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ABSTRACT

Background Prostate cancer (PCa) is the second most
common malignancy in men worldwide. Although radical
prostatectomy effectively controls tumor progression, it
often causes complications such as urinary incontinence
and sexual dysfunction. Irreversible electroporation
(IRE), a non-thermal ablation technique that preserves
neurovascular structures, has emerged as a promising
focal therapy and may induce systemic antitumor
immunity through immunogenic cell death. However,
the mechanisms and temporal dynamics of systemic
immune responses to IRE in humans remain unclear.
Methods This prospective study enrolled five patients
with localized PCa (T2a—T2c). Peripheral blood samples
were collected before and 7 days after IRE treatment.
Single-cell RNA sequencing and T-cell receptor (TCR)
repertoire profiling (10x Genomics) were performed

to construct a high-resolution immune landscape.
Integrated bioinformatic analyses—including Seurat/
Harmony clustering, differential expression, functional
enrichment, Gene Set Variation Analysis, transcription
factor analysis, cell-cell communication (CellChat), and
clonal tracking (Immunarch/scRepertoire)—were used to
characterize systemic immune modulation following IRE.
Results IRE induced bidirectional remodeling of the peripheral
immune landscape. Myeloid cells, especially non-classical
monocytes, increased in proportion and exhibited activation

of inflammatory (interleukin-27), antiviral, complement, and
antigen presentation pathways. T cells declined and exhibited
reduced activation-associated and proliferation-associated
transcriptional programs alongside enhanced survival-

related signaling, consistent with a relative quiescent state

of peripheral adaptive immunity at day 7. Natural killer cells
showed elevated cytotoxic activity. TCR profiling revealed
increased diversity and antigen-driven clonal expansion, while
cell—-cell communication shifted toward proinflammatory
(TNF/SELPLG) and away from antigen-presenting (major
histocompatibility complex (MHC)-1/CD40) interactions,
indicating coordinated innate-adaptive rebalancing.
Conclusion This study is the first to map systemic immune
dynamics after IRE in prostate cancer using single-cell
analysis. 1 week after IRE, peripheral blood mononuclear cells
show robust innate activation with concomitant attenuation

of circulating T-cell activation/proliferation and reduced
MHC-1/CD40-related communication, consistent with a time-
dependent systemic immune rebalancing phase rather than

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Irreversible electroporation (IRE) is an organ-
preserving focal therapy for localized prostate
cancer and has been proposed to induce antitumor
immune responses. However, high-resolution evi-
dence defining systemic immune remodeling after
IRE in human prostate cancer has remained limit-
ed, particularly at the single-cell and T-cell receptor
(TCR) repertoire levels.

WHAT THIS STUDY ADDS

= Using paired pre-IRE and post-IRE peripheral blood
mononuclear cell single-cell RNA sequencing and
TCR profiling, this study provides a first-in-human
atlas of peripheral immune remodeling after IRE in
localized prostate cancer. We show that postopera-
tive day 7 is characterized by strong innate immune
activation, relative attenuation/rebalancing of cir-
culating adaptive immune programs, selective TCR
clonal remodeling, and subset-specific checkpoint
receptor/ligand changes in T/natural killer and my-
eloid compartments.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These findings support time-resolved immune
monitoring after IRE and provide a rationale for op-
timizing the timing of combination strategies with
immunotherapy, including checkpoint blockade.
More broadly, this work offers a clinically relevant
reference resource for future translational studies of
focal therapy-induced immune remodeling in pros-
tate cancer.

sustained peak adaptive activation in blood. These findings
support time-resolved immune monitoring and may help
optimize the timing of IRE-based combination immunotherapy.

INTRODUCTION

Prostate cancer (PCa) remains a formi-
dable global health challenge, ranking as
the second most common malignancy and a
leading cause of cancerrelated mortality in
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men.' ? The clinical management of localized PCa pres-
ents a complex landscape, encompassing a spectrum of
options from watchful waiting/active surveillance for
low-risk lesions to radical interventions such as prosta-
tectomy and radiotherapy for higherrisk cases.” While
these conventional treatments offer high rates of onco-
logical control, they are frequently associated with signif-
icant morbidity, including urinary incontinence, erectile
dysfunction, and bowel-related complications, which can
profoundly impair a patient’s quality of life. This thera-
peutic dilemma has catalyzed the development of mini-
mally invasive, focal therapies aimed at achieving effective
cancer ablation while preserving surrounding critical
structures and minimizing functional sequelae.*® Among
these emerging modalities, irreversible electroporation
(IRE) has garnered considerable attention as a novel,
non-thermal ablation technique.

IRE uses the delivery of high-frequency, high-voltage
electrical pulses (1,000-2,000V/cm) across targeted
tissue. These pulses induce the formation of nanoscale
defects, or pores, in the cell membrane lipid bilayer. When
the electrical field strength surpasses a critical threshold,
the resulting poration transitions to irreversibility, trig-
gering disruption of cellular homeostasis and ultimately
inducing apoptosis.”® The cardinal advantage of IRE lies
in its purported non-thermal mechanism and its ability
to selectively spare proteins and the extracellular matrix.
This selectivity allows for the precise ablation of target
tissue while preserving vital adjacent structures such as
blood vessels, nerves, and urinary sphincters, a feature
that positions IRE as a particularly attractive option for
the treatment of PCa lesions in close proximity to neuro-
vascular bundles or the prostatic urethra.’

Beyond its direct cytotoxic effects, a growing body of
preclinical evidence suggests that IRE may possess signif-
icant immunomodulatory potential. The premise is that
IRE, by inducing immunogenic cell death, can transform
the immunosuppressive tumor microenvironment (TME)
into a pro-inflammatory state conducive to the initiation
of asystemic antitumor immune response.®'” Apoptosis, as
the primary mode of IRE-induced cell death, is tradition-
ally considered immunologically silent or tolerogenic."
However, the unique nature of IRE—a physical disrup-
tion that may allow the release of tumor-associated anti-
gens (TAAs) and damage-associated molecular patterns
(DAMPs) in a controlled, non-necrotic manner—could
potentially break this paradigm. Theoretically, this “in
situ vaccination” effect could lead to the uptake of TAAs
by antigen-presenting cells, such as dendritic cells (DCs),
their subsequent migration to draining lymph nodes, and
the priming and activation of tumor-specific T cells.'® This
cascade could not only target residual local disease butalso
elicit a systemic effect against potential micrometastases,
a concept known as the abscopal effect.”® Despite this
compelling hypothesis, high-resolution evidence charac-
terizing the systemic immune response to IRE in human
patients with PCa remains limited. Notably, a recent
prospective study (IRE-IMMUNO) reported multi-time

point peripheral immune changes after IRE in localized
PCa using flow cytometry and enzyme-linked immuno-
spot (ELISpot), including reduced immune suppression
and delayed effector T-cell activation; however, single-cell
and clonotype-resolved characterization of early post-IRE
immune remodeling remains insufficiently defined."*

The advent of high-throughput single-cell RNA
sequencing (scRNA-seq) has revolutionized our capacity
to deconvolute the intricate cellular heterogeneity of the
immune system.” Unlike bulk RNA sequencing, which
provides an averaged transcriptomic profile, scRNA-seq
enables the unbiased identification and characterization
of rare and novel cell subpopulations, the delineation of
cellular developmental trajectories, and the analysis of
cell-cell communication networks at an unprecedented
resolution. In the context of cancer immunotherapy,
scRNA-seq has been instrumental in identifying predic-
tive biomarkers of response, mechanisms of resistance,
and the dynamic shifts in immune cell composition and
state following therapeutic intervention.'® Applying this
powerful technology to the peripheral blood of patients
with cancer offers a unique window into the systemic
immune landscape, allowing for the monitoring of
immune cell mobilization, activation, and exhaustion in
response to localized treatments like IRE.

To address the critical knowledge gap regarding IRE’s
systemic immunologic impactin human PCa, we designed
a prospective paired pretreatment and post-treatment
study. We hypothesized that focal IRE induces measur-
able remodeling of the peripheral immune repertoire.
We selected postoperative day 7 as a biologically informed
early time point to capture early systemic immune changes
following IRE, rather than to define the peak response.
Although day 7 is biologically relevant for early immune
changes, the kinetics of postIRE immune responses in
humans remain uncertain; therefore, this time point may
reflect ongoing immune priming in some compartments
and/or an early transition toward immune rebalancing
in the peripheral circulation. To test this, we performed
comprehensive scRNA-seq, coupled with T-cell receptor
(TCR) sequencing, on peripheral blood mononuclear
cells (PBMCs) collected from five patients with localized
PCa at two critical time points: preoperatively (baseline)
and at a standardized postoperative time point of 7days.
This design allows for each patient to serve as their own
control, enabling a precise dissection of immune alter-
ations directly attributable to the IRE procedure.

In this paper, we present a detailed analysis of paired
single-cell data collected before and after IRE. Our
primary objective is to identify and quantify the specific
alterations in immune cell subsets, their transcriptional
states, and TCR clonality induced by IRE treatment in
the postoperative phase. The findings from this investi-
gation aim to provide the first high-resolution atlas of the
systemic immune response to IRE in human PCa, shed-
ding light on its underlying mechanisms and potentially
informing future strategies to combine IRE with immuno-
therapeutic agents to enhance treatment efficacy.
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METHODS

Research design and patient recruitment

The study aimed to reveal changes in the periph-
eral blood single-cell landscape of patients with
PCa following IRE therapy. A total of five patients
were enrolled, all meeting our predefined inclusion
criteria: (1) localized tumor without pelvic lymph
node or distant metastasis; (2) confirmed PCa by core
needle biopsy; (3) tumor maximum diameter <3.0 cm
confirmed by ultrasound, CT, and MRI; (4) male
patients aged 218 years without coagulation disorders,
chronic liver disease, renal failure, immune system
disorders, infectious diseases, or other acute/chronic
conditions potentially affecting immune response.
All enrolled patients provided informed consent. All
experiments were conducted in compliance with the
Declaration of Helsinki.

The IRE treatment process

IRE for PCa was performed using the Gl Composite
Steep Pulse Therapy Device (Shanghai Ruidao Medical).
Under transrectal ultrasound guidance (BK Flex Focus
500), disposable electrodes were perineally inserted in
parallel into the target lesion (tip exposure 5-40mm;
spacing 0.5-2 cm). Pulse parameters were set to 500-3,000
V (field strength 1,000-1,500V/cm) with microsecond
pulse durations and a 1 Hz burst frequency. Bipolar high-
voltage pulses were sequentially delivered for complete
tumor ablation. Post-procedure, treatment reports were
generated, and patients were monitored for adverse
events. Detailed surgery information for each patient was
demonstrated in online supplemental Table S1.

Sample collection and PBMCs isolation

In this pilot study, postoperative day 7 was prespecified
as a standardized early sampling time point to assess
systemic immune remodeling after IRE; additional
interim postoperative blood draws were not available.
Peripheral blood (5 mL) was collected from patients 1 day
before and 7 days after IRE treatment using EDTA tubes.
Samples were diluted 1:1 with phosphate-buffered saline
(PBS) and layered onto Ficoll lymphocyte separation
medium (Solarbio, P4350) for density gradient centrifu-
gation. The PBMC layer was harvested, washed two times
with PBS, and resuspended in Roswell Park Memorial
Institute (RPMI) 1640 medium containing 0.04% bovine
serum albumin (BSA). Cells were stored at —80°C until
further processing.

Single-cell RNA sequencing of PBMCs

Single-cell suspensions (700-1,200 cells/pL) were mixed
with Master Mix and loaded onto a Chromium Chip B
(10x Genomics) for GEM generation on the Chromium
Controller. Reverse transcription was performed to
produce complementary DNA (cDNA), which was then
purified with DynaBeads Silane and amplified by PCR to
construct cDNA libraries. After purification with SPRIse-
lect beads, 10pL. of amplified cDNA was fragmented,

end-repaired, and adaptorligated. Indexed libraries
were generated through PCR amplification and dual-step
SPRIselect purification. Library quality was assessed using
Qubit and Agilent Bioanalyzer (400-600bp), and qual-
ified libraries were sequenced (PE150) on the Illumina
NovaSeq 6000 platform.

TCR immunorepertoire sequencing for PBMC

Single-cell suspensions (700-1,200 cells/pL in RPMI 1640
with 0.04% BSA) were processed on the 10x Genomics
Chromium platform (Next GEM Single Cell 5’ Kit V.2)
to generate GEM droplets for reverse transcription and
c¢DNA amplification. T-cell receptor V(D)] regions were
enriched using the Chromium Single Cell V(D)] Enrich-
ment Kit (Human T Cell) and amplified with the corre-
sponding TCR Amplification Kit. After quality control,
libraries were sequenced on the Illumina NovaSeq 6000
platform (PE150), yielding approximately 10Gb per
sample.

Upstream analysis of raw data and quality control

Raw sequencing data were aligned to the human refer-
ence genome (GRCh38) using Cell Ranger (V.9.0.0) to
generate feature-barcode matrices. Quality control was
conducted in Seurat (\7.4.4.0).17 Doublets were identi-
fied and removed using DoubletFinder (V.2.0.3) with an
estimated doublet rate of 0.8%. High-quality cells were
defined by 200-5,000 detected genes, 500-7,500 unique
molecular identifiers (UMIs), <10% mitochondrial, and
<5% hemoglobin gene content. Ambiguous subpopula-
tions (6,677 cells) were excluded. After rigorous filtering,
171,977 cells were retained for downstream analysis, with
a median of 1,469 genes and 3,021 UMIs per cell.

Standardized data processing and dimensionality reduction
clustering

To remove batch effects and delineate intrinsic cell
structures, quality-controlled data were normalized,
log-transformed, and scaled after selecting 2,000
highly variable genes. Principal component anal-
ysis was applied for linear dimensionality reduction,
followed by batch correction using the Harmony
algorithm with sample origin as the covariate. The
integrated embeddings (first 20 dimensions) were
visualized by Uniform Manifold Approximation and
Projection (UMAP), and unsupervised clustering was
performed using the graph-based Louvain method
(resolution=0.6). Batch correction efficiency and clus-
tering accuracy were verified by comparing sample
distributions before and after integration. For global
visualization and cell-type annotation, we integrated
cells across all samples using Harmony. Pooled, inte-
grated data were used for descriptive analyses and
gene-program discovery, whereas key conclusions
were cross-checked using paired within-patient (post
vs pre) comparisons to account for inter-individual
variability.
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Identification of marker genes and annotation of cell types
Marker gene identification was achieved through
differential expression analysis: the FindAllMarkers
function (Presto algorithm) in Seurat (V.4.4.0) eval-
uated genes upregulated in each cell cluster relative
to the others to screen candidate markers. To define
each subpopulation, we annotated single-cell tran-
scriptomic data using scMayoMap and"™ ' ACT data-
base. By integrating outcomes from both methods
and visualizing them alongside known biological
knowledge and literature-reported markers for each
subpopulation, we ultimately confirmed the type
annotations for each cell subpopulation and used dot
plot to visualize the expression of specific cell markers
across different subpopulations. Due to the transcrip-
tional similarity between T and natural killer (NK)
cells, we first annotated them at the lineage level as a
combined T/NK compartment and then performed
dedicated subclustering to resolve finer T-cell and
NK-cell subsets.

Differential analysis and functional enrichment

Differentially expressed genes (DEGs) were identi-
fied using the FindMarkers function in Seurat (V.4.4.0)
with the “presto” test. Genes with Bonferroni-adjusted
p<0.05and llog: foldchangel>0.26 were considered signif-
icant. Functional enrichment of DEGs was analyzed using
hypergeometric tests based on Kyoto Encyclopedia of
Genes and Genomes (KEGG) and Gene Ontology (GO)
databases to determine associated biological processes,
molecular functions, and signaling pathways (p<0.05).

GSVA enrichment analysis

Gene Set Variation Analysis (GSVA) was conducted
using the GSVA (V.1.30.0) and GSEABase (V.1.44.0)
packages with predefined KEGG and GO gene sets.?
Normalized expression data were transformed into
pathway activity scores for each cell using a non-
parametric kernel estimation algorithm. Differential
pathway activities between clusters or groups were
assessed with the LIMMA package (V.3.38.3), and
pathways with p<0.05 were considered significantly
enriched or suppressed. Pathway-level comparisons
were performed at the cohort level (post vs pre) to
identify shared trends, and patient-wise analyses were
additionally used to confirm the directionality of key
pathway changes across individuals. For GO terms
containing “positive regulation” or “negative regula-
tion,” pathway direction was reported as the change
in enrichment score of the annotated term itself, and
biological interpretation was made conservatively
without assuming the net downstream functional
effect from the term title alone.

Immune repertoire analysis

TCR data from PBMCs were analyzed using Immun-
arch (V.0.6.8) and scRepertoire (V.vl1.9.1). TRA/TRB
paired sequences were integrated and annotated by

treatment group (pre-IRE, post-IRE). Clonal abun-
dance, CDR3 length, V(D)] gene usage, and diversity
indices (Shannon, Simpson) were calculated to assess
clonal expansion and diversity. Clonal overlap and
B-chain CDR3 motif analyses characterized sequence
convergence. Integrated TCR and transcriptomic
data (via combineExpression()) enabled visualization
of clonal size and expansion patterns in UMAP space,
revealing dynamic T-cell clonal remodeling before
and after IRE. Repertoire metrics were summarized
at the cohort level and further examined in a patient-
wise manner (eg, top clonotype fractions) to ensure
that patterns were not driven by a single individual.

Cell chat analysis

Cell-cell communication was analyzed using the Cell-
Chat R package (V.2.1.2) to infer ligand-receptor
signaling networks. The standardized single-cell matrix
was processed to identify overexpressed genes and
interactions, followed by calculation of communication
probabilities and filtering of low-frequency pairs (min.
cells=10). Interaction probabilities were integrated into
pathway hierarchies and aggregated into inter-cluster
networks. Visualization with ggalluvial highlighted domi-
nant signaling pathways and key regulatory interactions.

Transcription factor prediction analysis

Transcription factor (TF) regulatory networks were
inferred using the SCENIC workflow (V.1.2.4).*' Gene
co-expression modules were first constructed with
GRNboost, and enriched TF-target regulons were iden-
tified through motif analysis in RcisTarget (Normalized
Enrichment Score (NES) >3.0, area under the curve
(AUC) >0.05). Regulon activity scores were quantified
for each cell using AUCell, and regulatory specificity
was evaluated via Regulatory Specificity Scores (RSS)
and Correlation Strength Index to identify key cell type-
specific TFs.

RESULTS

Study design and patients characteristics

This study aims to investigate changes in the PBMC
landscape of patients with PCa undergoing IRE treat-
ment using single-cell sequencing, thereby analyzing
the therapeutic immune response to IRE (figure 1A).
The study protocol is provided in the supplemental
materials (see online supplemental Materials). A total
of five patients were enrolled, ranging in age from
58 to 82 years old. Tumor T-stages ranged from T2a
to T2c. Pretreatment prostate-specific antigen (PSA)
concentrations varied from 4.63 to 14.69ng/mL
across all patients. Post-treatment, PSA levels signifi-
cantly decreased in all patients, ranging from 0.31
to 0.64ng/mL. For each patient, we also collected
data on Gleason score, ISUP grade, surgical timing,
and specific surgical procedures. Detailed patient
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Figure 1 (A) Study design of our research. (B) Clinical information of the patients. (C) The expression of specific markers

by T/NK cells, myeloid cells and B cells. (D) The UMAP dimension reduction of T/NK cells, myeloid cells and B cells. (E) The
dimensionality reduction of UMAP in cells from each patient. (F) The proportions of T/NK cells, myeloid cells and B cells among
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UMAP, Uniform Manifold Approximation and Projection.
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information is summarized in online supplemental
Table S1 and figure 1B.

After excluding low-quality cells through standard-
ized quality control (online supplemental Figure SI),
we ultimately included 171,977 cells for subsequent
analysis. We analyzed the expression of representa-
tive markers for classical PBMC cell populations, ulti-
mately identifying 72,611 T/NK cells, 81,330 myeloid
cells, and 18,036 B cells (figure 1C-E). In T/NK cells,
characteristic genes such as CD3D, TRAC, NCAMI,
KLRDI1, NKG7, GNLY, PRF1, and GZMB were signifi-
cantly overexpressed. Similarly, myeloid cells showed
significantly elevated expression of genes including
CD14, LYZ, CST3, S100A8, CTSS, and SERPINAI,
while B cells exhibited markedly higher expres-
sion of characteristic genes such as CD37, CD79A,
CD79B, IGHM, IGHD, MS4A1, and CD19. In terms of
cellular proportions before and after treatment, the
overall myeloid cell proportion increased following
IRE therapy (elevated in four patients, with a slight
decrease in P5), while the T/NK cell proportion
decreased (decreased in four patients, with a slight
increase in P5). B cells showed no significant fluctu-
ation (figure 1F,G). Throughout the study, cohort-
level summaries are presented to highlight shared
patterns, while patient-wise paired comparisons are
provided (main figures and online supplemental
figure) to demonstrate consistency and interpatient
heterogeneity.

Overall functional transformation of PBMCs following IRE
treatment

Following IRE treatment, multiple pathways associated
with inflammation and immune activation were upreg-
ulated in patients with PCa’s PBMCs. These primarily
included pyrogenic production, complement activation,
leukocyte and macrophage activation, interleukin (IL)-
27-mediated signaling, autocrine regulation, antivirus
response and adhesion molecule production (figure 2A).
This upregulation predominantly occurs in myeloid cells,
suggesting that IRE induces myeloid cell-mediated inflam-
matory responses and innate immune activation, thereby
promoting antitumor immune responses (figure 2B-D).
However, functional activities associated with T cells and
NK cells in PBMCs exhibited a relatively quiescent and
suppressed state. Downregulated pathways included
CD4'/CD8" T-cell proliferation and differentiation, T-cell
activation and apoptosis regulation, and NK/T-cell differ-
entiation, suggesting a temporary reduction in adaptive
immune cell activity following IRE treatment (figure 2E).
This downregulation primarily occurred within T/NK
cells (figure 2F-H). Conclusively, inflammatory pathways
associated with myeloid cells and innate immune path-
ways were significantly upregulated, while proliferation
and differentiation pathways related to T/NK cells were
downregulated. These findings suggest that, at the post-
operative day 7 peripheral blood time point, IRE is associ-
ated with prominent innate immune activation, whereas

circulating adaptive immune programs are in a relatively
quiescent/rebalancing state.

Distinct transcriptomic reprogramming of T cells and NK cells
at day 7 after IRE

Among 72,611 T/NK cells, CD56dim NK cells (21,362)
and CD4" central memory T cells (22,287) were the most
abundant subsets, followed by CD8" effector memory,
vd T, CD8" CTL, MAIT, CD4" CTL, CD8" naive, Treg,
CD56bright NK, and CD4" naive T cells (5,772-830
cells; figure 3A). Proportionally, both CD56dim NK and
0 T cells increased after IRE, whereas regulatory T cell
(Treg) cells declined (figure 3B,C). All subsets expressed
canonical markers (figure 3D). GO/KEGG enrichment
of differentially expressed genes revealed upregulation of
immune pathways, including type I interferon-mediated
antiviral responses, toll-like and RAGE receptor activity,
and NK cell-mediated cytotoxicity (online supplemental
Figure S2A,B,D,F and G). Conversely, pathways related
to chemokine signaling, cytokine receptor activity, T-cell
receptor and NF-kB signaling, adhesion, and differenti-
ation were downregulated (online supplemental Figure
S2C,E,G and H). Collectively, these findings indicate that
IRE activates antiviral and cytotoxic programs while tran-
siently attenuating T/NK-cell activation, proliferation,
and migration.

GSVA analysis across T/NK subtypes confirmed and
refined the observed functional alterations (figure 3E-G).
IRE induced profound immune reprogramming in
T cells, characterized by altered activation states and
immune regulatory programs. Upregulated pathways
indicated increased tissue migration via integrin biosyn-
thesis and broadened lipid antigen presentation through
the major histocompatibility complex (MHC)-Ib pathway
(figure 3E). Concurrently, elevated responses to inter-
feron-f and IL-27 promoted a favorable immune milieu,
while reduced Treg differentiation alleviated immunosup-
pression. Downregulation of T-cell and CD8" T-cell activa-
tion and differentiation pathways suggested a transient
suppression of effector programs. Both activation-related
pathways and pathways annotated as negative regulators
of T-cell responses showed reduced GSVA scores after
IRE (figure 3F). Taken together, these findings support a
relative attenuation and rebalancing of peripheral T-cell
functional programs at day 7, rather than sustained prolif-
erative/activation signaling. However, these pathway-
level results should be interpreted as transcriptomic
signatures and do not by themselves establish specific
functional states (figure 3F). Across patients, pathway
changes were consistent (online supplemental Figure S3
and S4). Specifically, CD4" naive T cells showed upreg-
ulation of MHC-Ib-mediated lipid antigen presentation
and integrin biosynthesis; CD8" effector memory (EM)
T cells upregulated IL-27 and interferon-} responses;
and in Y0 T cells, CD8" cytotoxic T lymphocytes (CTLs),
and CD4" CTLs, GSVA scores for GO pathways annotated
as negative regulation of CD8" off T-cell activation were
decreased (figure 3G, online supplemental Figure Sb),
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indicating reduced enrichment of inhibitory-regulation-

related transcriptional programs in these subsets.

In NK cells, multiple innate antiviral and cytokine
signaling pathways were significantly upregulated,

including IL-27-mediated signaling, interferon-f
production, ISGI5 conjugation, and MCP-1/IP-10
induction (figure 3H). These changes indicate
activation of the interferon axis and enhanced
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antiviral-like and chemotactic responses, likely trig-
gered by DAMPs released post-IRE. Conversely, path-
ways regulating NK-T-cell differentiation, CD8" T-cell
activation, macrophage differentiation, and nega-
tive regulation of JAK-STAT signaling were down-
regulated, suggesting that early after IRE, NK cells
primarily assume antiviral and proinflammatory
effector roles. Although overall trends were consis-
tent across patients, IL-27-related and MCP-1-related
pathways were predominantly activated in patient P4
(online supplemental Figure S6 and S7), reflecting
interindividual variability. Subtype analysis revealed
that CD56dim NK cells upregulated “antiviral innate
immune response” and “negative regulation of viral
genome replication” while downregulating inhibitory
JAK-STAT regulatory pathways, indicating enhanced
cytokine responsiveness (figure 3], online supple-
mental Figure S8A-D). In CD56bright NK cells, GSVA
scores decreased for several GO pathways related to
regulation of CD8" aff T-cell activation, regulatory
T-cell differentiation, and T-cell apoptotic processes
(figure 3], online supplemental Figure S8E-H).
Because these pathway names include both positive
and negative regulatory processes, we interpreted
these changes conservatively as evidence of altered
NK-T-cell immunoregulatory signaling rather than
inferring a single directional functional effect. Collec-
tively, NK cells shift from an immunomodulatory to
an antiviral effector phenotype, reflecting immune
transition from acute activation toward steady-state
recovery after IRE.

Immune clonal remodeling following IRE treatment

Significant clonal expansion was observed within
the T-cell compartment, particularly in specific
clonotypes (figure 4A). Post-IRE, overall clonal rich-
ness (Chaol, ACE) and diversity (inverse Simpson,
normalized entropy) increased (figure 4B), while
abundance density curves remained similar, indi-
cating stable global repertoire structure with selective
redistribution of clonotypes across abundance classes
in peripheral blood (figure 4C). Because these data
derive from PBMCs, this pattern reflects circulation-
level repertoire remodeling and should not be inter-
preted as spatial redistribution within the prostate
or TME. CDR3 length distributions were largely
conserved, with minor pretreatment enrichment near
15 and 27 amino acids (aa) (figure 4D). The unique
clone ratio (~60%) remained unchanged (figure 4E).
Clonal abundance analysis showed an increase in
medium-abundance clones (10,001-30,000) and a
decrease in high-abundance clones (>30,000) after
treatment (figure 4F). Rarefaction and coverage
analyses confirmed directed amplification of specific
clones (figure 4G-I). The proportions of top 10 and
top 100 high-frequency clones also increased post-IRE
(figure 4]), supporting that repertoire remodeling
is not driven by a single outlier. UMAP visualization

revealed rare clones distributed across all subsets,
enriched in CD4" central memory (CM) T cells,
while small-to-medium clones were concentrated in
CD8" CTL, CD8" EM, and CD4" CTL populations
(figure 4K,L). Collectively, IRE enhances TCR reper-
toire diversity while promoting selective expansion
of antigen-specific clonotypes, indicating peripheral
immune repertoire remodeling after treatment.

Rewiring of T/NK cell communication networks following IRE
treatment

The overall intercellular communication among T/NK
cells slightly decreased after IRE (figure 5A and D), while
communication strength was redistributed in a subset-
specific manner across circulating T/NK subtypes.

Because CellChat inference is based on circulating
PBMC transcriptomes, these changes represent subset-
level shifts in signaling potential rather than spatially
localized remodeling within tissue. CD8" and CD4"
CTLs exhibited stronger incoming and outgoing
signals, whereas Tregs showed reduced communication
(figure 5B, Cand E).

Pathways related to antigen-specific activation (CD40,
MHC-I), migration and adhesion (ITGB2, ADGRE5), and
systemic inflammation (MIF) were broadly downregu-
lated, indicating reduced antigen-presentation-associated
signaling and a shift from an aggressive to a balanced
immune state. Conversely, BAG6 and CD48 signaling
were enhanced, reflecting a transition from adap-
tive hyperactivation to innate surveillance (figure 5F).
Decreased MHC-I and MIF signaling was observed across
multiple subsets, including CD8" EM T, CD56'dim NK,
CD8" CTL, CD56'bright NK, CD8" naive, and MAIT cells,
suggesting immune reconstitution toward homeostasis
(figure 5G). Ligand-receptor interaction maps illustrate
these network-level shifts (figure 5H,I).

For key subsets (CD8" CTL, CD4" CTL, CD8" EM T,
CDH/6%dim NK, and Tregs), TF analysis revealed substan-
tial regulatory remodeling. RSS plots identified subset-
specific regulons, and violin plots highlighted the 12
most altered TFs (online supplemental Figure S9-S13).
Notably, ETS1, TBX21, RUNXS3, IRFI1, and IKZF1 were
upregulated across multiple populations, indicating that
IRE enhances effector differentiation and immune activa-
tion programs in T/NK cells (figure 5]).

Broadly activated myeloid cell-mediated antigen presentation
and antiviral response
Myeloid cells were classified into classical and non-
classical monocytes, neutrophils, megakaryocytes, and
DCs based on marker expression (figure 6A,B and E).
Although PBMCGs typically lack neutrophils, a small
fraction was detected due to sample handling. Classical
monocytes were predominant, while non-classical mono-
cytes increased after IRE (figure 6C,D).

Post-IRE, myeloid cells exhibited marked acti-
vation, with upregulated pathways related to anti-
viral response, antigen presentation, complement
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(B) Comparison of clonal richness and diversity indices between pretreatment and post-treatment samples, indicating a
global increase in both richness and diversity after IRE. (C) Overlaid abundance density distributions of clonotype frequencies
for the pre-IRE and post-IRE groups; the two density curves are highly similar and therefore largely overlap (appearing as a
single curve). (D) CDR3 length distribution of TCRs. (E) Unique clonotype proportion across pretreatment and post-treatment
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frequency, medium-frequency, and high-frequency clones. (G) Rarefaction curves showing clonotype richness as a function of
sampling depth in pretreatment and post-treatment repertoires. (H-I) Rarefaction and coverage analyses comparing repertoire
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activation, cytokine secretion, and interferon
signaling, indicating transition from quiescence to
an immune-reactive state (figure 6F, online supple-
mental Figure S14-S16). Functional heatmaps

showed pronounced activation of inflammatory and
complement pathways in non-classical and classical
monocytes, whereas lipid metabolism, angiogenesis,
and stress-sensing pathways were downregulated
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(A) Global quantification of intercellular communication probability among T/NK cells before and after IRE treatment.
(B-C) Network visualization of signal interaction number and strength across major T/NK subsets, illustrating treatment-
induced redistribution of communication activity. (D) Overall comparison of total communication strength between groups in

different cell groups. (E) Heatmap showing changes in outgoing and incoming signaling strength (post-pre) across major T/NK
subsets. (F) Relative information flow analysis summarizing global alterations in signaling pathways, highlighting pathways with

increased or decreased activity after treatment. (G) Quantitative heatmap displaying pathway-specific differences in outgoing
and incoming signaling among distinct T/NK cell subsets. (H-I) Bubble and chord plots illustrating differential ligand-receptor
interactions between representative T/NK subsets before and after IRE treatment. (J) Transcription factor regulatory analysis
of key T/NK subsets, including CD8" CTL, CD4" CTL, CD8* EM T, CD56 dim NK, and Treg cells. CM, central memory; CTL,
cytotoxic T lymphocyte; EM, effector memory; IRE, irreversible electroporation; NK, natural killer; Treg, regulatory T cell.
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(figure 6G-I). These findings suggest IRE elicits
systemic innate immune activation while transiently
suppressing homeostatic and metabolic functions.
TF analysis revealed upregulation of IKZF1, RUNX3,
KLF13, and TBX21 in monocytes, reflecting coordi-
nated immune remodeling toward type I immunity
and interferon-driven activation (figure 6],K, online
supplemental Figure S17 and S18). Although mega-
karyocytes and DCs were less abundant, their profiles
showed heterogeneous regulation (figure 6L,M,
online supplemental Figure S19 and S20). Collectively,
IRE reprograms myeloid cells toward an “activated yet
controlled” phenotype, balancing proinflammatory
activation with mechanisms of immune restraint.

Rewiring of intracellular communication patterns in myeloid
cells

Following IRE, myeloid cells exhibited an overall increase
in intercellular interaction number but reduced inter-
action strength (figure 7A,D). Non-classical monocytes
showed expanded outgoing signaling despite dimin-
ished signal intensity, while DCs displayed increased
bidirectional communication with classical monocytes
(figure 7B-E). Pathways involving ITGB2, SELPLG,
ICAM, APP, ESAM, TNF, and RESISTIN were upreg-
ulated, indicating enhanced immune cell adhesion,
migration, and inflammation. Conversely, VISFATIN,
CLEC, MIF, ADGRE5, and ANNEXIN pathways were
downregulated, reflecting dampened immunosuppres-
sive signaling (figure 7F). Key amplified axes included
TNF-TNFRSF1B, SELPLG-SELL, ICAM-ITGB2, RETN-
CAP1, and PECAM1-PECAMI, whereas suppressive inter-
actions such as MIF-CD74/CXCR4, LGALS9-CD45/
CD44, ANXAI1-FPR1, and ADGRE5-CD55 declined
(figure 7G,H). Collectively, these results suggest that IRE
enhances myeloid-driven inflammatory communication
while attenuating inhibitory immune signaling.

B-cell functional conversion characterized by enhanced
inflammation sensing and concurrent metabolic dysfunction
B cells were categorized into memory, naive, transi-
tional, plasma, and activated subtypes based on canonical
marker expression (figure 8A,D). Cellular composition
varied across patients, with memory B cells showing a
general post-IRE increase (figure 8B,C). Functionally,
IRE-induced tissue necrosis and DAMPs release activated
TLR4, complement, and acute-phase response path-
ways, indicating enhanced innate signaling (figure 8E,
online supplemental Figure S21). Meanwhile, metabolic
suppression, ROS accumulation, and hypoxia impaired
energy metabolism and MHC-II antigen presentation,
reflecting a shift from adaptive effector to metabolically
restrained inflammatory states (figure 8F, online supple-
mental Figure S21). These patterns were largely consistent
among patients, though P4 exhibited stronger activation
(online supplemental Figure S22 and S$23). Pathway
enrichment revealed pronounced activation of innate
immune, extracellular matrix adhesion, proteolysis, and

autocrine signaling pathways—particularly in memory B
cells—accompanied by downregulation of cell cycle and
metabolic programs (figure 8G). TF analysis showed no
major pretreatment versus post-treatment differences
(figure 8H-], online supplemental Figure S24 and S25).
Collectively, IRE induces functional reprogramming of B
cells toward innate-like activation, with memory B cells
showing the most prominent remodeling.

IRE reshapes the holistic cellular communication pattern in
PBMCs

Figure 9A shows the UMAP distribution of all immune
subpopulations. Overall, the number of intercellular
communications increased after IRE, while signal inten-
sity declined (figure 9B,C). Notably, interactions from
non-classical monocytes to NK and T cells, and from DCs
to NK, CD8" CTL, and CDS8" naive T cells, were enhanced,
whereas CD8" EM T cells exhibited the greatest reduction
in received signals (figure 9D).

The PBMC communication network underwent
bidirectional remodeling post-IRE: pathways such as
GALECTIN, ESAM, CD6, ALCAM, TNF, and RESISTIN
were upregulated, indicating strengthened inflamma-
tory and adhesion signaling; in contrast, CD40, CD86,
ADGRE5, PECAMI1, THBS, SEMA4, MHC-I, and
VISFATIN were downregulated, reflecting attenuated
antigen presentation and costimulatory signaling
(figure 9E,F). These findings suggest a rebalanced
immune landscape characterized by enhanced inflam-
matory communication and reduced antigen-specific
activation. Ligand-receptor interaction maps before
and after treatment further visualize these changes
(figure 9G,H).

Checkpoint-related receptor and ligand expression in
peripheral T/NK and myeloid compartments after IRE

We additionally profiled immune checkpoint-related
receptor and ligand/costimulatory gene expression
across peripheral immune subsets in our paired
pre-IRE/post-IRE PBMC scRNA-seq dataset (online
supplemental Figure S27). DotPlot visualization (dot
size, fraction of expressing cells; dot color, average
expression) revealed pronounced subset-specific
patterns rather than uniform checkpoint upregula-
tion across circulating lymphocytes.

Within the T/NK compartment, Treg cells displayed
the most prominent expression of canonical inhib-
itory markers (CTLA4, TIGIT, and TOX), whereas
NK-cell, yd T-cell, and MAIT-cell subsets preferentially
expressed innate/NK-associated inhibitory receptors
(notably KLRC1 and CD96). In contrast, PDCDI
and HAVCR2 were generally low across most circu-
lating T-cell subsets at postoperative day 7. Summa-
rizing within-subset changes (log2 fold change, post
vs pre) suggested overall modest shifts with cell-type-
dependent remodeling, including subset-divergent
changes in KLRCI and increased LILRBI/LILRB2
signatures in selected effector-like T-cell subsets.
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GSVA, Gene Set Variation Analysis; UMAP, Uniform Manifold Approximation and Projection.
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Figure 9 (A) UMAP dimension reduction for whole-cell subtypes. (B) Network visualization of signal interaction number

and strength across all cell subtypes. (C) Overall comparison of total communication strength between groups in different

cell groups. (D) Heatmap showing changes in outgoing and incoming signaling strength (post-pre) across all cell subtypes.

(F) Relative information flow analysis summarizing global alterations in signaling pathways, highlighting pathways with increased
or decreased activity after treatment. (G) Quantitative heatmap displaying pathway-specific differences in outgoing and
incoming signaling among all cell subtypes. (H-l) Bubble and chord plots illustrating differential ligand-receptor interactions
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In the myeloid compartment, expression of check-
point ligand/costimulatory genes (CD274/PD-L1,
PDCDI1LG2/PD-L2, CD80, CD86, and CD40) was low-
to-moderate but subset-specific. Notably, CD274 (PD-
L1) increased after IRE in multiple myeloid subsets,
while PDCDI1LG2 and CD80/CD86 showed divergent
directions across myeloid lineages. Overall, these data
indicate that at day 7 post-IRE, peripheral checkpoint
landscapes undergo time-dependent and subset-
dependent remodeling, with concurrent attenuation
of some Treg-associated inhibitory features and emer-
gence of a myeloid PD-L1 axis that may be relevant to
rational checkpoint blockade combination strategies.

DISCUSSION
We present the first single-cell transcriptomic and TCR
repertoire profiling of peripheral immune remodeling
after IRE in localized PCa. Paired pretreatment and
post-treatment analyses reveal dynamic bidirectional
reprogramming characterized by strong innate activa-
tion (myeloid and NK cells) and transient suppression
followed by recovery of adaptive T-cell immunity. These
findings demonstrate that IRE functions not only as a
local ablative therapy but also as an immunomodulatory
intervention reshaping systemic immune homeostasis.

Notably, this study provides the first evidence
that IRE induces an interferon-driven, antiviral-like
immune response in PCa. IRE enhances type I inter-
feron signaling and ISG expression, accompanied
by activation of myeloid and NK cells. Elevated non-
classical monocytes and DC activity indicate rapid
systemic innate activation, likely triggered by DAMP
and tumor antigen release. Upregulation of RUNX3,
TBX21, and IKZF1 suggests a coordinated transcrip-
tional program promoting antigen presentation
and antiviral-like defense while controlling inflam-
mation.”” This “activated yet regulated” phenotype
resembles the transient inflammatory burst observed
after immunogenic cell death, providing mechanistic
evidence for IRE’s proposed “in situ vaccination”
effect.” ** Notably, we report for the first time that
IRE activation induces an antitumor-like immune
response following surgery. Previous study has indi-
cated that high expression of interferon-related
genes correlates positively with response to chemo-
therapy/radiotherapy/immune checkpoint inhib-
itors (ICBs).25 Additionally, PCa, as a “cold tumor,”
lacks immune infiltration and exhibits poor response
to ICB. Activation of interferon-related pathways
can transform cold tumors into hot tumors, thereby
enhancing therapeutic responsiveness.”® *” Thus, IRE
is expected to enhance the responsiveness of PCa to
immunotherapy by activating antiviral-like responses
in myeloid cells and NK cells, providing a theoretical
basis for combination therapies.

In contrast to enhanced innate immunity, circu-
lating T cells at day 7 exhibited downregulation of

activation-associated and proliferation-associated tran-
scriptional programs after IRE. We interpret this pattern
as an early transitional state in peripheral adaptive immu-
nity rather than definitive loss of antitumor potential.
Importantly, this does not necessarily conflict with prior
clinical immune-monitoring data in prostate IRE. In
the IRE-IMMUNO study, Geboers et al used multi-time
point peripheral blood analyses (days 5, 14, and 30) and
reported reduced systemic immune suppression with
effector T-cell activation peaking at approximately day 14,
together with evidence of PCa-specific T-cell responses.
Viewed together, their functional kinetics and our day
7 scRNA-seq/TCR snapshot suggest that post-IRE T-cell
immunity may evolve in phases, with early peripheral
immune rebalancing followed by stronger effector acti-
vation in a later window in at least a subset of patients.'*

Concurrently, transcriptomic pathway signatures
related to activation-induced cell death (AICD)
and survival signaling were altered at day 7. These
patterns are compatible with a transitional “func-
tional reset”-like state rather than terminal exhaus-
tion, but this interpretation remains inferential
and should be validated by orthogonal functional
assays.”® AICD eliminates overactivated T-cell clones
via Fas/FasL-mediated apoptosis; suppression of pro-
apoptotic signaling or induction of survival programs
may reduce AICD sensitivity and prolong viability.
Sustained expression of effector TFs (RUNX3,
TBX21, IRF1, ETS1), together with enhanced TCR
clonal expansion, supports amplification or selective
retention of antigen-specific clones post-IRE, with
the observed “quiescent” state reflecting persistence
rather than exhaustion.” This adaptive equilibrium
suggests that, following innate activation and reduced
tumor burden, weakened TCR/co-stimulatory
signaling may favor maintenance of expanded T-cell
clones as a “quiescent but reactivable” pool rather
than AICD-mediated deletion. Additionally, upregu-
lated IL-27 and interferon pathways in T and NK cells
may support CD8" T-cell survival, self-renewal, and
effector function.” *' Similar transient suppression
after radiofrequency or cryoablation also supports
the concept of systemic immune homeostasis recovery
after local ablation.™ ™

Beyond T and NK cells, single-cell analysis reveals
dynamic remodeling of B-cell function after IRE. Memory
B cells show upregulated TLR4 and complementrelated
inflammatory signaling but downregulated meta-
bolic and antigen-presentation pathways (eg, MHCI,
oxidative phosphorylation). This indicates functional
reprogramming within the IRE-induced inflamma-
tory milieu, featuring “enhanced inflammatory sensing
but suppressed effector function.” The enrichment of
memory-like B cells suggests selective retention of antigen-
experienced clones, supporting postoperative humoral
immune memory.”* Given that B cells can influence
T-cell responses through cytokine secretion and antigen
processing, this transcriptional remodeling may facilitate
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fine-tuned synergistic regulation between humoral and
cellular immunity, promoting orderly recovery of systemic
immunity following IRE.

Cellular communication analysis revealed a systemic
reorganization of peripheral immune signaling after IRE.
Proinflammatory pathways mediated by MHC-I/CD40
and MIF were markedly attenuated, whereas immune
homeostasis pathways involving BAG6 and CD48 were
enhanced, indicating a transition from inflammation-
driven to surveillance-oriented communication. Mecha-
nistically, this reflects an IRE-induced activation-recovery
program at the systemic level. The decline in MHC-1/
CD40 signaling aligns with reduced T-cell proliferation,
while upregulated BAG6-NKp30 and CD48-CD2 interac-
tions promote immune surveillance and prevent exces-
sive inflammation.*’

Overall, this study reveals that IRE is a therapeutic
modality that combines localized ablation with systemic
immune modulation. Its “activation-recovery” biphasic
immune process provides a temporal window for subse-
quent combination immunotherapies (such as immune
checkpoint inhibition or cytokine therapy). Peripheral
immune monitoring using single-cell transcriptomics
and TCR sequencing can serve as a biomarker platform
for assessing immune activation dynamics and guiding
personalized treatment timing. Future studies should
expand sample sizes, incorporate multi-time point
follow-ups, and integrate tissue-level immunomics anal-
ysis to comprehensively elucidate the spatiotemporal
characteristics of immune remodeling following IRE.

This study has certain limitations. First, immune
profiling was performed on peripheral blood samples
collected at a single postoperative time point (day 7),
which may not fully capture the temporal dynamics of
immune remodeling after IRE. In particular, recent multi-
time point peripheral immune monitoring after IRE in
localized PCa suggests that some effector T-cell activation
signals may peak later (eg, around day 14), underscoring
that our day 7 sampling captures an early phase rather
than the full response trajectory.'* Second, the relatively
small sample size limits the generalizability of our findings
and warrants validation in larger, independent cohorts.
Third, because our analyses were based on PBMCs, they
primarily reflect systemic immune remodeling rather
than the spatially resolved intratumoral TME. While
prior studies suggest that peripheral immune dynamics
can partially mirror TME-associated immune changes
and may serve as a practical, non-invasive monitoring
strategy,” ** direct linkage between circulating immune
signatures and local intratumoral immune states will
require future studies integrating paired tumor biopsies
and/or spatial profiling across multiple post-treatment
time points. Fourth, the inferred signaling pathways and
cell-cell communication networks in this study were
derived from transcriptomic analyses and should there-
fore be interpreted with caution until validated by orthog-
onal functional assays. Finally, we did not assess long-term
clinical outcomes. Future prospective studies with paired

pretreatment and post-treatment sampling, extended
follow-up, and clinical outcome evaluation will be needed
to define the prognostic and therapeutic relevance of
these immune changes and to better inform rational
combination strategies with immunotherapy.

CONCLUSION

In summary, this study systematically revealed the remod-
eling characteristics of the peripheral immune system
following IRE treatment in PCa through single-cell tran-
scriptomics analysis. IRE not only rapidly activates innate
immunity but also induces coordinated functional repro-
gramming of adaptive immune cells, accompanied by
systemic reorganization of cytokine signaling regulation
and intercellular communication networks. Notably, the
activation of interferon-related pathways and enhanced
immune signaling exchange suggest that IRE may drive
PCa from an immune “cold tumor” to a “responding”
state. Overall, IRE exhibits dual effects of local ablation
and systemic immune modulation, providing crucial
mechanistic evidence and theoretical foundations for its
combined application with immunotherapy.
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