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Abstract Sepsis is a comprehensive ailment of systemic inflammatory response syndrome arising from

infection. Activation of CASPASE-1 plays a central role in initiating the inflammatory cascade during

sepsis. Herein, we construct optogenetically engineered extracellular vesicles (EVs) that achieve the spe-

cific degradation of CASPASE-1 and inhibit sepsis-associated inflammation. Specifically, blue light

(460 nm)-induced CRY2/CIBN heterodimerization was applied during the EVs production stage to selec-

tively load GCE—CTM fusion proteins into EVs by EXPLORs technology, yielding EVsGCE− CTM

loading efficiency compared to conventional methods. Upon systemic delivery, EVsGCE− CTM preferen-

tially accumulated in macrophages, where the GCE domain selectively bound activated CASPASE-1.

The CTM motif then facilitated its lysosomal degradation by chaperone-mediated autophagy, resulting

in potent inhibition of CASPASE-1 activity. In a murine model of sepsis, treatment with EVsGCE− CTM
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effectively attenuated systemic inflammation, reduced multi-organ damage, and significantly improved

survival outcomes. This approach enables highly efficient, ubiquitin-independent degradation of intracel-

lular target proteins through macrophage-directed EVs delivery, offering a potential therapeutic approach

to address sepsis and other inflammation-related diseases.

ª 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Sepsis, a life-threatening systemic inflammatory storm triggered by

infection, is characterized by a mortality rate exceeding 20%1‒9. Its

pathogenesis is rooted in the dysregulated CASPASE-1-mediated

inflammatory cascade10‒12. While small-molecule inhibitors and

RNA-based interventions targeting CASPASE-1 have shown pre-

clinical potential, their clinical translation remains hampered by off-

target toxicity13, delayed therapeutic efficacy, and an inability to

precisely modulate post-translational modifications, underscoring the

urgent need for safer and more efficient therapeutic paradigms14.

Although proteolysis-targeting chimeras exploit ubiquitination

for targeted protein degradation15,16, current proteolysis-targeting

chimeras strategies lack targeted delivery to macrophages

in vivo17,18. Similarly, while extracellular vesicles (EVs) exhibit

intrinsic macrophage-targeting capacity as drug carriers, conven-

tional engineering approaches fail to achieve high-efficiency protein

loading19, let alone coordinated “target recognition—lysosomal

degradation” cascades20.

Here, we present a synergistic “optogenetically controlled

assembly—lysosomal targeting” strategy by engineering EVs

(EVsGCE− CTM)21‒23. First, EXPLORs-based optogenetic systems

enable precise packaging of fusion proteins consisting of the

GSDM C-terminal exosite (GCE, a CASPASE-1—recruiting

domain) and a C-terminal lysosome-targeting motif (CTM)22,24.

Second, the PTGFRN—CRY2 and CIBN—GCE—CTM photo-

responsive module ensures macrophage-specific delivery and

release of GCE—CTM. Third, the released GCE—CTM selectively

recruits CASPASE-1 and directs its lysosomal degradation. Using a

murine sepsis model induced by cecal ligation and puncture (CLP),

EVsGCE− CTM treatment markedly decreased concentrations of IL1ß

and IL18 in serum, mitigated multiorgan injury, and improved

survival rates. This research provides a new platform for the

regulation of protein degradation therapy in inflammatory diseases.

2. Materials and methods

2.1. Cell culture and transfection

HEK293T and RAW264.7 cells were obtained from the American

Type Culture Collection (ATCC, Manassas, VA, USA). HEK293T

cells were maintained in Dulbecco’s Modified Eagle Medium

(DMEM; KeyGen Biotech, Nanjing, China) supplemented with

10% fetal bovine serum (Excell Bio, Suzhou, China) and 1%

penicillin-streptomycin antibiotics (Solarbio, Beijing, China).

RAW264.7 macrophages were cultured in RPMI 1640 medium

(HyCyte, Suzhou, China) at 37 ◦C under 5% CO2. The culture

medium was refreshed every other day.

For transfection, HEK293T cells were seeded at a density of

4 × 105 cells per well in a 6-well plate and transfected with

plasmids using Lipofectamine 2000 (Thermo, 11668030,

Shanghai, China) following the manufacturer’s protocol after 24 h

of incubation. The medium was then replaced with serum-free

medium, and the cells were exposed to blue light for 48 h. The

conditioned medium was then collected. Engineered EVs were

isolated from the supernatant by ultracentrifugation. As controls,

EVsCtrl were collected from plasmid-transfected cells maintained

without blue-light exposure during the collection period, and

EVsNone were collected from cells without plasmid transfection

and without blue-light exposure. EVs were isolated from condi-

tioned media by differential ultracentrifugation. Supernatants were

clarified by sequential centrifugation at 4 ◦C (300×g, 10 min;

2000×g, 20 min; 10,000×g, 30 min, using a Centrifuge 5424 R,

Eppendorf, Hamburg, Germany) and passage through a 0.22-μm

sterile filter (Merck Millipore, Burlington, MA, USA). Vesicles

were collected by ultracentrifugation (Beckman Coulter, A94516,

Brea, CA, USA) at 110,000×g for 70 min at 4 ◦C. The pellet was

washed in excess sterile water (in-house prepared) and re-pelleted

under the same conditions. Final pellets were resuspended in

100 μL PBS (Thermo, 10010023, Shanghai, China), aliquoted,

and stored at − 80 ◦C.

2.2. Plasmid construction

Nanjing GenScript Biotech Corporation (Nanjing, China) used the

pcDNA3.1(− ) plasmid to clone and synthesize the recombinant

genes Ptgfrn-CRY2 and CIBN-Gce-Ctm.

2.3. EVs characterization and labeling

In brief, EVs were deposited onto a metal grid and subsequently

stained with 2% uranyl acetate (Electron Microscopy Sciences,

Hatfield, PA, USA). After drying for 30 min, the EVs were

visualized using a transmission electron microscope (JEOL Ltd.,

JEM-1400Flash, Tokyo, Japan). For the analysis of EVs distri-

bution, the isolated EVs were uniformly diluted to a protein

concentration of 500 ng/mL and examined using a Zeta View

system (Particle Metrix, PMX 110, Meerbusch, Germany).

2.4. Enzyme-linked immunosorbent assays

The concentrations of IL1ß and IL18 in cell culture supernatants

and mouse serum were quantified using commercial mouse-

specific ELISA kits (for IL1ß, EK201B; for IL18, EK218; both

from MultiSciences (Lianke) Biotech Co., Ltd., Hangzhou, China)

according to the manufacturer’s instructions.
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2.5. Western blot

Proteins were isolated from cells, tissues, and EVs using RIPA

lysis buffer (Beyotime, Shanghai, China), and their concentrations

were determined by the Pierce BCA Protein Assay Kit (Thermo,

23225, Shanghai, China). Samples were separated by sodium

dodecyl sulfate-polyacrylamide gel electrophoresis and subse-

quently transferred onto nitrocellulose membranes (Merck Milli-

pore, HATF00010, Burlington, MA, USA). The membranes were

then blocked with 5% nonfat milk for 1 h, followed by overnight

incubation with primary antibodies: anti-GAPDH (Proteintech,

10494-1-AP, Wuhan, China), anti-GM130 (Proteintech, 11308-1-

AP, Wuhan, China), anti-CD9 (Affinity Biosciences, AF5139,

Liyang, China), anti-TSG101 (Proteintech, 28283-1-AP, Wuhan,

China), anti-IL18 (Abcam, AB207323, Cambridge, UK), anti-

CASPASE-1 (Proteintech, 22915-1-AP, Wuhan, China), anti-

Cleaved CASPASE-1 (Cell Signaling Technology, #67314, Bos-

ton, MA, USA), anti-IL1ß (Cell Signaling Technology, #31202,

Danvers, MA, USA), anti-NLRP3 (Proteintech, 30109-1-AP,

Wuhan, China), and anti-Flag (Proteintech, 66008-4-Ig, Wuhan,

China). Following three washes with TBST (in-house prepared:

20 mmol/L Tris-HCl, 150 mmol/L NaCl, 0.1% Tween-20, pH 7.6),

the membranes were exposed to HRP-conjugated secondary an-

tibodies (Abcam, ab6721, Cambridge, UK) at room temperature

for 1 h, and the protein bands were detected using ECL substrate

(Thermo, 32106, Shanghai, China). Data from Western blots were

normalized to GAPDH and are presented as relative levels

compared to the control group (set to 1). Data are presented as the

mean ± standard error of mean (SEM) of three independent ex-

periments. Statistical significance was determined by one-way

analysis of variance (ANOVA) with Tukey’s post hoc test (ns,

not significant; *P < 0.05, **P < 0.01, ***P < 0.001).

2.6. Quantitative real-time polymerase chain reaction (qRT-

PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen,

15596026CN, Carlsbad, CA, USA) following the manufacturer’s

protocol. Reverse transcription was carried out using a Prime

Script First-Strand cDNA Synthesis Kit (Roche, 04897030001,

Basel, Switzerland). qPCR reactions were conducted with

FastStart Essential DNA Green Master (Roche, 06402712001,

Basel, Switzerland). Each PCR reaction was performed in tripli-

cate. Data acquisition and analysis were conducted using a Roche

Light Cycler 96 qPCR system (Roche, LightCycler 96, Basel,

Switzerland). Expression was normalized to Gapdh, and fold

changes were calculated by the 2—ΔΔCt method.

2.7. Mice

All experimental procedures were executed according to the

protocols approved by the Animal Care and Use Committee of the

Fourth Military Medical University. We used male C57BL/6 mice

that were 8‒10 weeks old and weighed 22‒25 g. All experiments

were authorized by the Animal Care and Use Committee of the

Fourth Military Medical University (Approval No.

KY20213144-1).

2.8. High-grade CLP sepsis model and treatment regimen

The high-grade sepsis model was executed as described (Sup-

porting Information Fig. S1). Mice were anesthetized via

intraperitoneal injection of 1% pentobarbital sodium

(Sigma—Aldrich, St. Louis, MO, USA) before all procedures.

Following anesthesia, the peritoneum was surgically exposed

under sterile conditions. About 75% of the cecum was securely

tied with a 4-0 silk suture (Ethicon, Somerville, NJ, USA), fol-

lowed by a single perforation made using a 21-gauge needle (BD,

Franklin Lakes, NJ, USA). To ensure proper patency, a small

amount of fecal material was extruded from the perforation site.

The cecum was then placed back into the peritoneal cavity, and

the abdominal wound was sutured with 4-0 silk suture. Immedi-

ately post-CLP, the animals received subcutaneous pre-warmed

saline (50 ml/kg) for fluid resuscitation. In the sham-operated

group, mice underwent identical surgical procedures without

cecal ligation and perforation.

2.9. In vivo biodistribution of EVs

EVs were labeled with 1,1′-dioctadecyl-3,3,3′,3′-tetramethy-

lindotricarbocyanine iodide (DiR; Invitrogen, D12731, Carlsbad,

CA, USA) at a final dye concentration of 8 μmol/L. Unincor-

porated dye was removed by size-exclusion chromatography,

and labeled EVs were washed three times in PBS before intra-

venous injection (tail vein; 100 μL; dose specified). In vivo

fluorescence imaging was performed 6 h post-injection under

isoflurane (YaJi Biological, YS1414M, Shanghai, China) anes-

thesia using an IVIS Lumina II system (PerkinElmer, Waltham,

MA, USA) with 745/800 nm (Ex/Em) filters (Fig. S1). The 6-h

time point was selected based on preliminary kinetics showing

the highest target-to-background ratio. Tissues (heart, liver,

spleen, lung, and kidney) were harvested at 6 h for ex vivo

imaging.

For cellular uptake analysis, tissue sections from mice

receiving Dil-labeled (Invitrogen, D282, Carlsbad, CA, USA) EVs

were fixed, blocked with 5% BSA (Sigma—Aldrich, A7906), and

permeabilized as needed, followed by incubation with anti-F4/80

(Abcam, EPR26545-166, Cambridge, UK; 1 h at room tempera-

ture; appropriate dilution) and a fluorophore-conjugated secondary

antibody. Nuclei were counterstained with Hoechst (Beyotime,

C1029, Shanghai, China). Images were acquired on a Nikon A1

Spectral Confocal Microscope (Nikon, Tokyo, Japan).

2.10. Histopathologic assessment

Tissues such as the heart, liver, lung, spleen, and kidney were

collected and preserved in 4% buffered formaldehyde (Sigma-

—Aldrich, 100496). They were then embedded in paraffin

(Sigma—Aldrich, P3558) and serially sectioned (4 μmol/L).

Each slide was stained with hematoxylin and eosin

(Sigma—Aldrich, HHS16). Morphological damage was exam-

ined microscopically.

2.11. Flow cytometry

Pyroptosis in treated and untreated cells was assessed by flow

cytometry with propidium iodide (PI; Sigma-Aldrich, P4170) and

CASPASE-1 (Abcam, ab219935, Cambridge, UK) staining. Cells

were collected by centrifugation at 200×g (Eppendorf) for 5 min

after two PBS washes, then incubated with CASPASE-1 antibody

and PI for 1 h at room temperature in the dark. Flow cytometric

analysis was performed, and experiments were conducted at least

three times.
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2.12. Hemolysis assay

Hemocompatibility of the EVsGCE− CTM was assessed by a stan-

dard hemolysis assay. Fresh whole blood from healthy C57BL/6

mice was collected in heparinized tubes (BD, 367874, Franklin

Lakes, NJ, USA). Red blood cells were isolated by centrifugation

at 1000×g (Eppendorf) for 10 min at 4 ◦C and washed three times

with PBS until the supernatant was clear. Purified RBCs were

resuspended in PBS to obtain a 2% (v/v) RBC suspension.

Aliquots of the 2% RBC suspension were incubated with EVs,

PBS, and deionized water at 37 ◦C for 2 h. PBS and deionized

water served as the negative (0% hemolysis) and positive (100%

hemolysis) controls, respectively. After incubation, samples were

centrifuged at 1000×g (Eppendorf) for 10 min, the supernatants

were transferred to a 96-well plate, and absorbance was recorded

at 540 nm using a microplate reader (BioTek Instruments, Synergy

H1, Winooski, VT, USA). Hemolysis was calculated as the

following Eq. (1):

Hemolysis (%) � [(Asample — APBS) / (Adeionized water — APBS)] × 100

(1)

where Asample, APBS, and Adeionized water are the absorbances of the

sample, negative control (PBS), and positive control (deionized

water), respectively.

2.13. Echocardiography

Fur from the chest to the abdomen was removed with a chemical

depilatory. Mice were placed on a temperature-controlled warm-

ing pad and anesthetized with isoflurane (YaJi Biological).

Transthoracic echocardiograms were acquired using a Vevo 2100

system (FUJIFILM VisualSonics, Toronto, Canada). Cardiac

function was evaluated with M-mode imaging and pulsed-wave

Doppler of mitral inflow; systolic performance was reported as left

ventricular ejection fraction, and diastolic function as the E/A

ratio.

2.14. Statistical analysis

Data were analyzed with GraphPad Prism 6.02 software

(GraphPad Software, San Diego, CA, USA). Student’s t-test was

used for two-group comparisons, and one-way ANOVA with

Tukey’s post hoc test was used for comparison among three or

more groups. Data are expressed as mean ± SEM. Statistical

significance was set at P < 0.05.

3. Results

3.1. Characterization and analysis of EVsGCE− CTM

Built on the EXPLORs optogenetic platform, our system achieves

precise control through three core components21. PTGFRN serves

as a stable scaffold on the EVs membrane; CRY2, a blue-light-

responsive photoreceptor, is fused to PTGFRN to create a

membrane-anchored capture module; and CIBN acts as the high-

affinity binding partner of CRY225. In this design, CIBN is fused

to a chimeric protein containing the GCE and CTM domains:

GCE recruits activated CASPASE-1, while CTM targets proteins

to lysosomal degradation via chaperone-mediated autophagy22,23.

Upon blue-light illumination, CRY2 engages CIBN to form a

molecular bridge, enabling efficient, controllable loading of the

therapeutic cargo onto the EVs’ surface24. After delivery to

macrophages, the released GCE—CTM module recruits activated

CASPASE-1 through GCE and directs the complex to lysosomes

for degradation via the CTM motif. To generate EVs incorporating

this construct, two plasmids were designed (Supporting Informa-

tion Fig. S2). HEK293T cells were transfected with the two

plasmids, resulting in the expression of the PTGFRN—CRY2

(Fig. 1A, top) and CIBN—GCE—CTM (Fig. 1A, bottom). Cul-

ture media from these transfected cells were collected, and EVs

were subsequently isolated by ultracentrifugation (Fig. 1B). To

confirm the identity of the isolated vesicles, Western blot analysis

was performed targeting well-established EVs markers CD9 and

TSG101. Both proteins were readily detected in the preparations,

while the Golgi marker GM130 was absent, thus verifying the

purity and EV nature of the isolates (Supporting Information

Fig. S3). Additionally, we confirmed the successful expression

of both fusion constructs in EVs, with CIBN—GCE—CTM and

PTGFRN—CRY2, respectively, in Western blot assays of EVs

lysates from transfected HEK293T cells (Fig. 1C). Quantitative

analysis further demonstrated that, relative to control groups,

transfected cells and their corresponding EVs exhibited elevated

expression of FLAG-tagged proteins and CRY2 (Fig. 1D‒G).

Western blotting revealed a marked increase in FLAG expression

in EVsGCE− CTM compared to EVsCtrl (Fig. 1H), and consistently

higher levels of both FLAG and CRY2 were observed in

EVsGCE− CTM relative to EVsNone and EVsCtrl (Fig. 1I). Nano-

particle tracking analysis indicated that over 80% of the isolated

vesicles fell within the 30‒120 nm size range (mean diameter:

∼90 nm), in line with the typical size distribution of EVs

(Fig. 1J‒L). Transmission electron microscopy displayed typical

cup-shaped membrane vesicles, thereby confirming their identifi-

cation as EVs (Fig. 1M‒O).

3.2. Lysosomal targeting capacity and CASPASE-1 interaction

of EVsGCE− CTM

To investigate the intracellular fate of EVsGCE− CTM cargo, both

the lysosomal targeting capability and CASPASE-1 binding

properties of the delivered fusion proteins were assessed. Two

groups of EVs were prepared following transfection: (1) non-

illuminated controls (EVsLight off) and (2) EVs generated under

460-nm blue light exposure for 48 h (EVsGCE− CTM). Quantitative

PCR analysis showed a significant increase in FLAG transcript

levels in the illuminated group (Supporting Information Fig. S4),

indicating that the EXPLORs system markedly enhances the ef-

ficiency of protein loading into EVs during their biogenesis. To

assess whether the engineering modifications affected the ability

of EVs to be internalized and trafficked to lysosomes by macro-

phages, EVsGCE− CTM, EVsNone, and EVsCtrl were co-incubated

with RAW264.7 macrophages. EVs were labeled with the green

fluorescent dye DiO, and lysosomes were stained using

LysoTracker, enabling visualization of their intracellular locali-

zation (Supporting Information Fig. S5).

We next examined whether EVsGCE− CTM effectively mediates

lysosomal degradation of CASPASE-1 via GCE—CTM interac-

tion. To mimic inflammatory conditions associated with sepsis,

RAW264.7 macrophages were stimulated with lipopolysaccharide

(LPS, 1 μg/mL) for 12 h26, followed by co-incubation with either

EVsGCE− CTM or EVsNone. Immunofluorescence imaging was

performed to determine subcellular localization: CASPASE-1 was

labeled with green fluorescence, lysosomes were stained with

LysoTracker, and nuclei were counterstained with Hoechst

EVsGCE− CTM targets CASPASE-1 in sepsis 4695



(Fig. 2A‒C). As expected, EVsGCE− CTM treatment led to clear

colocalization of CASPASE-1 with lysosomal compartments,

suggesting targeted delivery for degradation. To further validate

the interaction between CASPASE-1 and the CIBN—GCE—CTM

fusion protein, co-immunoprecipitation assays were performed

(Fig. 2D). Immunoprecipitation using anti-FLAG magnetic beads

successfully pulled down CASPASE-1, as confirmed by distinct

electrophoretic bands corresponding to both CASPASE-1 and

CIBN-3 × FLAG-GCE (Fig. 2E‒G). These results indicate a

specific molecular interaction between the fusion construct and

CASPASE-1. Additional support was provided by immunohisto-

chemistry and lysosomal co-localization analyses. Collectively,

these results demonstrate that EVsGCE− CTM not only recruits

CASPASE-1 but also directs it to lysosomes for degradation,

thereby establishing the functional efficacy of the fusion protein in

mediating selective protein targeting within macrophages.

To evaluate the anti-inflammatory efficacy of EVsGCE− CTM, we

examined its modulatory effects in LPS-stimulated RAW264.7

macrophages. This approach aligns with the canonical CASPASE-

1 activation pathway, in which inflammasome assembly leads to

autocatalytic cleavage of Pro-CASPASE-1 into the active p20

fragment. The active CASPASE-1 subsequently mediates the

maturation of pro-IL1ß and pro-IL18 into their respective bio-

logically active forms27,28. Accordingly, we assessed the

Figure 1 Preparation and characterization of EVsGCE− CTM. (A) Schematic of DNA constructs used for the production of EVsGCE− CTM (top).

Schematic showing fusion proteins and their proposed activities (bottom). Image created with Biorender.com, with permission. (B)Schematic

diagram of the EVs preparation and isolation process. Image created with Biorender.com, with permission. (C) Western blotting analysis of CRY2

and FLAG stably expressed in transfected HEK293T cells and isolated EVsGCE− CTM. (D—G) Quantification of protein levels. Data are presented

as mean ± SEM (n � 3). ns, not significant; *P < 0.05 by Student’s t-test. (H) Western blot analysis of FLAG expression in different EVs. (I)

Quantification of protein levels. Data are presented as mean ± SEM (n � 3). **P < 0.01 by Student’s t-test. (J—L) Size distribution of isolated

EVs as indicated. Scale bar: 100 nm. EVsNone: These EVs were obtained from HEK293T cell culture media without transfection (Fetal bovine

serum without EVs); EVsCtrl: These EVs were transfected with CIBN—GCE—CTM and PTGFRN—CRY2 without the blue light exposure.

GAPDH served as the loading control.
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expression levels of key components involved in inflammasome

signaling, including CASPASE-1, IL1ß, IL18, NLRP3, and

GSDMD (Fig. 3A‒E; Supporting Information Fig. S6B,

S6D—S6F). Microscopic analysis revealed characteristic

morphological features of pyroptosis in LPS-treated macrophages

(Fig. S6A). Additionally, a lactate dehydrogenase (LDH) release

assay demonstrated increased extracellular LDH activity

following pyroptotic cell death29, further confirming membrane

rupture and cytolysis (Fig. S6C). To quantify cytokine secretion,

the enzyme-linked immunosorbent assay (ELISA) was performed.

The results revealed a marked reduction in IL18 (Fig. 3F) and

IL1ß (Fig. 3G) secretion in the EVsGCE− CTM-treated group

Figure 2 EVsGCE− CTM is targeted towards the lysosome for the degradation of CASPASE-1 in RAW264.7 cells. (A) Representative fluo-

rescence microscopy images showing CASPASE-1 localization into lysosomes for degradation in RAW264.7 cells. EVsCtrl served as the negative

control. Scale bar: 25 μm. (B, C) Quantification of fluorescence intensity. (D) Schematic of co-immunoprecipitation. Image created with

Biorender.com, with permission. (E) RAW264.7 cells treated with LPS were co-cultured with EVsGCE− CTM, followed by incubation with control

or anti-FLAG magnetic beads. The immunoprecipitated complexes were lysed, and the expression levels of CASPASE-1 and the CIBN—3X-

FLAG—GCE—3XFLAG—CTM fusion protein were analyzed by Western blot. (F, G) Quantification of protein levels. Data are presented as the

mean ± SEM (n � 3). Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test (*P < 0.05, **P < 0.01).
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Figure 3 Degradation of CASPASE-1 and Inhibition of Inflammation by EVsGCE− CTM in RAW264.7. (A) Western blot analysis of the

expression of Pro-CASPASE-1, cleaved CASPASE-1, IL18, and IL1ß. (B—E) The quantification of protein levels. Data are presented as the

mean ± SEM (n � 3). Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test (ns, not significant; *P < 0.05,

**P < 0.01, ***P < 0.001). (F, G) ELISA measurement of IL18 and IL1ß protein concentrations in the supernatant of RAW264.7 cells. Data are

presented as the mean ± SEM (n � 3). Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test (***P < 0.001).

(H—M) qPCR analysis of Il18, Il1b, Tnfa, Il6, Ccl2, and Nos2 in RAW264.7 cells. GAPDH was used as the loading control. Data are presented as

the mean ± SEM (n � 3). Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test (**P < 0.01, ***P < 0.001).

(N—R) CASPASE-1+PI levels were increased after LPS treatment. Data are presented as the mean ± SEM (n � 3). Statistical significance was

determined by one-way ANOVA with Tukey’s post hoc test (*P < 0.05, **P < 0.01).
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compared to LPS controls. This suppression was further corrob-

orated at the transcriptional level via qPCR, which showed

downregulation of multiple pro-inflammatory genes, including

Il18, Il1b, Tnfa, Il6, and Ccl2 (Fig. 3H‒M), indicating effective

inhibition of inflammatory signaling cascades at both post-

translational and gene expression levels.

These findings collectively support the notion that

EVsGCE− CTM promotes compartmentalized degradation of acti-

vated CASPASE-1, thereby attenuating inflammatory responses in

macrophages. Consistently, flow cytometry analysis indicated

elevated levels of CASPASE-1 and PI double-positive cells

following LPS stimulation (Fig. 3N‒Q), confirming pyroptotic

activation under septic conditions. Notably, treatment with

EVsGCE− CTM significantly reduced the proportion of CASPASE-1

and PI double-positive cells, indicating an effective attenuation of

pyroptosis in macrophages (Fig. 3R).

3.3. Local inflammation alleviation by EVsGCE− CTM in CLP-

induced septic mice

To evaluate the therapeutic potential of EVsGCE− CTM in vivo, we

utilized a CLP model of polymicrobial sepsis26,30. DiR-labeled

EVs were intravenously administered, and real-time tracking

was conducted using an IVIS-based spectral imaging system in

both sham-operated and CLP-treated mice (Fig. 4A). The bio-

distribution revealed pronounced accumulation of EVs in the liver,

lung, and spleen―organs known for their central role in EVs

clearance and commonly affected in sepsis-induced multiple

organ dysfunction syndrome6. Importantly, septic mice demon-

strated additional EV deposition in the heart and kidney, sugges-

tive of increased EV uptake in extrahepatic tissues during systemic

inflammation (Fig. 4B, Supporting Information Fig. S7A‒S7C).

To assess macrophage uptake of EVs at the tissue level, Dil-

labeled EVs were injected via the tail vein. Harvested organ-

s―including the heart, liver, spleen, lung, and kidney―were

analyzed by fluorescence microscopy. Co-localization of Dil-

labeled EVs with the macrophage marker F4/80 confirmed effi-

cient uptake in inflamed tissues (Fig. 4C, E‒I). Furthermore,

intracellular tracking demonstrated CASPASE-1 translocation into

lysosomes in these macrophages, indicating lysosomal degrada-

tion following EVs delivery (Fig. 4D, J‒N). These findings un-

derscore the capacity of macrophages to internalize EVsGCE− C™

under septic conditions and facilitate targeted CASPASE-1

degradation.

3.4. EVsGCE− C™ demonstrates the effect on sepsis in the murine

model

The therapeutic efficacy of EVsGCE− CTM was further investigated

in CLP-induced septic mice, treated with PBS, EVsNone, or

EVsGCE− CTM. CLP surgery involving 75% cecal ligation was used

to model severe intra-abdominal sepsis (Fig. S1). Given the role of

CASPASE-1 in promoting IL1ß and IL18 maturation31, we con-

ducted Western blot analyses to examine the expression levels of

cleaved CASPASE-1, IL1ß, and IL18 proteins in multiple organs,

including the liver, lung, spleen, kidney, and heart. The results

showed that EVsGCE− CTM treatment markedly decreased the

expression of these key inflammatory mediators compared to both

the CLP and EVsNone groups (Fig. 5A‒J; Supporting Information

Figs. S8‒S10). This effect was consistently observed across all

examined organs, suggesting that the anti-inflammatory action of

EVsGCE− CTM is systemic rather than tissue-specific. In addition to

the reduction of pro-inflammatory cytokines, we further assessed

the expression of pyroptosis and inflammasome activation

markers, including GSDMD, N-GSDMD, and NLRP3. As shown

in the supplementary figures (Supporting Information Figs.

S11‒S15), EVsGCE− CTM administration resulted in a significant

downregulation of these markers in septic mice. These findings

collectively demonstrate that EVsGCE− CTM effectively suppresses

the execution of pyroptosis in various organs under septic condi-

tions. Moreover, the quantification of Western blot bands revealed

statistically significant differences among the three groups, further

confirming the robust inhibitory effect of EVsGCE− CTM on

inflammasome activation and pyroptosis at the protein level.

These comprehensive results highlight the widespread therapeutic

benefits of EVsGCE− CTM in mitigating systemic inflammation and

organ injury in sepsis. Consistent with the protein-level findings,

qPCR analysis was conducted across multiple organs―including

the heart, liver, spleen, lung, and kidney―to assess transcriptional

changes in key inflammatory cytokines. Results demonstrated a

significant downregulation of Il1b and Il18 mRNA levels in all

examined tissues of EVsGCE− CTM—treated mice when compared

to both the CLP and EVsNone groups (Fig. 5K‒O and Fig. 5Q‒U).

This widespread suppression was not limited to Il18 and Il1b;

additional inflammatory mediators such as Il6, Tnfa, Ccl2, and

Nos2 also showed markedly decreased transcript levels across

various organs (Supporting Information Figs. S16‒S20). These

findings suggest a broad and systemic dampening of the inflam-

matory cytokine network, indicating that EVsGCE− CTM exerts its

therapeutic effect at both the transcriptional and protein levels. To

further validate the anti-inflammatory efficacy of EVsGCE− CTM,

we quantified circulating cytokine concentrations using ELISA.

Consistently, serum levels of IL1ß and IL18 were significantly

reduced in EVsGCE− CTM—treated mice compared with controls

(Fig. 5P and V), confirming that the treatment effectively limits

systemic cytokine release. In addition to molecular and serum

analyses, cellular responses were evaluated using flow cytometry.

Comprehensive flow cytometric analyses across various organs

revealed a pronounced decrease in the proportion of CASPASE-1

and PI double-positive cells in the EVsGCE− CTM group (Support-

ing Information Figs. S21‒S25). This reduction reflects decreased

pyroptotic cell death and further supports the robust anti-

inflammatory activity of EVsGCE− CTM at the cellular level.

Collectively, the integration of qPCR, ELISA, and flow cytometry

data across multiple tissues highlights the potent inhibition of

systemic inflammation by EVsGCE− CTM in septic mice.

In the CLP model, mice underwent 75% cecal ligation, a

model associated with high-grade sepsis and 100% mortality32.

Subsequently, the impact of EVsGCE− CTM on the survival rate of

septic mice was assessed. Mice that were operated on using the

CLP all died within two days. When injected into the tail vein,

EVsNone did not show any improvement in the survival of the

septic mice (Fig. 6B). Histopathological examination using he-

matoxylin and eosin staining revealed that EVsGCE− CTM treatment

markedly ameliorated organ injury in septic mice. In contrast to

the severe tissue damage observed in the CLP and EVsNone treated

groups, EVsGCE− CTM mitigated cardiomyocyte disorganization

and edema, preserved alveolar integrity in the lung, reduced he-

patic sinusoidal disruption, and attenuated renal tubular swelling

and hemorrhage (Fig. 6A). Comprehensive assessment of cardiac

function revealed that sepsis induced by CLP led to significant

impairment of both systolic and diastolic performance. Specif-

ically, echocardiographic evaluation showed a marked reduction

in ejection fraction and abnormal E/A ratios in septic mice,
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Figure 4 EVsGCE− CTM could be captured by macrophages in septic mice. (A) Schematic diagram of the experimental procedure. Mice were

injected with DiR-labeled EVs to monitor in vivo distribution. Image created with Biorender.com, with permission. (B) In vivo fluorescence

imaging analysis of DiR-labeled EVs distribution (4 μg/g) in different organs, including heart, lung, liver, spleen, and kidney (n � 10). (C)

Representative fluorescence microscopy images of Dil-labeled (red) EVs uptake by macrophages (F4/80, green) in the indicated organs. Nuclei

were counterstained with Hoechst (blue). Images are representative of at least three mice. Scale bar � 20 μm. (D) Representative fluorescence

microscopy images showing CASPASE-1 localization into lysosomes for degradation in macrophages from the heart, liver, spleen, lung, and

kidney of septic mice. EVsNone served as the negative control. Scale bar: 25 μm. (E—N) Quantification of fluorescence intensity. Data are

presented as mean ± SEM (n � 10). ns, not significant by Student’s t-test.
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Figure 5 EVsGCE− CTM could effectively alleviate the inflammatory response in septic mice. (A—J) Western blot analysis of Pro-CASPASE-1,

cleaved CASPASE-1, IL18, and IL1ß expression in different organs (lung and kidney). GAPDH was used as an internal control. Data are

presented as the mean ± SEM (n � 3). Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test (ns, not significant;

*P < 0.05, **P < 0.01, ***P < 0.001). The qPCR analysis of inflammatory cytokines (Il18 and Il1b) in different organs: heart (K, Q), liver (L,

R), spleen (M, S), lung (N, T), and kidney (O, U). GAPDH was used as an internal control. (P, V) ELISA measurement of IL1ß and IL18 protein

concentrations in blood serum. Data are presented as the mean ± SEM (n � 3). Statistical significance was determined by one-way ANOVA with

Tukey’s post hoc test (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 6 EVsGCE− CTM could effectively alleviate organ injury in septic mice. (A) Representative images of HE-stained sections. Mice received

i.v. injections of PBS, EVsNone, or EVsGCE− CTM at 6, 12, 18, and 24 h after CLP surgery. Mice receiving the sham operation served as the control

group. Images are representative of six mice per group. Scale bar � 50 μm. (B) Survival analysis of mice in the CLP model (n � 14). P < 0.01 by

log-rank test. (C—J) Blood biochemistry analysis demonstrating heart (LDH, CK, CK-MB), liver (ALT, AST), kidney (Cr, BUN) function, and

lung (lung wet/dry ratio). Data are presented as the mean ± SEM (n � 6). Statistical significance was determined by one-way ANOVA with

Tukey’s post hoc test (*P < 0.05, **P < 0.01, ***P < 0.001). (K) Representative images of M-mode echocardiography and mitral inflow velocity

in the indicated groups.
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indicating compromised ventricular contractility and relaxation

(Fig. 6K). In contrast, treatment with EVsGCE− CTM effectively

ameliorated these cardiac dysfunctions, as evidenced by signifi-

cant improvements in both ejection fraction and E/A ratio (Sup-

porting Information Fig. S26). These findings demonstrate the

protective role of EVsGCE− CTM in preserving cardiac function

under septic conditions.

In addition to cardiac function, we systematically analyzed a

panel of biochemical markers to evaluate injury across multiple

organs. Levels of alanine aminotransferase (ALT) and aspartate

aminotransferase (AST)―sensitive indicators of hepatic injur-

y―were markedly elevated in the CLP and EVsNone groups,

reflecting severe liver damage. Similarly, serum creatinine (Cr)

and blood urea nitrogen (BUN), which are associated with renal

function, were significantly increased, indicating acute kidney

injury. Markers of general tissue and myocardial injury,

including LDH, creatine kinase (CK), and creatine kinase-

muscle/brain (CK-MB), were also substantially elevated in

septic mice. Furthermore, the lung wet/dry weight ratio, an

established index of pulmonary edema and lung injury, was

significantly higher in the CLP group (Fig. 6C‒J). Importantly,

administration of EVsGCE− CTM markedly reversed these

biochemical abnormalities. Mice receiving EVsGCE− CTM

exhibited ALT, AST, Cr, BUN, LDH, CK, CK-MB, and wet/dry

ratios that approached normal levels, indicating effective pro-

tection against multi-organ damage induced by sepsis. These

comprehensive results highlight the potent organ-protective ef-

fects of EVsGCE− CTM and underscore its therapeutic potential

for mitigating sepsis-induced multi-organ dysfunction. Given

the high susceptibility of the lungs to sepsis-related injury33, we

conducted a thorough evaluation of pulmonary function to

assess the extent of respiratory compromise and the therapeutic

impact of EVsGCE− CTM. Pulmonary function tests revealed that

mice in the CLP and EVsNone groups exhibited significant im-

pairments in respiratory mechanics. Specifically, both inspira-

tory time and expiratory time were markedly prolonged, while

tidal volume was significantly reduced compared to healthy

controls (Supporting Information Fig. S27). These changes are

indicative of restrictive lung disease, which is commonly asso-

ciated with sepsis-induced acute lung injury and reflects

increased lung stiffness and decreased compliance. Importantly,

treatment with EVsGCE− CTM led to substantial improvements in

these respiratory parameters. Mice receiving EVsGCE− CTM

showed normalization of Ti and Te, alongside a restoration of

tidal volume toward physiological ranges. This reversal of pul-

monary dysfunction suggests that EVsGCE− CTM effectively at-

tenuates sepsis-induced damage to lung tissue, thereby

preserving overall respiratory capacity. Additionally, the

improvement in lung function was consistent with the observed

reduction in pulmonary edema, as evidenced by a decreased

wet/dry lung weight ratio in the EVsGCE− CTM group. Taken

together, these findings demonstrate that EVsGCE− CTM prevents

structural lung injury, underscoring its potential as a therapeutic

agent for sepsis-associated lung injury.

Finally, to assess the biosafety profile of our engineered vesi-

cles for systemic administration, we performed hemocompatibility

tests. Hemolysis assays confirmed that across all tested concen-

trations, all EV formulations (EVsNone, EVsCtrl, and EVsGCE− CTM)

showed hemolysis rates below 2% as calculated by Eq. (1)

(Supporting Information Fig. S28), which is well within the ISO

10993-4 safety threshold of <5%.

4. Discussion

This study shows that engineered extracellular vesicles

(EVsGCE− CTM) that promote lysosomal degradation of CASPASE-

1 in macrophages dampen systemic inflammation and improve

survival in the murine CLP model of sepsis. Consistent in vitro

and in vivo data demonstrate reduced CASPASE-1 abundance,

diminished maturation of IL1ß and IL18, and attenuation of multi-

organ injury.

Macrophages are central to sepsis pathogenesis, coordinating

phagocytosis, antigen presentation, and the production of pro-

inflammatory cytokines; CASPASE-1—dependent processing of

IL1 family cytokines is a key node in this response34‒37. Prior

approaches to inhibit this axis―including small-molecule in-

hibitors and nucleic acid—based interventions―have been limited

by target specificity, delivery barriers, off-target effects, and, in

some cases, target resistance or undruggability of non-enzymatic

proteins38,39. By leveraging EXPLOR technology to load func-

tional protein complexes into EVs and the natural macrophage

tropism of EVs, our platform enables direct post-translational

modulation of inflammatory signaling without relying on sus-

tained transcriptional or translational suppression. The observed

decreases in CASPASE-1 activity and downstream cytokine

maturation align with the central role of pyroptosis and inflam-

masome signaling in sepsis40‒47.

Despite these promising results, several limitations should be

acknowledged. First, our mechanistic analyses focused on mac-

rophages. CASPASE-1 and inflammasome pathways in other

myeloid cells, particularly neutrophils, also contribute to sepsis

pathophysiology48‒52. The spatial and temporal dynamics of

CASPASE-1 processing and cytokine release in neutrophils under

EVsGCE− CTM treatment remain incompletely defined and should

be addressed using cell—type—resolved approaches in future

work. We also noted a modest exacerbation of select inflammatory

readouts in the EVsNone group compared with PBS (Fig. 6E and G,

Fig. S17C). Although lacking therapeutic cargo, EVsNone may

retain bioactive components from parental cells. In a primed in-

flammatory milieu, uptake of such vesicles can deliver non-

specific secondary signals, consistent with reports that blank

nanocarriers, including native EVs, can act as danger-associated

cues53,54. Importantly, the marked divergence between EVsNone

and EVsGCE− CTM supports that the therapeutic effect arises from

targeted CASPASE-1 degradation rather than a vehicle effect.

Future iterations could incorporate membrane engineering or

compositional minimization to reduce innate immune sensing by

the control vector.

To position this platform for translation, head-to-head com-

parisons with established modalities―such as small-molecule

CASPASE-1 inhibitors and RNA-based strategies―are needed

to delineate relative efficacy, pharmacokinetics, biodistribution,

durability, and safety55,56. Such benchmarking will clarify whether

direct protein degradation affords superior control of hyper-

inflammation and more sustained benefit.

Finally, although no overt toxicity was observed in our studies,

the long-term fate and potential immunogenicity of engineered EVs

require systematic evaluation, particularly with repeated dosing.

The use of non-human optogenetic components (CRY2 and CIBN)

raises the possibility of adaptive immune responses upon chronic

exposure. Future work will focus on evaluating chronic dosing

schedules and exploring strategies to enhance biocompatibility to

advance the translational potential of this platform.
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In summary, these findings support engineered EVs for tar-

geted protein degradation as a viable therapeutic strategy in sepsis.

By directly depleting CASPASE-1 in macrophages, EVsGCE− CTM

modulate a central inflammatory pathway and improve outcomes

in a rigorous preclinical model. The approach is adaptable to other

diseases driven by aberrant protein function and warrants further

investigation in comparative, long-term preclinical studies and,

ultimately, clinical evaluation.

5. Conclusions

In summary, this study elucidates the role of macrophage

CASPASE-1 in the maturation of inflammatory cytokines IL18

and IL1ß under septic conditions, which in turn amplifies the

inflammatory response and contributes to the development of EVs

exhibiting intrinsic macrophage-targeting capacity as a drug car-

rier to sepsis-induced multiple organ failure and mortality. To

target this pathway, we established a novel engineered EV system

based on an optogenetic strategy designed to promote lysosomal

degradation of CASPASE-1. Specifically, PTGFRN—CRY2 and

CIBN—GCE—CTM constructs were expressed in HEK293T cells

by co-transfection, and blue light irradiation was applied during

the production of EVsGCE− CTM to facilitate the packaging of

functional components. Functional validation was conducted in an

LPS-induced inflammatory model using RAW264.7. Treatment

with EVsGCE− CTM resulted in a significant reduction in cellular

CASPASE-1 levels, accompanied by decreased expression of IL18

and IL1ß, indicating effective suppression of the inflammatory

response in vitro. Furthermore, in a murine CLP model of sepsis,

administration of EVsGCE− CTM significantly improved survival

rates, attenuated systemic inflammation, and ameliorated sepsis-

associated organ injury. Collectively, these data demonstrate that

the EVsGCE− CTM can serve as an effective therapeutic platform to

modulate CASPASE-1—mediated inflammation in sepsis, thereby

reducing the severity of organ dysfunction and improving overall

outcomes.
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