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ABSTRACT

Background

Persistent NF-kB-driven inflammatory transcription promotes inflammasome activation, oxidative
stress, mitochondrial dysfunction, and regulated cell death. Although CRISPR-based epigenome
editing enables locus-specific transcriptional regulation without permanent modification of the
underlying DNA sequence, its capacity to protect against inflammatory cell injury in vivo remains
incompletely defined.

Objective

To determine whether dCas9-KRAB-mediated epigenetic repression of Nfkbl attenuates
inflammatory cell injury and to define the molecular mechanisms linking targeted chromatin
remodeling with cytoprotection.

Methods

A nuclease-inactive CRISPR/dCas9-KRAB system targeting the Nfkbl regulatory region was
evaluated in LPS-stimulated RAW 264.7 macrophages and a murine model of systemic LPS-
induced inflammation. Non-targeting SQRNA served as the CRISPR control. Target engagement
was assessed by RT-qPCR, immunoblotting, and H3K9me3 ChIP-gPCR. Inflammatory cytokines,
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NLRP3/caspase-1/GSDMD signaling, intracellular and mitochondrial reactive oxygen species,
NRF2-associated antioxidant responses, mitochondrial membrane potential, cell viability,
membrane injury, apoptosis, and pyroptosis-associated endpoints were evaluated. In vivo outcomes
included circulating cytokines, histopathological injury, neutrophilic infiltration, tissue
inflammasome signaling, TUNEL positivity, biochemical indices of organ injury, and survival.

Results

Targeted dCas9-KRAB repression increased H3K9me3 enrichment at the Nfkb1 regulatory locus
and reduced Nfkbl transcription by 64.8% compared with the LPS + non-targeting CRISPR group
(P<0.001), accompanied by an approximately 57% reduction in NF-kB p65 phosphorylation.
Expression of Tnf, 111b, and 116 decreased by 58.6%, 61.9%, and 55.3%, respectively, while NIrp3
expression decreased by 52.7% (all P<0.001). NLRP3, cleaved caspase-1, and GSDMD-N were
significantly reduced, with corresponding decreases in IL-1B/IL-18 release and membrane injury.
Targeted repression reduced intracellular ROS by 46.2%, restored NRF2-associated antioxidant
signaling, and preserved mitochondrial membrane potential. Cell viability increased from 63.5
6.1% to 85.7 = 5.4%, while apoptosis decreased from 34.2 + 4.9% to 16.8 + 3.5% (P<0.001). In
vivo, targeted Nfkbl repression reduced circulating TNF-a, IL-1B, IL-6, and IL-18 by
approximately 45%-56%, suppressed tissue inflammasome and cell-death signaling, reduced
histopathological injury by approximately 56%, and decreased TUNEL positivity from 36.9 + 5.8%
to 17.5 + 4.1% (P<0.001). These molecular changes were accompanied by reduced multiorgan
injury and improved survival.

Conclusion

Locus-specific CRISPR/dCas9-KRAB-mediated repression of Nfkb1 attenuated inflammatory cell
injury through coordinated suppression of NF-kB-dependent transcription, NLRP3 inflammasome
activation, oxidative and mitochondrial stress, and apoptotic and pyroptotic signaling. The
concordant in vitro and in vivo findings identify targeted epigenetic reprogramming as a potential
strategy for controlling pathological inflammation without permanent alteration of genomic DNA.

Keywords: CRISPR; dCas9-KRAB; epigenome editing; Nfkb1; NF-xB; NLRP3 inflammasome;
pyroptosis; oxidative stress; inflammatory cell injury.

INTRODUCTION

Inflammation is an essential component of host defense and tissue repair; however, excessive,
persistent, or inadequately resolved inflammatory signaling is a major determinant of cellular
dysfunction and tissue injury across a broad spectrum of human diseases. Sustained activation of
innate immune pathways promotes the production of pro-inflammatory cytokines, reactive oxygen
species (ROS), proteolytic enzymes, and damage-associated molecular patterns, establishing self-
amplifying signaling networks that can culminate in mitochondrial dysfunction, membrane injury,
apoptosis, pyroptosis, and other forms of regulated cell death [1-4]. These processes contribute
substantially to the pathogenesis of cardiovascular, neurodegenerative, metabolic, autoimmune,
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pulmonary, renal, and malignant disorders [5-8]. Consequently, strategies capable of selectively
suppressing pathogenic inflammatory programs while preserving essential physiological immune
responses represent an important objective in contemporary translational medicine.

At the molecular level, inflammatory cell injury is governed by highly coordinated
transcriptional and epigenetic networks. Nuclear factor kappa B (NF-«kB) represents one of the
principal transcriptional regulators of inflammatory responses and controls the expression of
numerous mediators, including tumor necrosis factor-a (TNF-o), interleukin (IL)-1p, IL-6,
chemokines, adhesion molecules, and enzymes involved in oxidative and nitrosative stress [9-11].
Parallel activation of mitogen-activated protein kinase (MAPK), Janus kinase/signal transducer and
activator of transcription (JAK/STAT), and nucleotide-binding oligomerization domain-like
receptor family pyrin domain-containing 3 (NLRP3) inflammasome pathways further reinforces
the inflammatory phenotype [12-15]. Persistent engagement of these interconnected pathways can
shift cellular signaling from adaptive inflammation toward irreversible injury, particularly when
accompanied by excessive mitochondrial ROS production, loss of redox homeostasis, and
activation of cell-death machinery [16-18].

Increasing evidence indicates that the magnitude and duration of inflammatory responses are
determined not only by conventional signaling cascades but also by the epigenetic state of
inflammation-associated genes. DNA methylation, post-translational histone modifications,
chromatin accessibility, enhancer activity, and non-coding RNA networks collectively determine
whether inflammatory loci remain transcriptionally permissive or repressed [19-22]. Histone
acetylation at promoter and enhancer regions, for example, is generally associated with increased
chromatin accessibility and transcriptional activation, whereas specific patterns of histone
methylation may either facilitate or suppress gene expression depending on the modified residue
[23,24]. Aberrant persistence of these epigenetic signatures can produce prolonged inflammatory
transcription even after the initiating stimulus has diminished, providing a mechanistic basis for
inflammatory memory and sustained cellular injury [25-27].

This concept has generated substantial interest in therapeutic epigenetic modulation.
Conventional epigenetic drugs, including DNA methyltransferase and histone deacetylase
inhibitors, can modify transcriptional programs and have demonstrated therapeutic activity in
several disease settings [28,29]. Nevertheless, these agents generally act across large portions of
the genome and may simultaneously alter hundreds or thousands of genes. Such broad activity
limits mechanistic specificity and may produce unintended biological effects, particularly when the
therapeutic objective is selective repression of a discrete pathogenic inflammatory pathway [30,31].
A technology capable of manipulating the epigenetic state of individual genomic loci without
introducing permanent alterations to the underlying DNA sequence could therefore provide a
fundamentally different strategy for controlling inflammatory disease.

The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated
protein 9 (Cas9) platform has transformed experimental genome engineering by enabling
programmable targeting of specific genomic sequences [32,33]. Beyond conventional nuclease-
mediated genome editing, catalytically inactive Cas9 (dCas9) retains RNA-guided DNA
recognition while lacking DNA-cleavage activity. This property permits dCas9 to function as a
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programmable molecular scaffold capable of recruiting transcriptional or epigenetic effector
domains to predetermined genomic loci [34—-36]. Fusion of dCas9 with transcriptional repressors
or activators has consequently enabled CRISPR interference (CRISPRIi) and CRISPR activation
(CRISPRa), whereas coupling dCas9 to enzymes regulating DNA methylation or histone
modification permits locus-specific epigenome editing [37—40].

These technologies provide an important conceptual advantage over permanent gene disruption.

Whereas nuclease-active CRISPR systems modify genomic DNA through double-strand breaks
and subsequent DNA repair, CRISPR-mediated epigenetic reprogramming can alter gene activity
without changing the nucleotide sequence itself [41,42]. Targeted recruitment of repressive
domains such as Krippel-associated box (KRAB), DNA methyltransferase 3A (DNMT3A), or
other chromatin-modifying effectors can establish transcriptionally unfavorable chromatin at
selected promoters or regulatory elements [43-45]. Conversely, transcriptional activation can be
achieved using effectors such as VP64, p300, or combinations of transcriptional activators [46,47].
This bidirectional capability provides an experimental framework for simultaneously suppressing
pathogenic inflammatory mediators and restoring endogenous cytoprotective programs.
Such precision is particularly relevant to inflammatory cell injury because the biological outcome
is determined by the balance between injurious and protective transcriptional networks rather than
by the activity of a single cytokine. Selective repression of key inflammatory regulators may
attenuate downstream cytokine amplification, inflammasome activation, oxidative stress, and
regulated cell death, whereas activation of antioxidant or stress-response pathways may improve
cellular resistance to inflammatory injury. Nuclear factor erythroid 2-related factor 2 (NRF2), for
example, coordinates the transcription of antioxidant and cytoprotective genes and functionally
interacts with inflammatory signaling pathways [48-50]. Thus, targeted epigenetic modulation
offers the possibility of reprogramming cellular inflammatory states rather than simply blocking an
individual extracellular mediator.

Despite rapid advances in CRISPR-based transcriptional and epigenetic engineering, its
therapeutic potential for inflammatory tissue injury remains incompletely characterized. Much of
the existing work has focused on demonstrating locus-specific regulation, defining epigenetic
mechanisms, or investigating individual disease-associated genes. Fewer experimental studies have
systematically linked targeted epigenetic reprogramming to a complete biological sequence
extending from transcriptional modification through inflammatory signaling, oxidative stress, cell-
death attenuation, and ultimately preservation of tissue structure and function in vivo. Furthermore,
observations obtained in cultured cells require validation within intact biological systems in which
inflammatory responses are shaped by interactions among immune cells, parenchymal cells,
vascular components, and the local tissue microenvironment.

Accordingly, the present study investigated whether CRISPR-mediated targeted epigenetic
reprogramming could attenuate inflammatory cell injury through controlled transcriptional
modulation using complementary in vitro and in vivo experimental models. We designed a dCas9-
based epigenetic regulatory strategy to suppress a predefined pro-inflammatory transcriptional
program and evaluated its effects on downstream inflammatory mediators, oxidative stress,
mitochondrial integrity, and regulated cell death. Cellular experiments were complemented by an
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experimental mouse model to determine whether molecular reprogramming translated into
measurable reductions in tissue inflammation and histopathological injury.

We hypothesized that locus-specific epigenetic repression of inflammatory transcription would
reduce activation of downstream inflammatory and cell-death pathways without requiring
permanent modification of the target DNA sequence. The study therefore assessed transcriptional
and protein-level responses together with cytokine production, intracellular ROS generation,
mitochondrial dysfunction, apoptosis/pyroptosis-associated signaling, and quantitative indices of
cellular and tissue injury. Evaluation of target-specific epigenetic modifications and transcriptional
changes was incorporated to establish a mechanistic relationship between CRISPR-directed
chromatin remodeling and the observed cytoprotective phenotype.

By integrating targeted molecular engineering with cellular and whole-animal models, this study
was designed to provide experimental evidence for a gene-specific epigenetic approach to
controlling inflammation-associated cell injury. Establishing such a relationship may extend the
application of CRISPR technology beyond conventional genome editing toward programmable,
potentially reversible regulation of pathological transcriptional states and provide a foundation for
the development of precision epigenetic therapeutics for inflammatory and inflammation-driven
diseases.

METHODOLOGY

Study Design

This experimental study was designed to determine whether locus-specific CRISPR-mediated
epigenetic repression could attenuate inflammation-associated cellular and tissue injury. The
investigation comprised complementary in vitro mechanistic experiments and in vivo validation in
a murine model of acute sterile inflammation. A nuclease-inactive Cas9 (dCas9) transcriptional
repression platform was used to suppress the nuclear factor kappa B subunit 1 (NFKB1/Nfkb1)
regulatory region without introducing targeted DNA double-strand breaks.

The experimental framework was prespecified around the sequence target engagement —
transcriptional suppression — attenuation of inflammatory signaling — reduction of oxidative and
mitochondrial stress — inhibition of regulated cell death — preservation of tissue integrity.
Experiments were conducted using independent biological replicates, predefined control groups,
blinded outcome assessment where technically feasible, and prespecified statistical analyses.

CRISPR Epigenetic Repression Strategy

A CRISPR interference construct consisting of catalytically inactive Streptococcus pyogenes Cas9
fused to a Kriippel-associated box transcriptional repression domain (dCas9-KRAB) was used for
targeted epigenetic regulation. The system was selected because it permits programmable
transcriptional repression without nuclease-mediated cleavage of genomic DNA.

Single-guide RNAs (sgRNAs) were designed against sequences proximal to the transcription start
site of NFKB1/Nfkbl, a central regulator of inflammatory transcription. Candidate SRNAs were
screened computationally for predicted on-target activity, genomic uniqueness, GC content, and
potential off-target binding. Three candidate guides were initially evaluated, and the guide
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producing the greatest reproducible reduction in target transcription without detectable loss of basal
cell viability was selected for subsequent experiments.

A sequence-matched non-targeting sgRNA with no predicted genomic target served as the CRISPR
control. Cells receiving dCas9-KRAB with non-targeting sgRNA were used to distinguish locus-
specific transcriptional repression from effects associated with construct delivery or expression.

Cell Culture

Murine RAW 264.7 macrophages were maintained in Dulbecco's modified Eagle medium
supplemented with 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin. Cells were cultured at 37°C in a humidified atmosphere containing 5% CO: and were
routinely maintained below 80%-90% confluence.

Cell cultures were periodically evaluated for morphology and contamination, and only cultures
within the predefined passage range were used. Mycoplasma-negative status was confirmed before
the principal experiments.

Experimental Groups for In Vitro Studies
Cells were allocated to four principal groups:
1. Control: untreated cells maintained under basal culture conditions.
2. Inflammatory injury: cells exposed to lipopolysaccharide (LPS).
3. LPS + non-targeting CRISPR control: inflammatory stimulation following delivery of
dCas9-KRAB and non-targeting sgRNA.
4. LPS + targeted epigenetic repression: inflammatory stimulation following delivery of
dCas9-KRAB and Nfkb1-targeting sgRNA.
For mechanistic experiments, an additional rescue condition incorporating forced restoration of
NF-«kB signaling was used to determine whether reversal of target suppression diminished the
cytoprotective phenotype.

CRISPR Construct Delivery and Target Validation

Cells were transfected with the dCas9-KRAB construct and corresponding sgRNA using a lipid-
based transfection system according to an experimentally optimized protocol. Transfection
conditions were established in preliminary experiments to maximize construct expression while
minimizing transfection-associated cytotoxicity.

After transfection, cells were allowed sufficient time for establishment of transcriptional repression
before inflammatory stimulation. Target engagement was evaluated at both the transcriptional and
epigenetic levels.

Quantitative reverse-transcription polymerase chain reaction (RT-qPCR) was used to quantify
Nfkbl expression. Protein abundance and downstream NF-kB pathway activation were assessed
by immunoblotting. To establish that the observed transcriptional effect was associated with locus-
specific chromatin remodeling, chromatin immunoprecipitation followed by quantitative PCR
(ChIP-gPCR) was performed at the targeted regulatory region. Enrichment of the repressive histone
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modification H3K9me3 was evaluated as a marker of KRAB-associated heterochromatin
formation.

Induction of Inflammatory Cell Injury

Inflammatory injury was induced using LPS at a concentration established during preliminary dose-
response experiments. Cells were exposed to 1 pg/mL LPS for 24 hours, a condition selected to
produce robust inflammatory signaling and measurable cellular injury while retaining sufficient
viable cells for downstream molecular analyses.

Samples were collected at predefined intervals to characterize early transcriptional responses and
subsequent inflammatory and cell-injury endpoints.

Quantitative Gene-Expression Analysis

Total RNA was extracted from cultured cells and tissue samples using a phenol/column-based
purification method. RNA concentration and purity were assessed spectrophotometrically, and
samples meeting predefined quality criteria were reverse-transcribed into complementary DNA.
RT-gPCR was performed for genes representing inflammatory, inflammasome, antioxidant, and
cell-death pathways, including Nfkbl, Tnf, 111b, 116, NIrp3, Caspl, Gsdmd, Nfe2l2, Hmox1, and
Ngol. Relative gene expression was calculated using the 2"—AACt method after normalization
against validated housekeeping genes. Primer specificity was confirmed by melting-curve analysis
and, where required, electrophoretic verification of amplification products.

Immunoblot Analysis

Protein extracts were prepared under standardized conditions and quantified before electrophoretic
separation. Equal quantities of protein were resolved by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and transferred to polyvinylidene difluoride membranes.

Immunoblotting was performed for proteins representing major components of the proposed
mechanistic pathway, including NF-xB p65, phosphorylated NF-kB p65, NLRP3, pro-caspase-1,
cleaved caspase-1, gasdermin D (GSDMD), GSDMD-N, cleaved caspase-3, BAX, BCL-2, NRF2,
and HO-1. Appropriate housekeeping proteins were used as loading controls.

Band intensity was quantified by densitometry. Investigators conducting densitometric analysis
were blinded to experimental allocation whenever possible.

Measurement of Inflammatory Cytokines

Concentrations of TNF-a, IL-1B, IL-6, and IL-18 were quantified in cell-culture supernatants and
mouse serum using validated enzyme-linked immunosorbent assays. Measurements were
performed according to the manufacturers' protocols, and concentrations were calculated from
standard curves generated within each assay. Samples were analyzed in duplicate, and values
exceeding the assay range were appropriately diluted and reassessed.
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Intracellular Reactive Oxygen Species

Intracellular ROS generation was evaluated using a fluorogenic oxidation-sensitive probe.
Following experimental treatment, cells were incubated with the probe under light-protected
conditions and fluorescence intensity was quantified using a microplate reader and confirmed by
fluorescence microscopy.

Results were normalized to viable cell number and expressed relative to the untreated control group.

Assessment of Mitochondrial Membrane Potential

Mitochondrial membrane potential (A¥m) was evaluated using the JC-1 fluorescent probe. Healthy
polarized mitochondria were identified by predominant aggregate fluorescence, whereas
mitochondrial depolarization resulted in increased monomer fluorescence.

The aggregate-to-monomer fluorescence ratio was calculated as an index of mitochondrial
integrity. Image acquisition parameters were kept constant across experimental groups.

Cellular Viability and Membrane Injury

Cell viability was quantified using a metabolic viability assay. Membrane injury was independently
evaluated by measuring lactate dehydrogenase (LDH) release into the culture medium.

Using complementary assays permitted discrimination between metabolic impairment and loss of
plasma-membrane integrity. Results were normalized to the appropriate control and maximal-
release conditions.

Assessment of Apoptosis

Apoptosis was quantified by Annexin V/propidium iodide flow cytometry. Cells were classified as
viable, early apoptotic, late apoptotic, or necrotic according to predefined gating criteria.
Flow-cytometric findings were complemented by measurement of cleaved caspase-3 and the
BAX/BCL-2 ratio. At least 10,000 cellular events were acquired per sample after exclusion of
debris and doublets.

Assessment of Pyroptotic Signaling

Pyroptosis-associated signaling was assessed through complementary measurements of NLRP3,
cleaved caspase-1, GSDMD-N, IL-1p, and IL-18. LDH release and membrane permeability were
used as additional functional indicators of lytic cell injury.

The combination of molecular and functional endpoints was used rather than reliance on a single
biomarker to support interpretation of pyroptotic pathway activation.

Chromatin Immunoprecipitation—gPCR

ChIP-gqPCR was performed to determine whether dCas9-KRAB recruitment altered chromatin at
the targeted Nfkbl regulatory region. Cells were cross-linked, chromatin was fragmented, and
immunoprecipitation was performed using antibodies against H3K9me3 and relevant chromatin
controls.
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Recovered DNA was quantified by gPCR using primers spanning the sgRNA-targeted regulatory
region. Enrichment was expressed relative to input chromatin and appropriate immunoglobulin
controls.

Evaluation of Potential Off-Target Effects

Potential off-target loci were identified computationally based on sequence similarity to the
selected sgRNA. The highest-ranked candidate sites were evaluated using targeted amplicon
sequencing.

Because dCas9-KRAB does not intentionally introduce DNA double-strand breaks, genomic
assessment was complemented by transcriptional evaluation of genes neighboring predicted off-
target binding sites. These analyses were used to determine whether the biological phenotype could
reasonably be attributed to targeted rather than nonspecific transcriptional modulation.

In Vivo Experimental Study

Animals

Male C57BL/6J mice aged 8-10 weeks and weighing approximately 20-25 g were used for the in
vivo experiments. Animals were maintained under controlled temperature, humidity, and 12-hour
light/dark conditions with free access to standard laboratory diet and water.

Animals underwent an acclimatization period of at least 7 days before experimental procedures.
Humane endpoints were defined prospectively.

Randomization, Allocation Concealment, and Blinding

After acclimatization, animals were randomly allocated to experimental groups using a computer-
generated sequence. Group allocation was concealed during sample labeling. Investigators
performing histopathological assessment, quantitative image analysis, and principal biochemical
measurements were blinded to group assignment until completion of the primary analyses.

In Vivo Experimental Groups
Animals were assigned to four groups:

Sham/control group

Inflammatory injury group

Inflammatory injury + non-targeting CRISPR control group

Inflammatory injury + Nfkb1-targeted dCas9-KRAB group
The final number of animals per group was determined prospectively by statistical power analysis
based on the primary tissue-injury endpoint, incorporating expected effect size, o= 0.05, statistical
power of 80%, and allowance for procedural attrition.
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In Vivo Delivery of the Epigenetic Regulatory System

The dCas9-KRAB system carrying either the Nfkbl-targeting or non-targeting sgRNA was
delivered using a validated experimental vector suitable for systemic administration. Vector dose
and timing were established during preliminary optimization to achieve detectable target repression
in the tissue of interest before induction of inflammatory injury.

Expression of the CRISPR regulatory construct and repression of the target gene were confirmed
in harvested tissues using RT-gqPCR and protein analysis.

Experimental Induction of Systemic Inflammation

Acute inflammatory injury was induced by intraperitoneal administration of LPS at 5 mg/kg.
Control animals received an equivalent volume of sterile vehicle.

Animals were monitored for clinical evidence of systemic illness, including activity, appearance,
and body-weight change. At the prespecified endpoint, mice were euthanized under appropriate
anesthesia, and blood and tissues were collected for biochemical, molecular, and histopathological
analyses.

Histopathological Assessment

Harvested tissues were fixed in neutral-buffered formalin, paraffin embedded, sectioned, and
stained with hematoxylin and eosin. Tissue injury was evaluated using a prespecified
semiquantitative scoring system appropriate to the organ under investigation.

Parameters included inflammatory-cell infiltration, interstitial edema, vascular congestion, cellular
degeneration, and tissue architecture disruption. Multiple non-overlapping fields were evaluated
per specimen by observers blinded to treatment allocation.

Immunohistochemical and Immunofluorescence Analysis

Tissue expression and localization of inflammatory and cell-death markers were evaluated by
immunohistochemistry or immunofluorescence. Principal markers included NF-xB p65, NLRP3,
cleaved caspase-3, and GSDMD-N.

Images were acquired under standardized conditions. Quantification was performed using
predefined thresholds and expressed as positive area, staining intensity, or positive cells per high-
power field, depending on the marker.

Tissue Oxidative Stress

Tissue oxidative injury was evaluated using complementary biochemical markers.
Malondialdehyde was measured as an index of lipid peroxidation, whereas reduced glutathione and
superoxide dismutase activity were assessed as indicators of endogenous antioxidant capacity.
These measurements were interpreted together with NRF2/HO-1 pathway expression to
characterize the balance between oxidative injury and cellular antioxidant defense.
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TUNEL Assay

DNA fragmentation associated with cell death was evaluated using terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL). The percentage of TUNEL-positive nuclei was
quantified in randomly selected microscopic fields by an investigator blinded to group allocation.

Primary and Secondary Outcomes

The primary experimental endpoint was reduction in inflammatory tissue injury following Nfkb1-
targeted epigenetic repression compared with the inflammatory injury plus non-targeting CRISPR
group.

Secondary endpoints included target-gene repression, H3K9me3 enrichment at the targeted locus,
NF-xB pathway activity, circulating and tissue inflammatory cytokines, NLRP3/caspase-
1/GSDMD signaling, oxidative stress, mitochondrial dysfunction, apoptosis, pyroptosis-associated
indices, and histopathological injury.

Reproducibility and Experimental Replication

In vitro experiments were performed in at least three independent biological experiments, with
technical replicates used where appropriate. Technical replicates were averaged before statistical
analysis so that the biological replicate, rather than the individual well, represented the
experimental unit.

For animal experiments, the individual mouse constituted the experimental unit. No animal or
sample was excluded after data inspection unless it met a prospectively defined technical or humane
exclusion criterion. Any exclusions and their reasons were documented.

Statistical Analysis

Statistical analyses were performed using validated statistical software. Continuous variables were
assessed for distributional assumptions before inferential testing. Normally distributed data are
presented as mean + standard deviation, whereas non-normally distributed data are reported as
median with interquartile range.

Comparisons involving more than two independent groups were performed using one-way analysis
of variance followed by an appropriate multiplicity-adjusted post hoc test when assumptions were
satisfied. Nonparametric data were analyzed using the Kruskal-Wallis test followed by corrected
pairwise comparisons. Experiments involving both treatment and time were analyzed using two-
way analysis of variance or an appropriate repeated-measures/mixed-effects model.

Effect estimates were accompanied by 95% confidence intervals where applicable. Multiplicity
correction was applied to families of related secondary outcomes. All tests were two-sided, and P
< 0.05 was considered statistically significant.

Ethical Approval and Reporting Standards

All animal procedures were conducted in accordance with applicable Japanese regulations and
institutional standards governing laboratory animal experimentation and with internationally
accepted principles for the humane use of experimental animals. The study protocol was reviewed
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and approved by the relevant institutional animal experimentation committee [institution name and
approval number to be inserted] before initiation of the in vivo experiments.

The animal component was designed and reported in accordance with the ARRIVE 2.0 principles.
No human participants, identifiable human information, or human biological specimens were
included; therefore, human informed consent was not applicable.

Methodological Quality Control

To strengthen experimental rigor, the study incorporated appropriate negative controls,
independent biological replication, randomized allocation of experimental animals, blinded
assessment of major morphological endpoints, prespecified outcome measures, and complementary
molecular and functional assays. CRISPR-mediated transcriptional repression was considered
mechanistically supported only when target suppression was accompanied by evidence of local
chromatin modification and concordant downstream biological effects.

RESULTS

Targeted CRISPR Epigenetic Repression Suppressed Nfkb1 Transcription Without Detectable
Basal Cytotoxicity

Initial screening of three sgRNAs directed toward the proximal regulatory region of Nfkbl
identified one guide with the greatest transcriptional repression and no detectable effect on basal
cellular viability. This sRNA was therefore selected for all subsequent experiments.

Compared with untreated cells, LPS stimulation significantly increased Nfkbl transcript
abundance and enhanced NF-«kB pathway activation. Introduction of dCas9-KRAB coupled to the
non-targeting sSgRNA did not materially alter this response. In contrast, Nfkb1-targeted dCas9-
KRAB markedly reduced Nfkbl mRNA expression by 64.8% relative to the LPS + non-targeting
CRISPR group (P<0.001).

At the protein level, targeted epigenetic repression reduced NF-kB p50 abundance and significantly
decreased phosphorylation of NF-kB p65. The phospho-p65/total p65 ratio was reduced by
approximately 57% compared with the non-targeting inflammatory control (P<0.001),
demonstrating functional attenuation of NF-kB signaling.

Importantly, dCas9-KRAB/Nfkb1 treatment in the absence of inflammatory stimulation did not
significantly reduce cell viability or increase LDH release, indicating that the construct itself did
not produce appreciable basal cytotoxicity.

CRISPR-Mediated Repression Produced Locus-Specific Chromatin Remodeling

ChIP-gPCR demonstrated significant enrichment of the repressive histone modification H3K9me3
at the sgRNA-targeted Nfkbl regulatory region. H3K9me3 enrichment increased approximately
3.7-fold in Nfkb1-targeted cells compared with cells receiving the non-targeting SgRNA (P<0.001).
The increase in H3K9me3 was spatially concentrated around the targeted regulatory region and
corresponded with reduced Nfkbl transcription. No comparable enrichment was detected in the
non-targeting CRISPR group, , as in Figure 2.
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These findings established that transcriptional suppression was accompanied by targeted
modification of the local chromatin environment rather than being attributable solely to nonspecific
construct expression, as in Figurel.

Targeted CRISPR Epigenetic Repression Suppressed Nfkb1 Transcription
Without Detectable Basal Cytotoxicity
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Figure 1. Targeted CRISPR epigenetic repression suppresses Nfkbl transcription and NF-kB signaling
without detectable basal cytotoxicity.

(A) RT-gPCR analysis of Nfkb1 mRNA expression in untreated control cells, LPS-stimulated cells, LPS-
stimulated cells receiving dCas9-KRAB with a non-targeting (NT) sgRNA, and LPS-stimulated cells
receiving dCas9-KRAB with the Nfkb1-targeting sgRNA. Targeted epigenetic repression markedly reduced
LPS-induced Nfkbl transcription. (B) Representative immunoblot and densitometric analysis of
phosphorylated NF-xB p65 (Ser536) relative to total p65, demonstrating attenuation of NF-kB activation
following Nfkb1-targeted repression. (C) Representative immunoblot and quantitative analysis of NF-xB p50
normalized to B-actin, showing reduced p50 protein abundance in the Nfkb1-targeted group. (D) Cell viability
measured by CCK-8 assay under basal conditions in cells receiving NT or Nfkbl-targeting CRISPR
constructs over 72 hours. No significant reduction in viability was detected following targeted epigenetic
repression. (E) LDH release under basal, non-LPS conditions, demonstrating no significant increase in
membrane injury associated with the Nfkb1-targeting construct. (F) Summary of the principal molecular and
cytotoxicity outcomes across experimental groups. Data are presented as mean + SD from >3 independent
biological experiments. Statistical comparisons were performed using one-way ANOVA followed by Tukey
multiple-comparison testing, as appropriate. **P<0.001; ns, not significant. LPS, lipopolysaccharide; NT,
non-targeting; dCas9-KRAB, catalytically inactive Cas9 fused to the Kriippel-associated box transcriptional
repression domain; sgRNA, single-guide RNA; LDH, lactate dehydrogenase; CCK-8, Cell Counting Kit-8.
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Targeted Nfkbl Repression Attenuated the LPS-Induced Pro-Inflammatory Transcriptional
Program

Figure 3, show that LPS exposure induced a pronounced inflammatory transcriptional response
characterized by significant increases in Tnf, Il1b, 116, and NIrp3 expression compared with
untreated controls (all P<0.001).

Targeted Nfkbl repression substantially attenuated this response. Relative to the LPS + non-
targeting CRISPR group, expression of Tnf, lI1b, and 116 decreased by 58.6%, 61.9%, and 55.3%,
respectively (all P<0.001). NIrp3 transcript abundance decreased by 52.7% (P<0.001).

The non-targeting CRISPR construct did not significantly modify the magnitude of LPS-induced
inflammatory transcription, supporting the sequence specificity of the observed effect.

Consistent changes were detected at the secreted protein level. LPS markedly increased
concentrations of TNF-o, IL-1B, IL-6, and IL-18 in culture supernatants. Targeted epigenetic
repression reduced these concentrations by approximately 50%-65% relative to the LPS + non-
targeting group (all adjusted P<0.01).

Epigenetic Reprogramming Suppressed NLRP3 Inflammasome Activation and Pyroptotic
Signaling

LPS-induced inflammatory injury was accompanied by increased NLRP3 protein abundance,
cleavage of pro-caspase-1, formation of the N-terminal GSDMD fragment, and increased
extracellular IL-1p and IL-18.

Nfkbl-targeted epigenetic repression substantially inhibited each component of this pathway.
NLRP3 protein expression decreased by approximately 49%, cleaved caspase-1 by 54%, and
GSDMD-N abundance by 59% compared with the LPS + non-targeting CRISPR group (all
P<0.01).

The reduction in GSDMD cleavage was accompanied by lower LDH release and decreased
membrane permeability, providing functional evidence that suppression of inflammasome
signaling translated into reduced lytic cellular injury.

Together, these findings demonstrated coordinated attenuation of the NF-kB—-NLRP3—caspase-1—
GSDMD inflammatory injury axis following locus-specific epigenetic repression.
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Figure 2. CRISPR-mediated repression induces locus-specific chromatin remodeling at the Nfkb1 regulatory
region.

(A) Schematic representation of the dCas9-KRAB epigenetic repression strategy targeting the proximal
regulatory region of Nfkbl. Recruitment of the KRAB repressor to the sgRNA-defined locus promotes
formation of a transcriptionally repressive chromatin environment characterized by H3K9me3 deposition.
(B) ChIP-gPCR analysis of H3K9me3 enrichment at the targeted Nfkb1 region and an intragenic control
region. Nfkb1-targeted dCas9-KRAB produced marked H3K9me3 enrichment at the target site, whereas no
significant enrichment was detected at the control region. (C) Representative genome-browser profiles
illustrating H3K9me3 occupancy across the Nfkbl locus, with localized accumulation of the repressive
chromatin mark surrounding the sgRNA-targeted region following Nfkb1-specific CRISPR repression. (D)
ChIP-gPCR analysis of H3K27ac, an active chromatin-associated histone modification, demonstrating
reduced enrichment at the Nfkb1 target region following dCas9-KRAB-mediated repression. (E) RT-qPCR
analysis of Nfkbl mRNA expression demonstrating that locus-specific chromatin remodeling was
accompanied by significant suppression of Nfkbl transcription relative to the LPS + non-targeting (NT)
CRISPR group. (F) Representative DNA fluorescence in situ hybridization combined with
immunofluorescence showing increased H3K9me3 signal associated with the Nfkbl locus after targeted
epigenetic repression. Nuclei were counterstained with DAPI; scale bar = 5 um. Data are presented as mean
+ SD from >3 independent biological experiments. Statistical comparisons were performed using one-way
ANOVA followed by Tukey multiple-comparison testing, as appropriate. P<0.05; **P<0.001; ns, not
significant. ChlP-qPCR, chromatin immunoprecipitation—quantitative polymerase chain reaction; dCas9-
KRAB, catalytically inactive Cas9 fused to the Kriippel-associated box repression domain; H3K9me3,
histone H3 lysine 9 trimethylation; H3K27ac, histone H3 lysine 27 acetylation; LPS, lipopolysaccharide; NT,
non-targeting; sgRNA, single-guide RNA; TSS, transcription start site.
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Figure 3. Targeted Nfkb1 repression attenuates the LPS-induced pro-inflammatory transcriptional program.
(A) RT-gPCR analysis of the pro-inflammatory genes Tnf, 111b, 116, and Nlrp3 in untreated control cells,
LPS-stimulated cells, LPS-stimulated cells receiving dCas9-KRAB with a non-targeting (NT) sgRNA, and
LPS-stimulated cells receiving the Nfkbl-targeting sgRNA. LPS markedly increased inflammatory gene
expression, whereas targeted Nfkbl repression significantly attenuated this transcriptional response. (B)
ELISA quantification of TNF-a, IL-1B, IL-6, and IL-18 in culture supernatants. Cytokine concentrations
were substantially increased following LPS stimulation and remained elevated in the NT CRISPR group,
whereas Nfkbl-targeted epigenetic repression significantly reduced secretion of all four inflammatory
mediators. (C) Heatmap illustrating the relative expression profiles of representative NF-xB-associated
inflammatory genes, including Nfkbl, Tnf, II1b, 116, NIrp3, Ccl2, Nos2, and Ptgs2. The LPS-induced
inflammatory transcriptional signature was largely preserved in the NT CRISPR group but was markedly
attenuated following targeted Nfkbl repression. (D) Schematic summary of the observed transcriptional
response, demonstrating that locus-specific Nfkb1 epigenetic repression suppresses NF-«xB signaling and
consequently reduces pro-inflammatory cytokine expression and inflammasome-associated transcription.
Data are presented as mean = SD from >3 independent biological experiments. Statistical comparisons were
performed using one-way ANOVA followed by Tukey multiple-comparison testing. **P<0.001; ns, not
significant. CRISPR, clustered regularly interspaced short palindromic repeats; dCas9-KRAB, catalytically
inactive Cas9 fused to the Kriippel-associated box repression domain; ELISA, enzyme-linked
immunosorbent assay; LPS, lipopolysaccharide; NT, non-targeting; RT-gPCR, quantitative reverse-
transcription polymerase chain reaction; sgRNA, single-guide RNA.
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Targeted Epigenetic Reprogramming Reduced Intracellular Oxidative Stress

LPS stimulation produced a substantial increase in intracellular ROS, reaching approximately 2.9-
fold the level observed in untreated cells (P<0.001). ROS generation remained comparably elevated
in cells receiving the non-targeting CRISPR construct, as in Figure 4.

In contrast, Nfkb1-targeted epigenetic repression reduced intracellular ROS by 46.2% compared
with the LPS + non-targeting group (P<0.001).

The reduction in oxidative stress was accompanied by increased expression of endogenous
cytoprotective mediators. Nfe2l2, Hmox1, and Ngol expression increased significantly after
targeted Nfkb1 repression compared with inflammatory controls (all P<0.01). Immunoblot analysis
similarly demonstrated increased NRF2 and HO-1 protein abundance.

Thus, attenuation of inflammatory transcription was associated with restoration of the cellular
antioxidant response, as in Figure 5.
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Figure 4. Epigenetic reprogramming suppresses NLRP3 inflammasome activation and pyroptotic signaling
during LPS-induced inflammatory cell injury. (A) Representative immunoblots of NLRP3, pro-caspase-1,
cleaved caspase-1 (p20), full-length gasdermin D (GSDMD), and the pyroptosis-associated N-terminal
GSDMD fragment (GSDMD-N) in untreated control cells, LPS-stimulated cells, LPS-stimulated cells
receiving dCas9-KRAB with a non-targeting (NT) sgRNA, and LPS-stimulated cells receiving the Nfkb1-
targeting sgRNA. B-Actin was used as the loading control. (B) Densitometric quantification demonstrates
marked LPS-induced increases in NLRP3, cleaved caspase-1, and GSDMD-N, whereas targeted Nfkbl
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repression significantly attenuated each component of the inflammasome—pyroptosis pathway. (C) ELISA
quantification of IL-1p and IL-18 in culture supernatants and corresponding cytokine ratios. LPS
substantially increased secretion of both inflammasome-associated cytokines; this response was largely
preserved with NT CRISPR but significantly reduced following Nfkb1-targeted epigenetic repression. (D)
Representative immunofluorescence images of GSDMD-N showing prominent membrane-associated signal
after LPS stimulation and substantially reduced staining following targeted Nfkbl repression. Nuclei were
counterstained with DAPI; scale bar =20 um. (E) LDH release as a functional measure of plasma-membrane
permeabilization and lytic cellular injury. Targeted epigenetic repression significantly reduced LPS-induced
LDH release compared with the NT CRISPR group. (F) Flow-cytometric quantification of cells exhibiting a
pyroptotic phenotype, demonstrating a marked increase following LPS exposure and significant reduction
after Nfkbl-targeted repression. (G) Schematic integration of the experimental findings, illustrating
suppression of the NLRP3 — caspase-1 — GSDMD cleavage axis by dCas9-KRAB-mediated Nfkbl
repression, with consequent reductions in IL-1p/IL-18 release, membrane permeabilization, pyroptotic cell
death, and inflammatory cell injury. Data are presented as mean = SD from >3 independent biological
experiments. Statistical comparisons were performed using one-way ANOVA followed by Tukey multiple-
comparison testing, as appropriate. *P<0.01; **P<0.001; ns, not significant. CRISPR, clustered regularly
interspaced short palindromic repeats; dCas9-KRAB, catalytically inactive Cas9 fused to the Kriippel-
associated box repression domain; ELISA, enzyme-linked immunosorbent assay; GSDMD, gasdermin D;
GSDMD-N, N-terminal gasdermin D; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; NT, non-
targeting; sgRNA, single-guide RNA.

Mitochondrial Membrane Potential Was Preserved Following Nfkb1l Repression

LPS exposure caused pronounced mitochondrial depolarization, reflected by a 61.4% reduction
in the JC-1 aggregate-to-monomer fluorescence ratio compared with untreated cells (P<0.001).
Targeted epigenetic repression significantly restored mitochondrial membrane potential. The JC-1
ratio increased by approximately 82% relative to the LPS + non-targeting CRISPR group
(P<0.001), although it remained modestly below the untreated control value.

Fluorescence microscopy confirmed preservation of polarized mitochondrial signal in targeted cells
compared with the predominantly depolarized mitochondrial pattern observed following LPS
stimulation. These findings linked suppression of inflammatory transcription with preservation of
mitochondrial functional integrity.
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Figure 5. Targeted epigenetic reprogramming attenuates oxidative stress, preserves mitochondrial function,
and reduces inflammatory cell injury. (A) Intracellular reactive oxygen species (ROS) production measured
by DCFDA fluorescence. LPS markedly increased intracellular ROS, whereas Nfkb1-targeted dCas9-KRAB
significantly reduced ROS accumulation compared with the LPS + non-targeting (NT) CRISPR group. (B)
RT-gPCR analysis of the antioxidant-response genes Nfe2l2 (NRF2), Hmox1 (HO-1), and Ngol. LPS
suppressed the endogenous antioxidant response, whereas targeted Nfkbl repression significantly restored
expression of these cytoprotective genes. (C) Representative immunoblots of NRF2, HO-1, and NQO1, with
B-actin as the loading control, demonstrating restoration of antioxidant-defense proteins following targeted
epigenetic repression. (D) Mitochondrial membrane potential assessed using the JC-1 assay. LPS induced
pronounced mitochondrial depolarization, reflected by a reduction in the JC-1 aggregate-to-monomer ratio,
whereas Nfkbl-targeted repression significantly preserved mitochondrial membrane potential. (E)
Mitochondrial ROS production assessed by MitoSOX Red flow cytometry. Representative fluorescence
distributions and quantitative mean fluorescence intensity demonstrate increased mitochondrial oxidative
stress following LPS exposure and substantial attenuation after targeted Nfkb1 repression. (F) Cell viability
determined by CCK-8 assay and plasma-membrane injury assessed by LDH release. Targeted epigenetic
repression significantly improved cellular viability and reduced LPS-induced LDH release relative to the NT
CRISPR inflammatory control. (G) Representative Annexin V-FITC/propidium iodide flow-cytometric
profiles and quantitative analysis of total apoptotic cells. LPS markedly increased apoptotic cell death,
whereas Nfkb1-targeted epigenetic repression significantly reduced the apoptotic fraction. Data are presented
as mean = SD from >3 independent biological experiments. Statistical comparisons were performed using
one-way ANOVA followed by Tukey multiple-comparison testing, as appropriate. *P<0.01; **P<0.001; ns,
not significant. CCK-8, Cell Counting Kit-8; CRISPR, clustered regularly interspaced short palindromic
repeats; dCas9-KRAB, catalytically inactive Cas9 fused to the Kriippel-associated box repression domain;
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DCFDA, 2',7'-dichlorofluorescin diacetate; HO-1, heme oxygenase-1; JC-1, 5,5',6,6'-tetrachloro-1,1",3,3'-
tetraethylbenzimidazolylcarbocyanine iodide; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; MFI,
mean fluorescence intensity; NQO1, NAD(P)H quinone dehydrogenase 1; NRF2, nuclear factor erythroid 2-
related factor 2; NT, non-targeting; ROS, reactive oxygen species; RT-gPCR, quantitative reverse-
transcription polymerase chain reaction.

CRISPR-Mediated Epigenetic Repression Improved Cell Survival and Reduced Membrane
Injury

Figure 6, LPS exposure significantly reduced cellular viability to 61.8 + 5.9% of untreated control
levels. Viability remained low in the LPS + non-targeting CRISPR group (63.5 £ 6.1%).

In contrast, viability increased to 85.7 £ 5.4% following Nfkbl-targeted epigenetic repression
(P<0.001 versus LPS + non-targeting CRISPR).

LDH release showed the reciprocal pattern. LPS increased extracellular LDH to approximately 2.7-
fold the control level, whereas targeted Nfkbl repression reduced LDH release by 44.9% compared
with the non-targeting inflammatory group (P<0.001).

The concordance between metabolic viability and membrane-integrity measurements supported a
genuine cytoprotective effect rather than an assay-specific metabolic alteration.
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Figure 6. CRISPR-mediated epigenetic repression improves cell survival and reduces membrane injury
following LPS-induced inflammatory stress. (A) Cell viability assessed using the CCK-8 assay in untreated
control cells, LPS-stimulated cells, LPS-stimulated cells receiving dCas9-KRAB with a non-targeting (NT)
SgRNA, and LPS-stimulated cells receiving the Nfkb1-targeting sgRNA. LPS markedly reduced cell viability,
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whereas targeted Nfkb1 repression significantly restored cellular viability compared with the LPS + NT
CRISPR group. (B) Representative Annexin V-FITC/propidium iodide (PI) flow-cytometric profiles and
quantitative analysis of total apoptotic cells. LPS substantially increased the Annexin V-positive population,
an effect that remained largely unchanged with NT CRISPR but was significantly attenuated following
Nfkbl-targeted epigenetic repression. (C) LDH release as an index of plasma-membrane damage. LPS
induced a marked increase in extracellular LDH, whereas targeted Nfkb1 repression significantly reduced
membrane injury. (D) Representative Calcein-AM/PI live—dead fluorescence images. Viable cells are
visualized by Calcein-AM fluorescence and membrane-compromised/dead cells by Pl fluorescence. LPS
exposure increased Pl-positive cells, whereas Nfkb1-targeted repression preserved the viable-cell population
and reduced membrane-compromised cells. Scale bar = 100 um. (E) Representative flow-cytometric
distributions of Pl uptake and quantitative analysis of Pl-positive cells. Targeted epigenetic repression
significantly reduced LPS-induced loss of plasma-membrane integrity relative to the NT CRISPR
inflammatory control. (F) Integrated schematic of the cytoprotective phenotype produced by Nfkb1-targeted
dCas9-KRAB repression, demonstrating increased cell viability and survival together with reduced
apoptosis, LDH release, membrane permeabilization, and Pl uptake. Data are presented as mean + SD from
>3 independent biological experiments. Statistical comparisons were performed using one-way ANOVA
followed by Tukey multiple-comparison testing, as appropriate. **P<0.001; ns, not significant. CCK-8, Cell
Counting Kit-8; CRISPR, clustered regularly interspaced short palindromic repeats; dCas9-KRAB,
catalytically inactive Cas9 fused to the Krippel-associated box repression domain; FITC, fluorescein
isothiocyanate; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; NT, non-targeting; PI, propidium
iodide; sgRNA, single-guide RNA.

Targeted Transcriptional Repression Reduced Apoptotic Cell Death

Annexin V/propidium iodide flow cytometry demonstrated a marked increase in apoptotic cells
following LPS exposure. The combined early- and late-apoptotic fraction increased from 6.9 +
1.8% in untreated cells to 35.6 + 4.7% after LPS stimulation (P<0.001).

The apoptotic fraction was 34.2 £ 4.9% in the LPS + non-targeting CRISPR group but decreased
to 16.8 £ 3.5% following Nfkb1-targeted epigenetic repression (P<0.001).

Consistent with these findings, targeted repression decreased cleaved caspase-3 abundance and
reduced the BAX/BCL-2 ratio. Cleaved caspase-3 was reduced by approximately 55% compared
with the non-targeting inflammatory group (P<0.001) , as in Figure 7.

These results indicated that epigenetic suppression of inflammatory transcription attenuated both
inflammatory membrane injury and apoptotic signaling.
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Figure 7. Targeted epigenetic repression reduces the systemic inflammatory response and organ injury in
vivo. (A) Serum concentrations of TNF-a, IL-1f, IL-6, and 1L-18 measured by ELISA in untreated control
mice, LPS-challenged mice, LPS-challenged mice receiving dCas9-KRAB with a non-targeting (NT)
sgRNA, and LPS-challenged mice receiving the Nfkb1-targeting sgRNA. Systemic LPS exposure markedly
increased circulating pro-inflammatory cytokines, whereas targeted Nfkb1 repression significantly attenuated
this response. (B) RT-gPCR analysis of NIrp3, Caspl, and Gsdmd expression in splenic tissue, demonstrating
suppression of inflammasome- and pyroptosis-associated transcription following Nfkb1-targeted epigenetic
repression. (C) Representative hematoxylin and eosin (H&E)-stained lung sections. LPS-treated and LPS +
NT CRISPR animals exhibited prominent inflammatory-cell infiltration, alveolar septal thickening,
congestion, and disruption of pulmonary architecture, whereas targeted Nfkbl repression substantially
preserved tissue architecture and reduced inflammatory injury. Scale bar = 100 um. (D) Semiquantitative
lung inflammatory-cell infiltration scores demonstrating significantly lower histopathological injury
following targeted epigenetic repression. (E) Pulmonary myeloperoxidase (MPQO) activity as an index of
neutrophil accumulation, showing pronounced LPS-induced neutrophilic inflammation and significant
attenuation in the Nfkb1-targeted group. (F) Kaplan—Meier survival analysis during the 7-day observation
period, demonstrating improved survival in animals receiving Nfkb1-targeted epigenetic repression compared
with the LPS and LPS + NT CRISPR groups; survival distributions were compared using the log-rank test.
(G) Serum biochemical indices of systemic organ injury, including alanine aminotransferase (ALT), aspartate
aminotransferase (AST), blood urea nitrogen (BUN), and creatinine. LPS challenge increased hepatic and
renal injury markers, whereas targeted Nfkbl repression significantly attenuated these abnormalities. The
accompanying schematic integrates the in vivo findings, illustrating that dCas9-KRAB-mediated Nfkbl
repression suppresses systemic cytokine production, inflammasome activation, neutrophil infiltration, and
multiorgan injury, with an associated improvement in survival. Data are presented as mean + SD (n = 6-8
mice per group). Bar-graph comparisons were performed using one-way ANOVA followed by Tukey
multiple-comparison testing, and survival was analyzed using the log-rank test. **P<0.001; ns, not
significant. ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen;
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CRISPR, clustered regularly interspaced short palindromic repeats; dCas9-KRAB, catalytically inactive Cas9
fused to the Kriippel-associated box repression domain; ELISA, enzyme-linked immunosorbent assay; H&E,
hematoxylin and eosin; LPS, lipopolysaccharide; MPO, myeloperoxidase; NT, non-targeting; RT-gPCR,
quantitative reverse-transcription polymerase chain reaction; sgRNA, single-guide RNA.

Restoration of NF-xB Signaling Partially Reversed the Cytoprotective Phenotype

Mechanistic rescue experiments were performed to determine whether the protective phenotype
was causally related to suppression of NF-«kB signaling.

Forced restoration of NF-«xB activity in Nfkb1-targeted cells significantly increased inflammatory
cytokine expression, ROS production, LDH release, and apoptotic signaling compared with
targeted repression alone. Cellular viability simultaneously declined.

The rescue intervention did not completely restore all endpoints to the magnitude observed in the
LPS + non-targeting group; however, the consistent partial reversal across molecular and functional
outcomes supported NF-«xB transcriptional suppression as a principal mediator of the observed
cytoprotection.

Predicted Off-Target Loci Showed No Detectable Sequence Alteration or Major Transcriptional
Perturbation

Targeted sequencing of the highest-ranked computationally predicted off-target loci showed no
detectable sequence alteration attributable to the dCas9-KRAB intervention.

Expression analysis of genes neighboring the principal predicted off-target sites likewise
demonstrated no significant differences between targeted and non-targeting CRISPR groups after
correction for multiple comparisons.

These results supported the specificity of the selected sgRNA and were consistent with the non-
nuclease mechanism of the dCas9-KRAB platform.

In Vivo Findings

Targeted Epigenetic Repression Reduced the Systemic Inflammatory Response In Vivo
Systemic LPS administration induced a robust inflammatory phenotype in mice, characterized by
reduced activity and significant increases in circulating inflammatory mediators.

Serum TNF-a, IL-1B, IL-6, and IL-18 concentrations were markedly elevated in LPS-treated
animals compared with sham controls (all P<0.001). Administration of the non-targeting CRISPR
construct did not significantly attenuate these changes.

In contrast, animals receiving Nfkbl-targeted dCas9-KRAB exhibited substantially lower
circulating cytokine concentrations. Compared with the LPS + non-targeting CRISPR group, serum
TNF-a decreased by 47.8%, IL-1p by 55.6%, IL-6 by 49.3%, and IL-18 by 45.1% (all adjusted
P<0.01).

Analysis of harvested tissue confirmed reduced Nfkbl expression and diminished NF-xB p65
phosphorylation, demonstrating preservation of the molecular effect observed in vitro.
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CRISPR-Mediated Epigenetic Reprogramming Attenuated Tissue Inflammation and
Histopathological Injury

Histopathological examination demonstrated preserved tissue architecture with minimal
inflammatory infiltration in sham animals. LPS-treated animals exhibited marked inflammatory-
cell accumulation, interstitial edema, vascular congestion, cellular degeneration, and disruption of
normal tissue architecture.

Comparable injury was observed in animals receiving LPS and the non-targeting CRISPR
construct.

By contrast, animals treated with Nfkbl1-targeted dCas9-KRAB showed substantially preserved
tissue architecture, reduced inflammatory infiltration, less edema, and fewer degenerative cellular
changes.

The composite histopathological injury score decreased by approximately 56% compared with the
LPS + non-targeting CRISPR group (P<0.001). Histological scoring was performed by
investigators blinded to experimental allocation, as in Figure 8.
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Figure 8. CRISPR-mediated epigenetic reprogramming attenuates tissue inflammation and histopathological
injury in vivo. (A) Representative hematoxylin and eosin (H&E)-stained sections of lung, liver, kidney,
spleen, and heart from untreated control mice, LPS-challenged mice, LPS-challenged mice receiving dCas9-
KRAB with a non-targeting (NT) sgRNA, and LPS-challenged mice receiving the Nfkb1-targeting sgRNA.
LPS induced prominent inflammatory infiltration and structural tissue injury across multiple organs, whereas
Nfkbl-targeted epigenetic repression substantially preserved tissue architecture. Scale bar = 100 um. (B)
Semiquantitative histopathological injury scores for lung, liver, kidney, spleen, and heart. Targeted Nfkbl
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repression significantly reduced LPS-induced tissue injury compared with the NT CRISPR group. (C)
Representative immunohistochemical staining for NLRP3 and cleaved caspase-1. Strong immunoreactivity
was observed following LPS challenge and remained prominent with NT CRISPR, whereas substantially
weaker staining was detected following Nfkbl-targeted repression, consistent with suppression of tissue
inflammasome activation. Scale bar = 50 um. (D) Representative TUNEL fluorescence images demonstrating
increased DNA fragmentation and cell death in LPS-injured tissues and markedly fewer TUNEL-positive
cells following targeted epigenetic repression. Scale bar = 50 um. (E) Quantification of TUNEL-positive
cells in lung, liver, and kidney, demonstrating significant attenuation of LPS-induced cell death in animals
receiving the Nfkb1-targeting construct. (F) Myeloperoxidase (MPO) activity in lung, liver, kidney, spleen,
and heart as a biochemical index of neutrophilic inflammatory infiltration. LPS markedly increased tissue
MPO activity, whereas Nfkbl-targeted epigenetic repression significantly reduced neutrophil-associated
inflammation across the examined organs. (G) Integrated schematic summarizing the histopathological
effects of targeted epigenetic reprogramming. LPS challenge promoted NLRP3 inflammasome activation,
neutrophil infiltration, apoptosis, and multiorgan structural injury, whereas dCas9-KRAB-mediated Nfkbl
repression attenuated these responses and preserved tissue architecture. Data are presented as mean £ SD (n
= 6-8 mice per group). Statistical comparisons were performed using one-way ANOVA followed by Tukey
multiple-comparison testing, as appropriate. **P<0.001; ns, not significant. CRISPR, clustered regularly
interspaced short palindromic repeats; dCas9-KRAB, catalytically inactive Cas9 fused to the Kriippel-
associated box repression domain; H&E, hematoxylin and eosin; IHC, immunohistochemistry; LPS,
lipopolysaccharide; MPO, myeloperoxidase; NT, non-targeting; sgRNA, single-guide RNA; TUNEL,
terminal deoxynucleotidyl transferase dUTP nick-end labeling.

Tissue NLRP3 Inflammasome and Cell-Death Signaling Were Suppressed In Vivo

Immunoblot and immunohistochemical analyses demonstrated strong NLRP3, cleaved caspase-1,
and GSDMD-N expression in tissues obtained from LPS-treated mice.

Targeted Nfkbl repression significantly reduced NLRP3 and cleaved caspase-1 expression and
decreased GSDMD-N accumulation compared with the LPS + non-targeting group (all P<0.01).
Immunohistochemical analysis similarly demonstrated reduced NF-xB p65 and NLRP3 staining in
targeted animals, with the strongest differences observed in regions displaying inflammatory
infiltration and cellular degeneration in untreated inflammatory controls, as in Figure 9.
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Figure 9. Tissue NLRP3 inflammasome and cell-death signaling are suppressed in vivo following targeted
epigenetic repression. (A) Representative immunoblots showing tissue expression of NLRP3, pro-caspase-
1, cleaved caspase-1 (p20), full-length gasdermin D (GSDMD-FL), and the N-terminal cleaved fragment of
gasdermin D (GSDMD-N) in untreated control mice, LPS-challenged mice, LPS-challenged mice receiving
dCas9-KRAB with a non-targeting (NT) sgRNA, and LPS-challenged mice receiving the Nfkb1-targeting
sgRNA. B-Actin served as the loading control. LPS markedly increased NLRP3, cleaved caspase-1, and
GSDMD-N abundance, whereas Nfkb1-targeted epigenetic repression substantially attenuated activation of
the inflammasome-—pyroptosis pathway. (B) Representative immunohistochemical staining for NLRP3 and
cleaved caspase-1 in lung, liver, kidney, spleen, and heart. Strong tissue immunoreactivity was observed after
LPS challenge and remained prominent in the NT CRISPR group, whereas substantially weaker staining was
detected following targeted Nfkb1 repression. Scale bar = 50 um. (C) Quantitative analysis of NLRP3- and
cleaved caspase-1-positive tissue area, demonstrating significant suppression of inflammasome activation
across the examined organs in animals receiving Nfkb1-targeted dCas9-KRAB. (D) Representative TUNEL
fluorescence images of lung, liver, kidney, spleen, and heart showing increased DNA fragmentation and cell
death following systemic LPS exposure and markedly reduced TUNEL positivity after targeted epigenetic
repression. Scale bar = 50 pm. (E) Quantification of TUNEL-positive nuclei across the examined tissues.
LPS significantly increased the proportion of TUNEL-positive cells, whereas Nfkbl1-targeted repression
significantly reduced tissue cell death compared with the LPS + NT CRISPR group. (F) Integrated schematic
illustrating the proposed in vivo pathway whereby LPS promotes NLRP3 activation, caspase-1 cleavage,
GSDMD processing, IL-1p/IL-18 maturation, and subsequent pyroptotic and apoptotic tissue injury.
Targeted dCas9-KRAB-mediated Nfkb1 repression suppressed these interconnected inflammatory and cell-
death pathways, resulting in reduced tissue injury. Data are presented as mean + SD (n = 6—8 mice per group).
Statistical comparisons were performed using one-way ANOVA followed by Tukey multiple-comparison
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testing, as appropriate. **P<0.001; ns, not significant. CRISPR, clustered regularly interspaced short
palindromic repeats; dCas9-KRAB, catalytically inactive Cas9 fused to the Kriippel-associated box
repression domain; GSDMD, gasdermin D; GSDMD-FL, full-length gasdermin D; GSDMD-N, N-terminal
gasdermin D; IHC, immunohistochemistry; LPS, lipopolysaccharide; NLRP3, NLR family pyrin domain-
containing 3; NT, non-targeting; SgRNA, single-guide RNA; TUNEL, terminal deoxynucleotidyl transferase
dUTP nick-end labeling.

Epigenetic Reprogramming Reduced Tissue Oxidative Injury and Restored Antioxidant Defense
LPS administration significantly increased tissue malondialdehyde concentrations and reduced
glutathione content and superoxide dismutase activity compared with sham controls.
Nfkb1-targeted epigenetic repression reduced malondialdehyde concentrations by 41.7% compared
with the LPS + non-targeting group (P<0.001). Reduced glutathione increased by approximately
48%, while superoxide dismutase activity increased by 43% (both P<0.01).

These biochemical changes were accompanied by increased NRF2 and HO-1 expression, consistent
with restoration of endogenous antioxidant defense.
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CC3, cleaved caspase-3.

Figure 10. Targeted Nfkb1 repression reduces cell death in vivo. (A) Representative TUNEL fluorescence
staining of lung, liver, kidney, spleen, and heart tissues obtained from untreated control mice, LPS-challenged
mice, LPS-challenged mice receiving dCas9-KRAB with a non-targeting (NT) sgRNA, and LPS-challenged
mice receiving the Nfkbl-targeting sgRNA. LPS exposure markedly increased TUNEL-positive nuclei,
whereas targeted Nfkbl repression substantially reduced DNA fragmentation across the examined organs.
Nuclei were counterstained with DAPI; scale bar = 50 um. (B) Quantification of TUNEL-positive cells
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demonstrating significant reductions in tissue cell death following Nfkbl-targeted epigenetic repression
compared with the LPS + NT CRISPR group. (C) Representative immunohistochemical staining for cleaved
caspase-3 as a marker of apoptosis. Strong cleaved caspase-3 immunoreactivity was observed in LPS-treated
and LPS + NT CRISPR animals, whereas substantially weaker staining was detected following targeted
Nfkbl repression. Scale bar = 50 um. (D) Quantification of cleaved caspase-3-positive tissue area in lung,
liver, kidney, spleen, and heart, demonstrating significant attenuation of caspase-3 activation in the Nfkb1-
targeted group. (E) Representative immunoblot analysis of apoptosis-associated proteins, including cleaved
caspase-3, cleaved poly(ADP-ribose) polymerase (PARP), BAX, and BCL-2, with B-actin serving as the
loading control. LPS challenge increased cleaved caspase-3, cleaved PARP, and the pro-apoptotic protein
BAX while reducing BCL-2 expression; these changes were substantially reversed by Nfkbl-targeted
epigenetic repression. (F) Integrated schematic summarizing the anti-cell-death effects of targeted epigenetic
reprogramming. LPS-induced inflammatory and inflammasome signaling promotes oxidative and
mitochondrial dysfunction, caspase activation, and apoptotic/pyroptotic cell death, whereas dCas9-KRAB-
mediated Nfkb1 repression attenuates these interconnected pathways, thereby reducing tissue cell death and
preserving organ integrity. Data are presented as mean + SD (n = 6-8 mice per group). Statistical comparisons
were performed using one-way ANOVA followed by Tukey multiple-comparison testing, as appropriate.
**P<0.001; ns, not significant. BAX, BCL-2-associated X protein; BCL-2, B-cell lymphoma 2; CRISPR,
clustered regularly interspaced short palindromic repeats; dCas9-KRAB, catalytically inactive Cas9 fused to
the Krippel-associated box repression domain; DAPI, 4',6-diamidino-2-phenylindole; LPS,
lipopolysaccharide; NT, non-targeting; PARP, poly(ADP-ribose) polymerase; sgRNA, single-guide RNA,;
TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling.

Targeted Nfkbl Repression Reduced Cell Death In Vivo

Figure 10, show TUNEL staining demonstrated few positive nuclei in tissues from sham animals
but extensive DNA fragmentation following systemic inflammatory injury.

The TUNEL-positive fraction increased to 38.4 + 6.2% after LPS exposure and remained elevated
at 36.9 + 5.8% in animals receiving the non-targeting CRISPR construct.

In animals receiving Nfkb1-targeted epigenetic repression, TUNEL positivity decreased to 17.5 +
4.1% (P<0.001 versus LPS + non-targeting CRISPR).

Reduced TUNEL staining was accompanied by decreased cleaved caspase-3 expression and a
lower BAX/BCL-2 ratio, providing complementary evidence of attenuated apoptotic injury.

Concordant In Vitro and In Vivo Effects Supported a Mechanistic Link Between Epigenetic
Reprogramming and Cytoprotection

Across the experimental models, targeted dCas9-KRAB-mediated repression produced a consistent
molecular and phenotypic pattern. Increased H3K9me3 enrichment at the targeted regulatory locus
was associated with suppression of Nfkb1 transcription and reduced NF-kB pathway activity. This
was followed by decreased inflammatory cytokine production, inhibition of NLRP3/caspase-
1/GSDMD signaling, reduction of oxidative stress, preservation of mitochondrial function, and
attenuation of apoptotic and pyroptotic cell injury, as in Figurell.

The protective effect was absent with the non-targeting CRISPR construct and was partially
reversed by restoration of NF-xB signaling. In vivo, the same molecular pattern was accompanied
by reduced systemic inflammation and substantially lower histopathological tissue injury.
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Collectively, these findings establish an internally concordant experimental sequence linking
targeted chromatin remodeling — Nfkbl transcriptional repression — attenuation of NF-kB-
dependent inflammation — suppression of inflammasome and oxidative injury — reduction of
regulated cell death — preservation of tissue integrity.
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Figure 11. Concordant in vitro and in vivo effects support a mechanistic link between targeted epigenetic
reprogramming and cytoprotection. (A) Comparative assessment of cellular viability in vitro by CCK-8 assay
and 7-day survival in vivo. LPS exposure markedly reduced cell viability and animal survival, whereas
Nfkbl-targeted dCas9-KRAB repression improved both outcomes relative to the LPS + non-targeting (NT)
CRISPR groups. (B) Analysis of cell death across experimental models. Annexin V/propidium iodide flow
cytometry demonstrated reduced apoptotic cell death in vitro following targeted Nfkbl repression, while
quantification of TUNEL-positive cells showed a corresponding reduction in tissue cell death in vivo. (C)
Concordant suppression of NLRP3 inflammasome activation. Targeted epigenetic repression reduced Nlrp3
expression in cultured cells and decreased NLRP3-positive tissue area in vivo, demonstrating preservation
of the molecular effect across experimental systems. (D) Comparison of pro-inflammatory cytokine
responses in vitro and in vivo. LPS induced pronounced cytokine production in both models, whereas Nfkb1-
targeted repression substantially attenuated the inflammatory response. (E) In vivo indices of multiorgan
injury and inflammatory infiltration, including serum alanine aminotransferase (ALT), blood urea nitrogen
(BUN), creatinine, and tissue myeloperoxidase (MPQO) activity. Targeted epigenetic repression significantly
reduced these injury-associated parameters compared with the LPS + NT CRISPR group. (F) Integrated
mechanistic model linking locus-specific Nfkbl epigenetic repression with cytoprotection. LPS/TLR4
signaling promotes NF-kB activation and transcription of inflammatory and inflammasome-associated genes,
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followed by NLRP3 inflammasome assembly, caspase-1 activation, GSDMD cleavage, IL-1p and 1L-18
maturation, pyroptotic signaling, inflammatory amplification, and tissue injury. Recruitment of dCas9-
KRAB to the Nfkb1 regulatory locus suppresses this transcriptional program, resulting in reduced NF-xB
activity, NLRP3 inflammasome activation, GSDMD cleavage, cytokine production, apoptosis/pyroptosis,
and organ injury, with corresponding improvements in cellular survival and tissue protection. Data are
presented as mean = SD (in vitro, n = 3 independent biological experiments; in vivo, n = 6-8 mice per group).
Bar-graph comparisons were performed using one-way ANOVA followed by Tukey multiple-comparison
testing, and survival distributions were compared using the log-rank test. **P<0.001; ns, not significant.
ALT, alanine aminotransferase; BUN, blood urea nitrogen; CCK-8, Cell Counting Kit-8; CRISPR, clustered
regularly interspaced short palindromic repeats; dCas9-KRAB, catalytically inactive Cas9 fused to the
Krippel-associated box repression domain; GSDMD, gasdermin D; GSDMD-N, N-terminal gasdermin D;
IL, interleukin; LPS, lipopolysaccharide; MPO, myeloperoxidase; NLRP3, NLR family pyrin domain-
containing 3; NT, non-targeting; TLR4, Toll-like receptor 4; TUNEL, terminal deoxynucleotidyl transferase
dUTP nick-end labeling.

DISCUSSION

The present study provides experimental evidence that targeted epigenetic repression of Nfkbl
can interrupt inflammatory signaling at the transcriptional level and translate this molecular effect
into measurable cytoprotection. Using complementary in vitro and in vivo models, dCas9-KRAB-
mediated repression produced localized enrichment of the repressive chromatin mark H3K9me3 at
the targeted Nfkbl regulatory region, suppressed NF-«B activity, reduced inflammatory cytokine
production, attenuated NLRP3 inflammasome signaling, limited oxidative and mitochondrial
injury, and decreased both pyroptotic and apoptotic cell death. Importantly, these effects were
accompanied by preservation of cellular viability and attenuation of multiorgan histopathological
injury in vivo [43]. The concordance across epigenetic, transcriptional, biochemical, cellular, and
tissue-level endpoints supports a mechanistic model in which locus-specific chromatin remodeling
can reprogram a pathological inflammatory state without requiring nuclease-mediated disruption
of the underlying DNA sequence.

A central finding of this study is that substantial modulation of inflammatory injury was achieved
using a catalytically inactive CRISPR platform rather than permanent gene disruption.
Conventional CRISPR-Cas9 editing depends on DNA cleavage followed by endogenous repair and
therefore produces potentially irreversible genomic alterations [30]. Although this approach has
transformed functional genomics and offers major therapeutic opportunities, permanent sequence
modification may not be necessary—or desirable—when the pathological process results from
excessive or context-dependent gene activation.

CRISPR-based epigenetic regulation provides a conceptually distinct strategy. dCas9 retains
programmable DNA recognition but lacks nuclease activity, allowing transcriptional or chromatin-
modifying domains to be positioned at selected genomic loci. In the present experiments,
recruitment of KRAB to the Nfkbl regulatory region generated a locally repressive chromatin
environment, demonstrated by increased H3K9me3 enrichment and reduced transcriptional activity
[44]. The correspondence between chromatin modification and suppression of Nfkb1 expression
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provides an important mechanistic bridge between CRISPR targeting and the downstream
biological phenotype.

This distinction is particularly relevant for inflammatory disorders. NF-xB signaling is
indispensable for host defense, immune-cell function, stress adaptation, and tissue homeostasis.
Complete and permanent disruption of this pathway would therefore be biologically undesirable.
A programmable epigenetic approach may instead permit graded, locus-specific regulation of
pathological transcription while avoiding permanent deletion of an essential inflammatory
regulator [45]. The therapeutic value of such an approach will ultimately depend on the magnitude,
duration, reversibility, and tissue specificity of repression, but the present findings establish the
biological plausibility of this strategy.

The reduction in Nfkbl expression was accompanied by broad attenuation of the LPS-induced
inflammatory transcriptional program. Expression of Tnf, Il1b, 116, and NIrp3 decreased
substantially following targeted repression, while secreted TNF-a, IL-1p, IL-6, and I1L-18 showed
concordant reductions [46]. These findings are consistent with the central regulatory position of
NF-«kB within innate inflammatory signaling.

The significance of this observation extends beyond reduction of individual cytokines.

Inflammatory injury is maintained by interconnected transcriptional networks in which cytokines,
chemokines, pattern-recognition receptors, inflammasome components, oxidative mediators, and
cell-death pathways reinforce one another. Targeting an upstream transcriptional regulator
therefore has the potential to influence several downstream injury pathways simultaneously.
The absence of a comparable protective effect in cells or animals receiving the non-targeting
CRISPR construct is particularly important [47]. This control argues against nonspecific effects
arising from dCas9-KRAB expression, vector exposure, or sgRNA delivery. Moreover, partial
reversal of the cytoprotective phenotype after restoration of NF-kB activity provides additional
functional support for the conclusion that suppression of NF-«xB signaling was a principal mediator
of the observed effects.

The incomplete reversal in the rescue experiments is also informative. Epigenetic interventions
may establish broader regulatory consequences that are not immediately reversed by restoration of
a single downstream signaling component [6]. Alternatively, secondary transcriptional and
antioxidant pathways activated after Nfkbl repression may contribute independently to
cytoprotection. Thus, the results support NF-kB suppression as a major mechanistic driver without
implying that it is the sole determinant of the phenotype.

One of the most consistent downstream consequences of Nfkb1 repression was attenuation of the
NLRP3 inflammasome pathway. LPS-induced increases in NLRP3 abundance, caspase-1 cleavage,
GSDMD processing, and IL-1p/IL-18 release were all substantially reduced following targeted
epigenetic repression. This observation is mechanistically plausible because NF-xB-dependent
transcription provides an important priming signal for inflammasome activation. Increased
transcription of NIrp3 and pro-inflammatory cytokine precursors establishes a cellular environment
permissive for subsequent inflammasome assembly and activation [48]. By reducing this
transcriptional priming, targeted Nfkbl repression appears to restrict progression from
inflammatory sensing to inflammasome-dependent cellular injury.
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The decrease in GSDMD-N is particularly relevant because GSDMD cleavage represents a

critical execution step in canonical pyroptosis. Activated caspase-1 cleaves GSDMD, releasing its
N-terminal pore-forming domain, which disrupts plasma-membrane integrity and facilitates release
of mature inflammatory cytokines. In the present study, reduced GSDMD-N abundance was
accompanied by decreased LDH release, lower membrane permeability, and fewer cells exhibiting
a pyroptotic phenotype [49]. The agreement between molecular markers and functional indices
strengthens the interpretation that targeted epigenetic repression genuinely reduced pyroptotic
injury rather than merely altering expression of individual inflammasome proteins.
The in vivo findings reproduced this relationship. Reduced tissue NLRP3 and cleaved caspase-1
immunoreactivity, lower GSDMD-associated signaling, and diminished tissue cell death were
observed across multiple organs. This cross-model consistency provides evidence that the
transcriptional mechanism identified in cultured cells remained biologically relevant within the
considerably more complex inflammatory environment of an intact organism.

Inflammation and oxidative stress form a bidirectional amplification system. NF-kB-dependent

inflammatory mediators can increase ROS generation, while excessive ROS can further activate
inflammatory signaling and promote mitochondrial dysfunction, inflammasome activation, and cell
death. Interrupting this cycle may therefore be necessary to achieve meaningful cytoprotection.
Targeted Nfkbl repression reduced intracellular and mitochondrial ROS while increasing
expression of Nfe2l2, Hmox1, and Ngol. Corresponding increases in NRF2 and HO-1 protein
abundance were also observed [50-55]. These results suggest that suppression of excessive
inflammatory transcription allowed restoration of endogenous antioxidant defense.
The relationship between NF-kB and NRF2 is complex and context dependent. These pathways
may exhibit antagonistic, cooperative, or sequential interactions depending on cell type, stimulus
intensity, and disease state [56]. The present data should therefore not be interpreted as evidence
that Nfkb1 repression directly activates NRF2. Rather, attenuation of inflammatory and oxidative
stress may shift the intracellular regulatory environment toward restoration of NRF2-associated
cytoprotective signaling.

This interpretation is supported by the mitochondrial findings. LPS produced substantial loss of
mitochondrial membrane potential and increased mitochondrial ROS, whereas targeted repression
preserved mitochondrial polarization and reduced oxidative stress. Mitochondria are not merely
passive targets of inflammatory injury; dysfunctional mitochondria generate ROS and other danger
signals capable of promoting NLRP3 activation [57]. Preservation of mitochondrial integrity may
therefore contribute to a secondary inhibitory loop in which reduced inflammatory transcription
limits mitochondrial damage, which in turn further decreases inflammasome activation.

Inflammatory tissue injury rarely reflects a single cell-death mechanism. Apoptosis, pyroptosis,
necroptosis, ferroptosis, and secondary necrosis can coexist or interact depending on the initiating
stimulus and cellular context [58]. In the present study, targeted epigenetic repression attenuated
molecular and functional indicators of both apoptosis and pyroptosis.

Annexin V/PI analysis demonstrated a substantial reduction in apoptotic cells following Nfkbl
repression. This finding was supported by decreased cleaved caspase-3, reduced BAX/BCL-2 ratio,
lower PARP cleavage, and reduced TUNEL positivity [59]. In parallel, decreases in caspase-1
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activation, GSDMD-N formation, LDH release, and membrane permeability indicated attenuation
of pyroptotic signaling.

The simultaneous reduction of these pathways suggests that the protective effect occurred

upstream of terminal cell-death execution. Suppression of inflammatory transcription, oxidative
stress, mitochondrial dysfunction, and inflammasome activation collectively creates a cellular
environment less permissive to multiple forms of regulated cell death [60].
Nevertheless, the present results should not be interpreted as establishing absolute specificity for
apoptosis or pyroptosis. TUNEL positivity, LDH release, and membrane permeability are not
individually specific to a single death pathway. The strength of the current interpretation instead
derives from concordance among pathway-specific proteins, functional assays, and morphological
outcomes. Future experiments incorporating genetic deletion or selective pharmacological
inhibition of individual death pathways could further define their relative contributions [61].

A major strength of the study is the extension of the mechanistic findings from cultured cells to

an in vivo inflammatory model. Systemic LPS challenge produced pronounced cytokinemia,
inflammasome activation, neutrophil infiltration, oxidative injury, tissue cell death, and
histopathological abnormalities affecting several organs. These changes were substantially
attenuated by targeted Nfkb1 repression [62].
Histological protection was evident in the lung, liver, kidney, spleen, and heart. The reductions in
histopathological injury scores were accompanied by lower MPO activity, indicating diminished
neutrophilic infiltration, and by improvements in circulating biochemical markers of hepatic and
renal injury. These findings demonstrate that the molecular effects of targeted epigenetic regulation
were not confined to changes in gene expression but translated into measurable preservation of
organ integrity.

The improvement in survival observed during the in vivo observation period provides an
additional integrated endpoint. Survival in systemic inflammatory models is determined by
numerous interacting physiological processes and should not be attributed to a single molecular
pathway [63]. Nevertheless, its concordance with reductions in cytokinemia, inflammasome
activation, organ injury, and cell death strengthens the overall evidence for biologically meaningful
protection.

The strongest evidence generated by the present study lies in the consistency of the response
across experimental levels. Targeted chromatin remodeling was associated with Nfkb1 repression;
Nfkbl repression was associated with reduced NF-kB signaling; reduced NF-kB activity was
followed by suppression of inflammatory cytokines and NLRP3 priming; inflammasome
suppression coincided with decreased caspase-1 activation and GSDMD cleavage; and these
molecular changes were accompanied by lower oxidative stress, improved mitochondrial function,
reduced cell death, and preservation of tissue architecture [64].

Accordingly, the results support the mechanistic sequence:

dCas9-KRAB targeting — locus-specific H3K9me3 enrichment — Nfkbl transcriptional
repression — reduced NF-kB signaling — decreased inflammatory transcription and NLRP3
priming — reduced caspase-1/GSDMD activation — attenuation of oxidative and mitochondrial
injury — reduced apoptosis and pyroptosis — improved cellular and tissue survival.
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Importantly, this sequence should be regarded as a mechanistically supported model rather than
proof of an exclusively linear pathway. Biological inflammatory networks contain extensive
feedback and cross-regulatory interactions. ROS can regulate inflammasome activation,
inflammatory cytokines can influence mitochondrial function, and dying cells can release damage-
associated signals that reactivate NF-xB. The protective phenotype observed here therefore
probably reflects disruption of several mutually reinforcing inflammatory loops initiated by
suppression of an upstream transcriptional regulator [65].

The findings raise broader implications for precision anti-inflammatory therapy. Current anti-
inflammatory treatments frequently target extracellular cytokines, receptors, kinases, or
downstream signaling mediators. These approaches have transformed treatment of many
inflammatory diseases but may require continuous administration and can produce systemic
immunosuppression.

Programmable epigenetic regulation introduces a different therapeutic concept: modification of
the transcriptional state of a selected pathogenic locus. In principle, such an approach could provide
prolonged regulation after transient delivery of the editing machinery and could be tailored to
disease-specific transcriptional programs.

Unlike nuclease-mediated genome editing, epigenetic editing also offers the possibility of
reversibility. This characteristic may be especially important for pathways such as NF-«xB that
perform essential physiological functions. A clinically useful system would ideally suppress
pathological activation within selected cells or tissues while allowing recovery of normal
transcriptional function when the inflammatory stimulus resolves [66].

However, these theoretical advantages remain to be demonstrated in humans. The present study
establishes experimental feasibility and mechanistic efficacy rather than clinical readiness.

Specificity represents a central issue for any CRISPR-based therapeutic platform. The use of
dCas9 rather than nuclease-active Cas9 reduces the risk of unintended DNA cleavage but does not
eliminate potential off-target biological effects. Binding of dCas9-KRAB at unintended genomic
sites could repress neighboring genes or alter local chromatin architecture without producing
detectable DNA sequence changes [67].

In this study, computationally predicted high-priority off-target sites showed no detectable
sequence alteration, and genes neighboring the principal predicted sites did not exhibit major
transcriptional perturbation. These findings are reassuring but should not be considered
comprehensive evidence of genomic or epigenomic safety.

Future investigations should incorporate unbiased genome-wide assessments of dCas9 occupancy,
chromatin accessibility, histone modifications, DNA methylation where relevant, and
transcriptomic alterations. Long-term studies will also be necessary to determine whether
repressive chromatin states persist after withdrawal of the editing system and whether prolonged
suppression alters immune competence or tissue homeostasis [68].

Several obstacles must be addressed before targeted epigenetic reprogramming can be
considered for therapeutic translation. Efficient and tissue-selective delivery remains among the
most important limitations of CRISPR-based therapies. Systemic delivery may expose non-target
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tissues to the editing machinery, whereas viral vectors may introduce constraints related to cargo
capacity, immunogenicity, duration of expression, and repeat administration.

Nonviral delivery technologies, particularly lipid nanoparticles and engineered extracellular
vesicles, may offer opportunities for transient and tissue-selective delivery of epigenome-editing
components. Cell-specific promoters, inducible systems, chemically modified guide RNAs, and
engineered Cas proteins may further improve spatial and temporal control [69].

A second challenge is determining the appropriate duration of repression. Acute inflammatory
conditions may require transient modulation, whereas chronic inflammatory disorders could
require sustained but controllable epigenetic regulation. The kinetics of establishment,
maintenance, and reversal of KRAB-associated chromatin repression therefore require systematic
characterization. Finally, inflammatory diseases are biologically heterogeneous. Targeting Nfkb1l
may be effective in conditions dominated by NF-kB-dependent inflammatory transcription but less
effective when alternative pathways predominate. Future therapeutic development will likely
require disease-specific selection of transcriptional targets rather than universal repression of a
single inflammatory regulator.

CONCLUSIONS

Targeted CRISPR-mediated epigenetic repression of Nfkbl effectively attenuated inflammatory
cell injury through locus-specific transcriptional modulation. dCas9-KRAB-mediated repression
suppressed NF-«kB signaling, NLRP3 inflammasome activation, oxidative stress, mitochondrial
dysfunction, and apoptotic and pyroptotic cell death, resulting in improved cellular survival and
reduced multiorgan injury in vivo. The concordant molecular, cellular, and histopathological
findings support targeted epigenetic reprogramming as a promising strategy for precise control of
pathological inflammation without permanent alteration of the underlying DNA sequence. Further
studies are warranted to establish long-term safety, reversibility, delivery efficiency, and
therapeutic applicability in human inflammatory diseases.
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CRISPR-Mediated Epigenetic Reprogramming Attenuates Inflammatory Cell Injury

Through Targeted Transcriptional Modulation

Targeted dCas9-KRAB repression of Nfkb1 suppresses NF-kB- NLRP3 signaling,
oxidative stress and cell death, providing multi-organ protection in vivo
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dCas9-KRAB: catalytically dead Cas9 fused to the Krippel NT:

LPS: lipopolysaccharide; NF-kB: nuclear factor kappa B; NLRP3: NLR family pyrin domain-containing 3; GSDMD: gasdermin 0; MPO: myeloperoxidase.
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