirin group mice, while STING expression
was up-regulated in T cells from CLP48h and Mirin groups (all P < 0.05);T cells from
the sepsis group (CLP24h, CLP48h) and Mirin group showed increased Cleaved
Caspase-3 expression, while Bax expression was upregulated in CLP24h group T cells
(all P <0.05).

Conclusions: MRE11A cytoplasmic expression was reduced in T lymphocytes from



pediatric sepsis patients, potentially associated with T lymphocyte apoptosis. Low
MREI11A expression in mouse sepsis T lymphocytes may induce mtDNA leakage,
participating in T Ilymphocyte apoptosis by activating the cGAS/STING
pathway.MRE11A may represent a novel therapeutic target for clinical treatment of
sepsis.

Keywords: meiosis-related recombination 11 homolog A; sepsis; T lymphocytes;

apoptosis; cCGAS/STING pathway

Introduction

Sepsis is a life-threatening organ dysfunction caused by infection-induced
dysregulation of the host immune system, ranking among the primary conditions
consuming pediatric critical care resources globally!l .Global epidemiological studies
indicate that approximately 25 million children worldwide contracted sepsis in 2017,
with 3 million cases resulting in sepsis-related deaths. Between 2016 and 2020, sepsis
was the leading direct cause of death among children under five, accounting for 36.7%
of fatalities’?! .Immunological mechanisms play a crucial role in the pathophysiology
of sepsis. Immunosuppression is a key factor leading to secondary infections and
contributes significantly to the poor prognosis of sepsis patients’®! . Elucidating the
mechanisms underlying sepsis-related immune dysfunction and identifying novel
immunotherapeutic targets for sepsis are current research priorities.

Previous studies have demonstrated that abnormal apoptosis of immune cells is
a major cause of sepsis-associated immunosuppression, with T lymphocytes playing a
crucial role in the immune mechanisms of sepsis. Elevated apoptosis levels in T cells
and B cells lead to T lymphocyte (hereinafter referred to as T cell) exhaustion*>! .\When
T cell numbers decrease and functional impairment occurs, it further induces an
immunosuppressive state. The exacerbation of immunosuppression is closely
associated with increased mortality in sepsis patients!®! . In the pathological progression
of sepsis, T cell apoptosis is one of the key factors contributing to sepsis-associated

lymphopenia.A comparative autopsy study between fatal sepsis patients and non-



infectious cause deaths revealed significantly reduced T cell counts in the spleens of
fatal sepsis patients!’! . The pathophysiological significance of heightened apoptosis in
sepsis has now been validated in animal models.Multiple related studies indicate that
intervening to inhibit apoptosis significantly improves survival rates in experimental
subjects!® ") | Furthermore, research on COVID-19 has also identified that
mitochondrial DNA damage in CD3"T cells can induce apoptosist? .

Meiotic recombination 11 homolog A (MREI11A) is a protein closely associated
with double-stranded DNA (dsDNA) break repair, homologous recombination activity,
and telomere length maintenance. Its primary localization is the cell nucleus, and this
protein possesses 3'—5' exonuclease activity and endonuclease activity.Upon binding
to DNA, the nuclease functional domain of MRE11A is exposed, forming a channel
that facilitates DNA cleavage activity. This enables the execution of nuclease-catalyzed
reactions at DNA terminil''l  Additionally, MRE11A has been found in the cytoplasm,
where it binds to mitochondrial DNA (mtDNA) to maintain mitochondrial genome
integrity!'?! .In a series of studies on rheumatoid arthritis, T lymphocytes lacking
MREI1A prematurely aged . Defective MRE11A in T cells causes mitochondrial
damage, leading to impaired mtDNA repair. This repair abnormality ultimately results
in mtDNA leakage from mitochondria into the cytoplasm!®! .Cyclic guanosine
monophosphate-adenosine monophosphate synthase (cGAS) functions as an
intracellular DNA sensor. Within the cytoplasm, mtDNA can bind to cGAS, forming
cyclic guanosine monophosphate-adenosine monophosphate (cGAMP).cGAMP).
cGAMP binds to the stimulator of interferon genes (STING) on the endoplasmic
reticulum, activating STING and subsequently initiating innate immune responses and
tumor suppression!'¥] Recent studies indicate that MRE11 dissociates cGAS from
histone acidic fragments by binding the MRE11-RADS50-NBN (MRN) complex to
nucleosome fragments, thereby enabling recognition and response to endogenous DNA
damage!'¥) .

STING promotes T cell apoptosis by regulating calcium ion (Ca?") homeostasis
and endoplasmic reticulum stress' .Caspase-3 is a key executor of apoptosis. On one

hand, it directly induces cell death by cleaving downstream substrates; on the other



hand, increased expression of pro-apoptotic proteins (e.g., Bax) and decreased
expression of anti-apoptotic proteins (e.g., Bcl-2) activate Caspase-3, further
amplifying the apoptotic signall'®l .Cleaved caspase-3, the active form of caspase-3,
serves as the terminal effector enzyme in apoptosis, directly participating in the core
mechanism of cell killing. Multiple studies have demonstrated significantly elevated

caspase-3 expression in sepsis patients and animal models!!”-!®]

.However, our
understanding of MRE11A's role in T-cell apoptosis during sepsis remains limited.
Based on the above studies, MRE11A, as an mtDNA repair enzyme, may inhibit
apoptosis by protecting mitochondria.Nevertheless, gaps remain in the study of
MRE11A in sepsis. Therefore, this study combines clinical data with animal
experiments to investigate for the first time the correlation between MREI11A
expression, mitochondrial changes, and T-cell apoptosis. The aim is to provide new

theoretical support for clinical interventions targeting lymphopenia in sepsis and

improving patient prognosis.

Methods

Clinical Study Subjects
Clinical data were collected from 20 pediatric patients with sepsis admitted to

the PICU of the First Affiliated Hospital of Guangxi Medical University between



January 2020 and October 2022. Inclusion criteria: aged 1 month to 18 years, meeting
the diagnostic criteria established by the 2005 International Pediatric Sepsis
Consensus Conference.Exclusion criteria: PICU admission duration < 24 hours;
severe medical record deficiencies. Concurrently, 20 healthy children undergoing
outpatient physical examinations at the same hospital served as controls, excluding
those with infections, immune dysfunction, or organic diseases. This study was
approved by the Ethics Committee of the First Affiliated Hospital of Guangxi Medical
University (Ethics No.: 2023-E031-01).
Flow Cytometry Analysis
Peripheral blood (5 mL) was collected within 24 hours of admission from
pediatric sepsis patients and healthy controls, anticoagulated with sodium heparin.
Peripheral blood mononuclear cells (PBMCs) were isolated using density gradient
centrifugation.A flow cytometer was used to detect MRE11A expression (mean
fluorescence intensity [MFI] and percentage of positive cells) in CD4+ T cells and
CD8+ T cells, as well as the percentage of cells positive for cleaved caspase-3. The
antibodies and reagents used are listed in Table 1.
Animals and Ethics
Healthy male C57BL/6 mice (7-9 weeks old, 18-22 g) were purchased from the
Experimental Animal Center of Guangxi Medical University.Mice were housed in a 12-
hour light/dark cycle under SPF barrier conditions with free access to food and water.
All procedures adhered to NIH guidelines and were approved by the Ethics Committee
of the First Affiliated Hospital of Guangxi Medical University (Ethics No.: 2023-E031-
01). Antibodies and reagents used are listed in Table 1.
Cecal Ligation and Perforation (CLP) Model
This study employed the cecal ligation and puncture (CLP) technique to establish
an animal model of sepsis. Animals were anesthetized with inhaled isoflurane at a
concentration of 1.5%. Following successful anesthesia, the abdominal skin was
disinfected three times with povidone-iodine. A midline abdominal incision
approximately 2 cm in length was made to open the abdominal cavity. The cecum was

identified,Carefully dissect its distal mesentery from the large intestine. Tightly ligate



the distal half of the cecum with sterile 4-0 silk suture. Using a sterile 25-gauge needle,
perform a central transection puncture at the ligated distal cecum. Gently expel a small
amount of intestinal contents while minimizing vascular damage. Then reposition the
cecum into the abdominal cavity and close the incision.
Experimental Groups and Treatment Methods
Sepsis-induced mice underwent treatment at 24h, 48h, and 72h, with 6 mice per
group. The MRE11A inhibitor Mirin was administered via intraperitoneal injection to
simulate reduced MRE11A levels in mice. Mirin was injected at 25 mg/kg body weight
() intraperitoneally. Injections were administered once daily for 3 consecutive days.
Mice in the Mirin group underwent treatment 24 hours after completion of inhibitor
injections.
Histological Analysis
Lung tissue was excised, fixed in 4% paraformaldehyde solution, and dehydrated
using ethanol at varying concentrations (70%-100%).Tissues were paraffin-embedded,
sectioned at 5 um thickness, and subjected to histopathological evaluation using
hematoxylin-eosin staining. HE-stained sections served as reference for scoring based
on five pathological criteria: exudate, congestion, alveolar hemorrhage and tissue debris,
neutrophil infiltration, and cytopathic hyperplasia.No relevant pathological findings
scored 0 points; mild pathological changes scored 1 point; moderate pathological
changes scored 2 points; and severe pathological changes scored 3 points. The sum of
the five scores constituted the lung tissue injury score!') .
Assessment of General Mouse Condition
Scoring is based on the MSS criteria established by Bradley Shrum et al. in
2014P% | Seven observation criteria are assessed: appearance, eye opening and
discharge, reduction in spontaneous activity and its degree, altered consciousness,
respiratory rate, respiratory quality, and response to stimuli. Each criterion is graded on
a 5-point scale (0—4 points).The total score for each mouse was the sum of the seven
indicators, with a maximum score of 28 points. Dead mice were assigned the maximum
score.

ELISA assay for inflammatory cytokine IL-6 in peripheral blood serum



Blood samples were collected from the retroorbital venous plexus, centrifuged at
1,000 rpm for 10 minutes, and serum was extracted. Serum IL-6 levels were measured
using an ELISA kit.
Extraction of PBMCs and T cells from mouse spleen
Place mouse spleen on a 200-mesh sieve and grind until no visible red lumps
remain. Rinse the sieve with PBS, centrifuge at 300 g for 5 min, and discard the
supernatant. Resuspend cells in 1x red blood cell lysis buffer, incubate at room
temperature for 2-3 min to lyse, then add 10 mL PBS. Centrifuge at 300 g for 5 min
and discard the supernatant.Resuspend spleen cells in PBS. Isolate mouse spleen
PBMC:s according to the mouse lymphocyte isolation kit instructions. Count cells using

a cell counter and adjust to'*1”"

cells/mL for subsequent experiments.

Take a 5 mL polystyrene round-bottom tube and add 1 mL of mouse spleen
PBMC sample. Add 50 pL Rat Serum to the sample. Add 50 pL Isolation Cocktail to
the sample, mix well, and incubate at room temperature for 10 min. Vortex
RapidSpheres™ for 30 seconds, add 75 pL RapidSpheres™ to the sample, mix well,
and incubate at room temperature for 2.5 min.Add Ca?"™&"*¢ phenol red-free 1x
Hanks' BSS to a final volume of 2.5 mL (). Gently pipette up and down 2-3 times to
mix. Place the tube on a magnet and incubate at room temperature for 2.5 min.Remove
the magnet and transfer the enriched cell suspension to a new tube to obtain a CD3 Tcell

10°%ells/mL for

suspension. Count the cells using a cell counter and adjust to
subsequent experiments.
Extraction and Purification of T Cell Cytoplasmic mtDNA
Separate T cell cytoplasm using the Biyuntian Cytoplasmic Protein Extraction
Kit, then purify cytoplasmic mtDNA with the Tiangen Free DNA Extraction Kit. Assess
DNA concentration and purity using NanoDrop2000 (Thermo).
Immunofluorescence Analysis
Paraffin-embedded spleen tissue sections underwent dewaxing and rehydration,
followed by antigen retrieval with pH 8.0 EDTA alkaline solution. Sections were

blocked with 3% hydrogen peroxide solution at room temperature for 15 min, then

incubated with 5% goat serum at room temperature for 30 min. Primary antibodies CD3



and MRE11A were applied to sections and incubated overnight at 4°C.After washing
with PBS, anti-rabbit/mouse secondary antibody for immunohistochemistry was added
and incubated at room temperature for 30 min. TSA fluorescent dye was used for color
development. Cell nuclei were stained with DAPI, and fluorescent images were
captured using a fluorescence microscope.
Real-time quantitative PCR
Quantification of mtDNA levels, STING pathway-related factors cGAS and
STING, as well as apoptosis-related factors Cleaved Caspase-3 and Bax was performed
via real-time polymerase chain reaction. -Actin served as the internal reference gene
for amplification. Primer sequences for these assays are listed in the table. Relative
expression levels were calculated using the 2(AACT) method. Primer sequences used
are shown in Table 2.
Western Blotting
Spleen tissue samples were rapidly frozen in liquid nitrogen and then lysed in
RIPA buffer containing protease and phosphatase inhibitors. Lysates were centrifuged
at 13,000g for 15 minutes, and the supernatant was collected.Protein concentration was
measured using a BCA protein assay kit. Equal amounts of protein were separated on
an 8-12% SDS-PAGE gel and transferred to a PVDF membrane. The membrane was
blocked with 5% nonfat milk in TBS containing 0.1% Tween-20 for 1 hour, then
incubated overnight at 4°C with the primary antibody.After washing, membranes were
incubated with HRP-labeled secondary antibody at room temperature for 1 hour.
Optical density analysis was performed using Image J.
Statistical Analysis
Statistical analysis was performed using SPSS 27.0 software, and graphs were
generated using Prism GraphPad 8.0 software.Normally distributed quantitative data
are expressed as mean =+ standard deviation (Mean £+ SD). Comparisons between two
groups were performed using the independent samples t-test. Comparisons among
multiple groups were performed using one-way ANOVA. If the homogeneity of
variance test yielded a P- >0.05, the Least Significant Difference (LSD) test was

selected. If the homogeneity of variance test yielded a P<0.05, the Tamarind test was



selected.Non-normally distributed quantitative data were expressed as median and
interquartile range [M (P25, P75)]. Comparisons between two groups were performed
using the two-sample rank-sum test, while comparisons among multiple groups were
conducted using the Kruskal-Wallis test. Count data were presented as cases (%). P <
0.05 was considered statistically significant.

Table 1 Antibodies and Chemical Reagents

Reagent Consumables Company Source
APC anti-human CD3 Biolegend United
States
Brilliant Violet 650 anti-human CD3 Biolegend United
States
PE anti-human CD4 Biolegend United
States
Mrell Ab (15B8.1E7.6) [Alexa Fluor® 405 Novus United
States
FITC Rabbit Anti-Active Caspase-3 Becton, Dickinson and USA
Company
APC-H7 Mouse Anti-Human CD4 Becton, Dickinson and  United
Company States
BV605 Mouse Anti-Human CDS8 Clone SK1  Becton, Dickinson and  United
(RUO) Company States
Hu/NHP CD3 R718 SP34-2 Becton, Dickinson and  United
Company States
Cyto-Fast™ Fix/Perm Buffer Set Biolegend United
States
True-Nuclear™ Transcription Novus USA
Mouse IL-6 ELISA Kit Lianke Bio China
Mouse Lymphocyte Isolation Kit SolaBio China
EasySep Mouse T Cell Isolation Kit STEMCELL Canada
EasySep Violet Magnet STEMCELL Canada
Cell Adhesion Mediator Prelay China
Rabbit polyclonal antibody to Mrel1 Affinity United
States
Anti-rabbit Alexa Fluor 488 Biyuntian China
DAPI Biyuntian China
PMSF Blue Sky China




HiPure Total RNA Mini Kit Meiji Bio China

Free DNA Extraction Kit Tiangen China

Nuclear and Cytoplasmic Protein Extraction  Biyuntian China
Kit

Fast First-Strand cDNA Synthesis Mix for RT  Albatross Goonie China
(with dsDNase)

gPCR SYBR Green Fast Taqg Mix Albatross Goonie China

Primer Shanghai Sangon China

Table 2 All primer sequence information

Gene Forward primer, 5°-3° Reverse primer, 5°-3’
B-Actin  GTGACGTTGACATCCGTAAAGA GTAACAGTCCGCCTAGAAGCAC
MT- TGGTCCATACGGCATTTTAC TTGGTAGGGGAACTCATAGA

ND1

Cleaved AGCACCTGGTTACTATTCCTGGAG GGATCTGTTTCTTTGCGTGGA
Caspase-
3
Bax TGAGCGGCTGCTTGTCTGG GGTGAGCGAGGCGGTGAG
cGAS GGCACAAAAGTGAGGACCAATC GATTCACAGCATGTTTTCTCTATCC
STING TCGGGTTTATTCCAACAGCG GTTTAGCCTGCTCAAGCCGAT




Results

Expression of MRE11A and Cleaved Caspase-3 in T Cells of Pediatric Sepsis

Patients

Flow cytometry analysis revealed that the proportion and expression levels of

CD4"MRE11A'T cells and CD8'MRE11AT cells were significantly lower in the

sepsis group compared to the control group.Concurrently, the proportions of Cleaved

Caspase-3-positive CD4 T cells and CD8'T cells in the sepsis group were

significantly higher than those in the healthy control group (both P < 0.05). See Table

3 and Figure 1 for details.

Table 3 Comparison of MRE11A and Cleaved Caspase-3 Expression in the Cytoplasm

of T Lymphocytes Between the Sepsis Group and Control Group

Sepsis group (n=20)  Control group (n=20) Z-value  P- -value
CD4" MRE11A" T-cell 3.91 99.90
. -5.413 <0.001
proportion (%) (2.29,9.73) (97.55, 99.99)
CD4" MREI11A expression 1665.16 5689.04
. -5.410 <0.001
levels (MFI) in T cells (1556.86, 1802.15) (4388.69, 9567.34)
CD8"MRE11A'T-cell ratio 4.09 92.15
-5.302 <0.001
(%) (2.00, 9.58) (76.73, 96.39)
CD8" MRE11A expression 1921.82 4164.97
_ -4.586 <0.001
levels (MFI) in T cells (1737.61, 2164.92) (2,894.47,9,122.24)
CD4'Cleaved Caspase-3"T- 1.34 0.13
. -4.384 <0.001
cell ratio (%) (1.06, 2.23) (0.03,0.67)
Cleaved Caspase-3
) ) 2259.86 2546.17
Expression Level (MFI) in -1.880 0.06
(2029.88, 2710.46) (2219.4,2916.23)
CDA4'T Cells
CD8"Cleaved Caspase-3'T- 2.52 0.20
. -4.195 <0.001
cell ratio (%) (0.82,4.32) (0.03, 0.89)
Cleaved Caspase-3
] , 2370.51 2564.92
expression (MFI) in CD8'T -0.866 0.398

cells

(2106.67, 2525.95)

(2224.67,2914.83)

Note: MFI (Mean Fluorescence Intensity).
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Fig. 1 Changes in MRE11A and Cleaved caspase-3 in the cytoplasm of CD4 + T cells and
CDS8+ T cells

Evaluation of the Sepsis Mouse Model

To evaluate the success of the cecal ligation and puncture (CLP) procedure, we
assessed the general condition of mice using the MSS criteria and performed HE
staining on mouse lung tissue.Following cecal ligation and puncture modeling, mice in
the sepsis group and Mirin group gradually exhibited symptoms including erect hair on
the back, reduced feeding and activity frequency, delayed response to sound, increased
ocular discharge, and decreased respiratory rate. Some Mirin group mice showed milder
symptoms compared to the sepsis group. Normal control mice remained active with
normal feeding, while some sham-operated mice exhibited reduced feeding.Results
indicated significantly elevated MSS scores and increased lung injury scores in both
the sepsis and Mirin groups compared to the normal control and sham surgery groups.
Lung injury manifested as thickened alveolar walls, widened alveolar septa,
granulocyte infiltration, and hemorrhage visible in some alveoli. Enzyme-linked
immunosorbent assay (ELISA) analysis further confirmed this, demonstrating an

upward trend in serum interleukin-6 levels.



Table 4 Sepsis Scores for Each Group

Group n MSS
Normal control group 6 1.17+0.75
Sham Surgery Group 6 2.00+1.79
CLP group 6 22.17+1.72%#
Mirin group 6 20.00£1.67*#
F 321.352
P <0.001

Note: *Compared with the normal control group, P < 0.05; #Compared with the sham-
operated group, P < 0.05.

Figure 2  HE staining of lung tissue in each group (400x%)

A: Normal control group; B: Sham operation group; C: Sepsis group; D: Mirin group. The
green arrow indicates thickened alveolar walls and widened alveolar septa; yellow arrows point
to granulocyte or lymphocyte infiltration; the red arrow shows hemorrhage in lung tissue.

Figure 3 Comparison of serum IL-6 levels in each group of mice
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3.2 MREI11A Expression in T Cells of Sepsis Mice



To investigate MRE11A expression in septic mice, immunofluorescence staining
was used to evaluate MREI1A expression in CD3'T cells, and Western blotting
analyzed MRE11A expression levels in spleen tissue.Immunofluorescence analysis
indicated that MRE11A expression in CD3"T cells was reduced in the CLP24h group,
CLP72h group, and Mirin group of the sepsis group (n=6, P<0.05).Western blot
analysis showed that MREI1A expression was upregulated in the spleen tissue of the

CLP24h group (n=6, P<0.05).
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Figure 4 A: Immunofluorescence staining analysis of the Sham group, CLP24h group, CLP48h
group, CLP72h group, and Mirin group.

B: Mean fluorescence intensity of MRE11A in CD3"T cells. C and D: Western blot results and
quantitative analysis. Data are presented as mean =+ standard deviation from at least three

independent experiments.

3.3 Increased mitochondrial DNA in the cytoplasm of CD3*T cells induced by

sepsis

To investigate changes in mitochondrial DNA within the cytoplasm of CD3+ T
cells in septic mice, quantitative real-time PCR was performed to detect the relative
expression of MT-ND1.Relative MT-ND1 expression was elevated in the CLP24h,
CLP48h, CLP72h, and Mirin groups. Expression levels in the control group differed
significantly from those in the CLP24h, CLP72h, and Mirin groups (n=6, P<0.05).The
difference in expression between the sham-operated group and the CLP24h group was
statistically significant (P < 0.05), while the difference between the sham-operated

group and the normal control group was not statistically significant (n = 6, P > 0.05).
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Figure 5 Relative expression of MT-ND1 in spleen T cell cytoplasm of mice in each group
3.4 Activation of the STING Pathway Following Sepsis

Given that released mtDNA can activate the STING pathway, we hypothesized

that injecting the MRE11A inhibitor Mirin into mice would promote mtDNA release



and thereby activate the STING pathway. To validate this hypothesis, we examined the
expression of STING pathway-related factors cGAS and STING in CD3'T cells and
spleen tissue from mice.

Fluorescent quantitative PCR analysis revealed elevated cGAS expression in the
CLP24h, CLP48h, CLP72h, and Mirin groups. Expression levels in the control group
differed significantly from those in the CLP24h and Mirin groups. Expression levels in
the sham surgery group also differed significantly from those in the CLP24h and Mirin
groups.STING expression was elevated in the CLP24h, CLP48h, CLP72h, and Mirin
groups. Expression levels in the control and sham surgery groups differed significantly
from those in the CLP48h and Mirin groups (all P < 0.05).No statistically significant
differences were observed between the sham-operated group and the normal control
group in the above comparisons. Western blot analysis further confirmed that the
CLP24h and Mirin groups significantly upregulated STING protein and its upstream
cGAS protein.
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3.5 MREI1A may regulate T lymphocyte apoptosis in sepsis via the
mtDNA/cGAS/STING pathway

As previously described, the low expression of MRE11A in CD3'T cells from
the sepsis group may induce mtDNA release, activating the STING pathway. Activation
of the STING pathway can induce apoptosis through multiple pathways.To further

investigate the relationship between MREIIA and apoptosis, we administered the
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35kDa
42kDa



MREI11A inhibitor Mirin to mice and analyzed changes in apoptosis-related markers.
Fluorescent quantitative PCR analysis revealed elevated relative expression levels
of Cleaved Caspase-3 in the CLP24h, CLP48h, CLP72h, and Mirin groups, with the
highest expression observed in the CLP24h group. Expression levels in the control
group differed significantly from those in the CLP24h, CLP48h, and Mirin groups (P <
0.05).while the sham surgery group showed statistically significant differences
compared to the CLP24h, CLP48h, and Mirin groups (P < 0.05).The relative expression
levels of Bax were elevated in the CLP24h, CLP48h, CLP72h, and Mirin groups. The
differences in expression levels between the control group, sham surgery group, and
CLP24h group were statistically significant (P < 0.05), while the difference between
the sham surgery group and the normal control group was not statistically significant
(P > 0.05).Western blot analysis further confirmed that the CLP24h and Mirin groups

significantly upregulated the expression of apoptosis-related factors Bax and Cleaved

Caspase-3.
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Figure 6 Expression levels of T cell-associated proteins in spleen tissues of mice from
different groups: , Cleaved Caspase-3 , and Bax.

A: Relative expression of cleaved caspase-3 B: Relative expression of Bax

C and D: Western blot results and quantitative analysis. Data are presented as the mean
+ standard deviation from at least three independent experiments.

Discussion

Sepsis is a life-threatening multiorgan dysfunction caused by infection-induced
dysregulation of host immune responses.Its high mortality rate is closely associated
with immune dysregulation, with lymphopenia being a common clinical manifestation
of immune abnormalities. Previous studies by our research team have shown that the
incidence of lymphopenia in pediatric sepsis patients reaches 47.1%, serving as an
independent risk factor for PICU mortality, with patients exhibiting persistent
lymphopenia having poorer outcomes. Abnormal apoptosis of immune cells is a major
cause of sepsis-associated immunosuppression, with T cell apoptosis being the core
pathological mechanism of sepsis-induced immunosuppression.In theumatoid arthritis,
it has been demonstrated that T lymphocytes prematurely age due to MREI1A
deficiency. Defective MRE11A in T cells leads to mitochondrial damage, subsequently

causing mtDNA repair dysfunction. This repair abnormality ultimately results in



mtDNA leakage from mitochondria into the cytoplasm!® .However, the expression of
MRET11A in sepsis and its mechanism regulating T cell apoptosis remain unclear. In this
study, we investigated the expression of MREI1A in T cells during sepsis, its
correlation with mitochondrial DNA changes, and the patterns of T cell apoptosis. We
preliminarily explored the relationship between mitochondrial DNA leakage in septic
T cells, the STING pathway, and T cell apoptosis.Our findings indicate that reduced
MREI11A expression in mouse septic T lymphocytes may induce mtDNA leakage,
which participates in T lymphocyte apoptosis by activating the STING pathway. These
discoveries suggest that MRE11A could emerge as a potential new therapeutic target
for clinical treatment of sepsis.

MREI11A is a core component of the DNA damage repair complex MREI1-
RADS50-NBS1 (MRN), primarily localized in the nucleus with cytoplasmic expression
also observed®! . It initiates homologous recombination repair?!! It participates in
activating the ATM kinase signaling pathway to maintain genomic stability??! and
inhibits tumor cell proliferation!*!) | among other functions. Research by Dmitrieva NI
et al. indicates that MRE11A is expressed in mammalian mitochondria and binds to
mitochondrial DNA!?! In previous rheumatoid arthritis studies, MRE11A deficiency
impaired mitochondrial DNA damage repair. Resulting metabolic abnormalities led to
cytoplasmic lipid droplet accumulation, promoting an aggressive T-cell phenotype and

(23] Research on Mirin in sepsis animal models

ultimately exacerbating joint destruction
remains limited. Our initial study referenced Med Chem Express's Mirin drug label,
administering the maximum recommended dose of 20 mg/kg via intraperitoneal
injection. However, this failed to significantly mimic reduced MRE11A levels in mice.
After adjusting the dose to 25 mg/kg, the simulated reduction in MRE11A became
markedly more pronounced.Results indicate that in pediatric sepsis patients, both the
proportion of MRE11A-positive cells and expression levels in CD4+ and CD8+ T cells
are significantly lower than in healthy children, while expression of the apoptotic
molecule Cleaved Caspase-3 is elevated.In animal experiments, CD11a'T cells in the

sepsis group (CLP24h, CLP72h) and Mirin group showed significantly reduced

MREI11A expression (P<0.05), whereas no statistical difference was observed in the



CLP48h group. Western blot analysis revealed that MRE11A expression was

upregulated in CD11a"T cells from the spleen and tissues of the CLP24h group.
Regulation of MRE11 exhibits heterogeneity across different tissue types. In oral

squamous cell carcinoma, MREI11A is significantly downregulated, potentially

promoting carcinogenesis by impairing DNA damage repair capacity®*

. In prostate
cancer, MRE11 and O-GlycNAc accumulate at specific SNP sites, with loss of MRE11
activity leading to a hypermutation phenotype!?®! | suggesting that epigenetic regulation
may promote tissue-specific overexpression of MREI1. Furthermore, truncated
MRET11 is generated by the protease SPRTN, exhibiting impaired nuclease activity and
reduced DNA-binding capacity. The presence of this isoform may lead to detection of
"high expression" by conventional antibodies, despite actual loss of repair
function®®! .In this study, we propose that the reduced expression of MRE11A in the
sepsis and Mirin groups primarily correlates with repair defects associated with energy
stress. The high expression of MRE11A in spleen tissue relates to increased DNA repair
demands and epigenetic regulation. Collectively, these changes reflect the complexity
of MRE11's dynamic regulation under pathological conditions.

The mitochondrial-encoded NADH dehydrogenase 1 gene (MT-ND1) is one of the
genes encoded by mitochondrial DNA (mtDNA) and constitutes a core subunit of
mitochondrial respiratory chain complex [.Mutations or abnormal expression of the
MT-NDI1 gene can lead to mitochondrial dysfunction, which is associated with various
diseases. It holds significant clinical application value in mtDNA testing, particularly
in tumor diagnosis?”! and monitoring of mitochondrial diseases!?®! . Therefore, the MT-
NDI gene was selected as the target gene for this experiment.In this study, elevated
MT-NDI1 expression was observed in the sepsis group (CLP24h, CLP72h) and the
Mirin group (P<0.05), suggesting abnormal release of mtDNA during mitochondrial
function. This may be related to reduced mtDNA repair capacity due to MREITA
deficiency, which in turn leads to mitochondrial dysfunction.Recent studies indicate
that MREI1 binds the MRN complex to nucleosome fragments, dissociating cGAS
from histone acidic fragments. This enables cGAS to bind and be activated by double-

stranded DNA[I'* | In normal mouse tubular cells, MREIl colocalizes with



mitochondria, suggesting its involvement in mtDNA stability
maintenance!'?) MRE11A is critical for mitochondrial respiratory chain function. In
CD4'T cells from rheumatoid arthritis patients, MRE11A deficiency leads to impaired
mitochondrial oxygen consumption, reduced ATP production, and severely
compromised cellular energy metabolism!*®! .Previous studies indicate that MRE11A
functions extend beyond nuclear DNA maintenance, significantly participating in
mitochondrial function regulation. Combining the findings of downregulated MRE11A
expression and elevated MT-ND1 expression, we hypothesize that the downregulation
of MREIIA in sepsis induces mtDNA leakage, potentially associated with
mitochondrial dysfunction.However, this study only assessed mitochondrial DNA
expression levels and lacks further validation of mitochondrial functional changes, such
as mitochondrial membrane potential and reactive oxygen species.

Mitochondrial dysfunction promotes the release of mitochondrial DNA into the

B9 As a cytoplasmic DNA sensor, cGAS recognizes free mtDNA and

cytoplasm
activates the STING pathway, thereby driving type I interferon and pro-inflammatory
cytokine expression®!! MREI1 typically forms a complex with RAD50 (MRE11-
RADS50), which not only participates in DNA damage repair but also directly recognizes
dsDNA and activates the STING signaling pathway®?! .In grass carp viral infections,
the interaction between MRE11 and STING has been clearly demonstrated. MREI11
colocalizes with STING and synergistically activates the expression of interferon and

33 These studies suggest that

antiviral effector molecules through physical binding
MREI11 plays a crucial role in antiviral defense by recognizing cytoplasmic dsDNA and
synergistically activating innate immune signaling pathways with STING.In this study,
cGAS and STING expression significantly increased in the sepsis and Mirin groups
(P<0.05). Notably, the peak cGAS expression in the CLP24h group aligned with the
rising trend of MT-NDI1.STING expression peaked in the CLP48h group (P<0.05),
lagging behind cGAS activation. This discrepancy may stem from two possibilities:
first, insufficient sample size potentially compromised statistical power;Second, it may

relate to the cascade amplification effect of the STING pathway. As a key mediator of

cytoplasmic DNA sensing, STING is activated by cGAMP—a second messenger



synthesized by cGAS—not only within cells containing cytoplasmic DNA but also via

gap junctions in neighboring cells?**

. This mechanism enables STING pathway
activation to amplify immune responses both locally and systemically.Furthermore,
significantly higher STING expression in the Mirin group compared to normal controls
(P<0.05) suggests that MRE11A inhibition may further activate the STING pathway by
exacerbating mtDNA leakage.

Sepsis-induced T cell apoptosis is one of the core mechanisms of immune
suppression. Massive apoptosis of CD4"and CD8'T cells directly impairs adaptive
immune responses®). T cell apoptosis correlates with poor sepsis
prognosis®*®  Activation of the STING pathway can induce apoptosis through multiple
mechanisms. The B-cell lymphoma 2 gene (Bcl-2) is a key gene in apoptosis research.
The Bcl-2-associated X protein (Bax), a Bcl-2 homologous soluble-associated protein,
is an apoptosis-promoting gene within the Bcl-2 gene family .On one hand, mtDNA is
released into the cytoplasm through large pores formed by Bax, activating the
cGAS/STING pathway to trigger inflammation and apoptosis*®! .STING also promotes
the release of inflammatory cytokines such as TNF-a and IL-6 through the NF-xB
pathway activated by B-cell x-light chain enhancement. These factors enhance pro-
apoptotic protein Bax expression via the extrinsic apoptosis pathway, inducing cell
death®*! Conversely, STING interacts with endoplasmic reticulum stress to activate the

Caspase-3 cascade!*’]

. Furthermore, mitochondrial membrane potential collapse
triggers cytochrome C release, amplifying Caspase-dependent apoptosis>®! . This study
selected the apoptotic marker molecules Caspase-3 and Bax for detection. Results
indicated that apoptosis-related molecule Caspase-3 expression was significantly
upregulated in both the sepsis group and the Mirin group, while Bax expression
increased in the sepsis group (both P<0.05). Among these, the CLP24h group exhibited
the highest relative expression levels.The sustained activation of the STING pathway
in T lymphocytes during sepsis, as observed in this study, parallels the dynamic changes
in apoptotic markers, suggesting a crucial role for this pathway in T lymphocyte
apoptosis during sepsis.

Previous studies indicate that within 24 to 48 hours after CLP surgery, septic mice



first exhibit a hyperinflammatory response, gradually transitioning to an
immunosuppressive state. Abnormal T lymphocyte function is observable early on,
such as reduced spleen CD4'T cells and increased Treg proportion detectable within 18
hours post-CLP*! PD-1 expression on T cells is upregulated in the early phase of
sepsis (24 hours) and persists into the late phase; blocking this pathway reverses
immunosuppression.Results from this section indicate that the CLP24h group exhibited
the lowest cytoplasmic MREI11A expression in T cells, while MT-ND1 and c¢GAS
expression reached peak levels. Apoptosis-related factors Caspase-3 and Bax
expression were also highest among the three CLP group time points, with all
differences statistically significant (P<0.05).Multiple studies indicate that in CLP-
induced sepsis models, immunosuppression typically begins 24 hours post-surgery and
peaks between 5-7 days, coinciding with the window for secondary infection.
Integrating prior research with these findings, could MRE11A induce mtDNA leakage
at CLP24h, activating the STING pathway to maximize T cell apoptosis?The timing of
immunosuppression is closely linked to disease progression stages. Could CLP24h-
induced sepsis in mice represent an immunosuppressed state? However, factors like
ligation length, needle gauge, and puncture frequency influence model severity and
reproducibility. Post-CLP bacterial clearance capacity also correlates with Caspase-1

[42]' All these factors can

activity, potentially reflecting individual immune variability
influence the specific time window. We need to further standardize the model, establish
more time points, and detect immunosuppression-related molecules to explore this
hypothesis.

This study combines clinical data with animal experiments to preliminarily
establish the value of MRE11A in sepsis. It is the first to explore the correlation between
low MREI11A expression and T-cell apoptosis and lymphopenia in sepsis, and
preliminarily reveals the mediating role of the mtDNA/cGAS/STING
pathway.Downregulation of T-cell MREI1A expression in septic mice may induce
mtDNA leakage, activate the cGAS/STING pathway, and promote T-lymphocyte

apoptosis. This finding provides a novel molecular mechanism for immune suppression

in sepsis and lays a theoretical foundation for therapeutic strategies targeting the STING



pathway or MREI1A.Although this study preliminarily reveals the potential
mechanism of the MRE11A-STING-apoptosis axis, the following limitations exist: 1.
Small sample size in clinical studies. The animal model also had a small sample size,
with significant intra-group variability in some data sets, potentially leading to
insufficient statistical power; 2. Failure to directly validate MRE11A function at the
cellular level through gene knockout or overexpression experiments;3. Regarding the
selection of dynamic observation time points, although literature suggests that 24 hours
post-modeling may represent a turning point for immune suppression in sepsis, changes
were only observed at 24, 48, and 72 hours, lacking earlier dynamic data; 4. The

upstream mechanism by which sepsis regulates T-cell MRE11A remains unexplained.
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