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T lymphocyte dysfunction represents a pivotal determinant of immunosuppression in sepsis. Our previous 
studies demonstrated that nuclear fragile X mental retardation-interacting protein 1 (NUFIP1)-mediated 
ribophagy conferred cytoprotection against apoptosis in CD4+ T lymphocytes during sepsis, thereby 
preserving host immunocompetence. Despite growing evidence linking PANoptosis to the pathogenesis of 
various diseases, the potential role of ribophagy in modulating CD4+ T lymphocytes’ PANoptosis in sepsis 
remains largely unclear. In the present study, we employed both lipopolysaccharide-stimulated Jurkat 
T cells and cecal ligation and puncture (CLP)-induced sepsis models to demonstrate marked exacerbation 
of CD4+ T lymphocyte PANoptosis following NUFIP1 knockdown (KD), associated with impaired immune 
function, as evidenced by diminished cytokine production and T cell proliferation. Tandem mass tagging 
(TMT) proteomic analysis identified Z-nucleic acid binding protein 1 (ZBP1)-mediated PANoptosome 
formation and the cyclic GMP-AMP synthase–stimulator of interferon genes (cGAS-STING) pathway as 
critical nodes in ribophagy-dependent cytoprotection. Mechanistically, sepsis-induced ribosome collision 
activated the cGAS-STING signaling axis, which in turn recruited NUFIP1 to STING protein complexes. 
Clinical analysis of septic patients revealed enhanced ribophagy and PANoptosis in peripheral blood 
CD4+ T cells, consistent with the experimental findings. These results suggest that NUFIP1-mediated 
ribophagy alleviates CD4+ T lymphocyte PANoptosis in sepsis via the cGAS-STING pathway, highlighting 
the therapeutic potential of targeting ribophagy and PANoptosis pathways to mitigate immune paralysis 
and improve the outcomes following septic insults.

Introduction

   Sepsis, a life-threatening pathological condition characterized 
by multi-organ system failure resulting from a dysregulated host 
response to infection, constitutes a formidable global health chal-
lenge [  1 ]. Epidemiological data indicate a staggering burden of 
48.9 million incident cases and 11 million attributable deaths 
worldwide [  2 ]. Consequently, unraveling the intricate patho-
physiological mechanisms underlying sepsis and optimizing 
therapeutic strategies represent paramount challenges in critical 

care medicine, necessitating a paradigm shift toward precision-
based interventions.

   Sepsis-induced immunosuppression has been demonstrated 
to be a pivotal determinant of late-stage morbidity and mortal-
ity [  3 ,  4 ]. As central orchestrators of adaptive immunity, T lym-
phocytes maintain immune homeostasis through the secretion 
of cytokines, antigen presentation, and the regulation of effector 
cell function. Accumulating evidence from both clinical and 
preclinical studies suggests a causal link between T cell dys-
function and immune dysregulation in sepsis characterized by 
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reduced CD4+ T cell counts and proliferative activities [  5 ,  6 ]. 
Our previous study revealed that excessive apoptosis of CD4+ 
T cells compromised their numerical and functional integrity, 
manifesting as reduced proliferative capacity, impaired effector 
function, and a shift toward helper T cell 2 (Th2) polarization, 
thereby exacerbating sepsis-induced immune depression [  7 ]. 
Thus, therapeutic interventions aimed at restoring T cell homeo-
stasis and function represent a critical frontier in the manage-
ment of sepsis-associated immunosuppression.

   Programmed cell death (PCD), a fundamental regulatory 
mechanism governing organismal development and homeo-
static equilibrium, serves as an indispensable defense against 
pathogen elimination and a critical component of immuno-
logical surveillance [  8 ]. Increasing evidence suggests that 
molecular effectors of distinct PCD modalities form an inter-
connected network, wherein a single pathogenic or sterile 
insult can simultaneously activate multiple PCD cascades 
through cross-talk pathways [  9 ]. Our recent studies have elu-
cidated a novel paradigm in the pathophysiology of sepsis, 
demonstrating co-activation of divergent PCD programs in 
immune cell subsets. Notably, CD4+ T lymphocytes undergo 
apoptosis, pyroptosis, and cuproptosis, while dendritic cells 
display pyroptosis, necroptosis, and ferroptosis under septic 
conditions [  10 –  13 ]. The dysregulation of these multifaceted 
PCD pathways has been correlated with immunopathological 
sequelae observed in septic patients, underscoring the thera-
peutic potential of precision-targeted modulation of multiple 
PCD pathways to restore immune homeostasis in sepsis. 
However, the limitations of single PCD modulation in immune 
cells to fully account for sepsis-induced immune dysfunction 
and multi-organ failure underscore the necessity for paradigm-
shifting advancements in diagnostic biomarkers and therapeu-
tic strategy [  14 ]. PANoptosis, characterized by synchronized 
execution of pyroptosis, apoptosis, and necroptosis through 
shared morphological and molecular signatures, has revolu-
tionized cell death research by providing a unified framework 
for understanding coordinated cell demise programs [  15 ]. 
Systematic exploration of PANoptosis across disease spectra 
has revealed its pathogenic involvement in a variety of 
human diseases [  16 –  20 ]. Notably, the functional role of 
PANoptosis in immune cell populations remains underex-
plored, particularly regarding the characterization of CD4+ 
T lymphocytes’ PANoptosis kinetics and regulatory networks 
during sepsis progression. Given that PANoptosis-induced 
immunopathology directly contributes to T cell exhaustion 
and cytokine storm in septic patients, targeted inhibition of 
PANoptosis signaling may emerge as a novel therapeutic 
avenue to reconstitute T cell immunity and prevent sepsis-
induced immunosuppression.

   Autophagy functions as a critical sentinel mechanism pre-
serving cellular homeostasis by degrading misfolded proteins 
and recycling damaged organelles [  21 ]. Preclinical studies dem-
onstrated compensatory up-regulation of organelle-specific 
autophagy in sepsis, correlating with improved multi-organ 
function and survival outcomes [  22 ]. However, while these 
findings underscore the cytoprotective role of autophagy net-
works, the functional hierarchy and spatiotemporal regulation 
of ribophagy in sepsis-associated immunometabolic repro-
gramming remain enigmatic [  23 ]. This knowledge gap under-
scores the need for further investigation into the potential role 
of ribophagy as both a quality control pathway and an immu-
nomodulatory target during septic progression.

   Ribosomes are indispensable for maintaining translational 
fidelity, and translation arrest or ribosome failure-induced ribo-
some collision leads to incomplete synthesized polypeptide chains 
and ribosomal RNA (rRNA) leakage into the cytoplasm. The leaked 
rRNA is recognized by cyclic guanosine 3′,5′-monophosphate 
(GMP)-adenosine 5′-monophosphate (AMP) synthase (cGAS) 
as a danger signal, and its negatively charged phosphate back-
bone directly binds to the positively charged DNA-binding 
domain of cGAS. This binding triggers conformational changes 
in cGAS, catalyzes the synthesis of the second messenger 
2′,3′-cyclic guanosine monophosphate-adenosine monophos-
phate (cGAMP), and subsequently activates the stimulator of 
interferon genes (STING)–TANK-binding kinase 1 (TBK1)–
interferon regulatory factor 3 (IRF3) pathway, driving the 
expression of inflammatory factors [  24 ]. To mitigate such 
threats, eukaryotic cells have evolved a hierarchical ribo-
some quality control system (RQCS) that orchestrates ribo-
somal surveillance across their lifecycle from coordinated 
biogenesis to regulated turnover [  25 ]. Within this system, 
ribophagy has emerged as a pivotal selective autophagy 
dedicated to ribosomal clearance. Initially characterized in 
﻿Saccharomyces cerevisiae through seminal work by Kraft et al., 
the mechanistic underpinnings of mammalian ribophagy were 
elucidated with the identification of nuclear fragile X mental 
retardation-interacting protein 1 (NUFIP1) as its cognate receptor, 
establishing molecular targets for pathway modulation [  26 ,  27 ]. 
Our previous study demonstrated that NUFIP1-dependent 
ribophagy exerted potent cytoprotective effects on the immune 
response of CD4+ T lymphocytes secondary to septic challenge 
[  11 ]. Integrating the recently proposed concept of PANoptosis and 
the concurrent existence of multiple interconnected PCD modes 
in immune cells, we hypothesize that NUFIP1-mediated riboph-
agy might play a regulatory role in PANoptosis of CD4+ T lym-
phocytes during sepsis.

   To validate the hypothesis above, both the cecal ligation and 
puncture (CLP) model in vivo and lipopolysaccharide (LPS)-
treated cells in vitro were employed to simulate septic condi-
tions. Lentiviral transfection and the generation of Cd4creNufip1fl/fl﻿ 
animals were utilized to manipulate NUFIP1, investigating its 
impact on CD4+ T lymphocyte PANoptosis, immune activity, 
multi-organ damage, and survival rate. Subsequently, pro-
teomic sequencing was conducted to identify key molecules and 
potential signaling pathways. Polysome profiling was performed 
to detect ribosome collisions, and co-immunoprecipitation 
(Co-IP) was used to explore the interaction between NUFIP1 
and key molecules. Small-molecule inhibitor rescue experiments 
were carried out to further elucidate the precise molecular 
mechanisms. In addition, CD4+ T lymphocytes were isolated 
from peripheral blood samples in sepsis and nonsepsis patients, 
validating the significance of ribophagy and PANoptosis in 
clinical cases.   

Results

PANoptosis of CD4+ T lymphocytes in sepsis
   We found that prolonged LPS stimulation and CLP-induced 
sepsis resulted in a transient increase followed by a decrease in 
the apoptotic ratio, SYTOX-Green necrosis ratio of CD4+ T 
lymphocytes, and levels of key PANoptosis-related proteins, 
including gasdermin D (GSDMD), nucleotide binding oligo-
merization domain-like receptor protein 3 (NLRP3), apoptosis 
speck-like protein containing a caspase recruitment domain 
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(ASC), BCL2-associated X protein (Bax), cleaved caspase-3 
(c-caspase-3), phosphorylated mixed family kinase-like domain 
(p-MLKL), and phosphorylated receptor-interacting protein 
kinase 3 (p-RIPK3). A statistically significant peak was observed 
at 24 h (Fig.  1 A to C and Fig.  S1 A to F). The dose–response 
experiment revealed that the expression of PANoptosis-related 
proteins exhibited the most significant elevation upon stimula-
tion with 500 ng/ml LPS (Fig.  S1 G and H).        

   To verify CD4+ T lymphocyte PANoptosis in sepsis, based 
on time– and dose–response experiments, laser confocal 
microscopy was used to detect the expression and colocaliza-
tion of key PANoptosis proteins in CD4+ T lymphocytes. Our 
findings revealed a notable increase in the expression of ASC/
caspase-8/RIPK3, key PANoptosis proteins, within T cells dur-
ing sepsis. Moreover, the colocalization of these proteins was 
more pronounced, with distinct PANoptosomes indicated by 
a yellow arrow (Fig.  1 D to F). The Western blot (WB) results 
confirmed a significant elevation in the expression of CD4+ 
T lymphocyte PANoptosis-related protein in the sepsis group 
compared to the control group (Fig.  1 G). Enzyme-linked 
immunosorbent assay (ELISA) results showed a significant 
increase in secretion of pyroptosis-related cytokines, including 
interleukin-1β (IL-1β), IL-18, IL-1α, IL-33, tumor necrosis 
factor-α (TNF-α), and high mobility group box one protein 
(HMGB1), along with necrosis-related cytokine lactate dehy-
drogenase (LDH) in both CD4+ T lymphocyte culture super-
natant and serum of mice in the sepsis group compared to the 
control group (Fig.  1 H and I). Transmission electron micros-
copy (TEM) illustrated that CD4+ T lymphocytes from the 
sepsis group displayed distinct morphological features indica-
tive of pyroptosis, apoptosis, and necrotic apoptosis. Specifically, 
cells undergoing pyroptosis exhibited intracellular vesicles and 
pyroptosomes in the cytoplasm, along with the formation of 
pores on the cell membrane. Apoptotic cells showed nucleus 
shrinkage, chromatin condensation, and apoptosomes in the 
cytoplasm while maintaining an intact cell membrane. Cells 
undergoing necroptosis displayed a combination of character-
istics from both apoptosis and necrosis, primarily character-
ized by the loss of membrane integrity and nuclear dissolution 
(Fig.  1 J to L).   

Sepsis induces activation of ribophagy  
in CD4+ T lymphocytes
   The impact of NUFIP1-mediated ribophagy on CD4+ T lym-
phocyte PANoptosis in sepsis was investigated by establishing 
a lentiviral transfection model in Jurkat T cells. Results depicted 
in Fig.  2 A demonstrated successful transfection of Jurkat T cells 
with the lentivirus carrying NUFIP1 gene KD and overexpres-
sion, as evidenced by high transfection efficiency. A significant 
decrease in NUFIP1 protein expression was observed in the 
KD group and a marked increase in the overexpression group 
compared to the control group (Fig.  2 B). As shown in Fig.  2 C, 
the expression and colocalization of the ribophagy receptor 
NUFIP1, lysosome-specific marker protein lysosomal-associated 
membrane protein 2 (LAMP-2), and autophagy protein light 
chain 3B (LC-3B) in Jurkat T cells were significantly enhanced 
at 24 h after LPS stimulation. Similar observations were made 
in splenic CD4+ T lymphocytes subjected to LPS stimulation 
in vitro and CLP in vivo (Fig.  2 D and E). Significant expression 
of the ribophagy-specific receptor NUFIP1 and autophagy-
associated protein LC-3B was observed in CD4+ T lym-
phocytes after sepsis, with a corresponding decrease in the 

expression of ribosomal self-proteins ribosomal protein L7 
(RPL7), RPL23, and RPL26 (Fig.  2 F to H). TEM confirmed 
the presence of typical bilayer autophagosomes containing 
degraded ribosomes in CD4+ T lymphocytes from the sepsis 
group, providing further evidence of ribophagy activation 
(Fig.  2 I).           

NUFIP1-mediated ribophagy alleviates  
CD4+ T lymphocyte ZBP1-PANoptosis in sepsis
   Confocal laser microscopy revealed a significant enhancement 
in the expression and colocalization of PANoptotic proteins 
ASC/caspase-8/RIPK3 following NUFIP1 KD (Fig.  3 A and B). 
Furthermore, WB results showed activation of PANoptosis-
related proteins in Jurkat T cells upon NUFIP1 KD, contrasting 
with reduced levels upon NUFIP1 overexpression (Fig.  3 C). 
TEM observations indicated evident PANoptotic morphologi-
cal alterations in NUFIP1-KD Jurkat T cells (Fig.  3 D). Recent 
studies have implicated Z-nucleic acid binding protein 1 
(ZBP1), absent in melanoma 2 (AIM2), RIPK1, and NLRP12 as 
crucial proteins involved in the development of PANoptosomes 
[ 16 ,  28 ]. Quantification of these proteins in Jurkat T cells showed 
that LPS increased NUFIP1, NLRP12, and ZBP1 protein levels 
to some extent. Silencing the NUFIP1 gene in Jurkat T cells led 
to a significant decrease in NUFIP1 expression and an increase 
in NLRP12 and ZBP1 levels, while RIPK1 and AIM2 expres-
sions remained relatively constant (Fig.  3 E and F). We next 
generated a conditional knockout (cKO) mouse model for the 
﻿NUFIP1 gene (Cd4creNufip1fl/fl﻿) and its corresponding control 
mouse (Nufip1fl/fl﻿). CD4+ T lymphocytes were isolated from the 
spleens and cultured in vitro. WB was used to assess the levels 
of these crucial proteins responsible for the generation of 
PANoptosomes. Up-regulated expression of NUFIP1 and ZBP1 
was observed after treatment with LPS in vitro and CLP in vivo, 
with statistically significant differences. Upon cKO of NUFIP1 
in CD4+ T lymphocytes of mice, the expression of ZBP1 showed 
further enhancement. However, the expression patterns of 
NLRP12, AIM2, and RIPK3, the other 3 pivotal molecules associ-
ated with PANoptosomes, did not align with the expected out-
comes (Fig.  3 G to J). To further elucidate the role of ZBP1-mediated 
PANoptosomes in alleviating CD4+ T cells PANoptosis via 
ribophagy, we performed a Co-IP assay to assess the interac-
tion between NUFIP1 and ZBP1. The results demonstrated a 
significant interaction between NUFIP1 and ZBP1 in both 
Jurkat T cells and primary CD4+ T lymphocytes isolated from 
mouse spleen (Fig.  S2 ). Moreover, to elucidate the impact of 
NUFIP1-mediated ribophagy on the PANoptotic response of 
CD4+ T lymphocytes, we isolated splenic CD4+ T lympho-
cytes of mice subjected to LPS stimulation and the CLP model. 
The results revealed a significant increase in CD4+ T lympho-
cyte PANoptosis in cells with NUFIP1 deficiency (Fig.  4 ). 
Similar findings were observed in the CLP-induced sepsis 
model (Fig.  S3 ).                   

Impact of conditional deletion of NUFIP1 on immune 
response of CD4+ T lymphocytes, organ injury, and 
the 1-week survival rate of mice in sepsis
   Next, Cd4creNufip1fl/fl﻿ mice were utilized to explore the influence 
of conditional NUFIP1 knockout on CD4+ T cell immune func-
tion, multi-organ damage, and prognosis in sepsis. Proliferative 
activity of CD4+ T lymphocytes in sepsis was assessed using 
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Fig. 1. PANoptosis of CD4+ T lymphocytes in sepsis. (A) Apoptosis of Jurkat T cells was detected by TUNEL after LPS stimulation at different time points. The scale bar 
represents 100 μm. n = 3 technical repetitions. (B) Necrosis of Jurkat T cells was detected by SYTOX-Green after LPS stimulation at different time points. The scale bar 
represents 100 μm. n = 3 technical repetitions. (C) WB determined the expression of PANoptosis-related proteins in Jurkat T cells after LPS stimulation at different time points. 
(D) The expression and colocalization of PANoptosis core protein ASC/caspase-8/RIPK3 in Jurkat T cells stimulated with LPS were determined by LSCM. The yellow arrows 
represent PANoptosomes, and the scale bar represents 25 μm. (E) The expression and colocalization of ASC/caspase-8/RIPK3 in splenic CD4+ T cells stimulated with LPS 
were determined by LSCM. (F) Expression and colocalization of ASC/caspase-8/RIPK3 in splenic CD4+ T cells by LSCM after CLP operation. (G) WB detected the expression of 
CD4+ T lymphocyte PANoptosis-related protein in sepsis. (H) Cytokine secretion levels of splenic CD4+ T cells in culture supernatant were measured by ELISA. n = 6 technical 
repetitions. (I) Serum cytokine levels of mice in different groups were measured by ELISA. n = 6 technical repetitions. (J) The morphological characteristics of PANoptosis 
in Jurkat T cells were observed by TEM. The red arrow denotes the intracellular vesicles associated with pyroptosis; the green arrow signifies the nuclear condensation and 
chromatin shrinkage characteristic of cell apoptosis; the blue arrow indicates the loss of cell membrane integrity in necroptosis; and the scale bars represent 500 nm (top) and 
100 nm (bottom). (K) The morphological characteristics of PANoptosis in splenic CD4+ T lymphocytes in vitro were observed by TEM. (L) The morphological characteristics 
of PANoptosis in splenic CD4+ T lymphocytes in vivo were observed by TEM. Data were expressed as means ± SEM. An unpaired 2-sided Student’s t test was applied to test 
the statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 2. Sepsis induces activation of ribophagy in CD4+ T lymphocytes. (A) The transfection efficiency of lentivirus in different groups was measured by flow cytometry. n = 
3 technical repetitions. (B) The expression of NUFIP1 protein in different groups of Jurkat T cells was detected by WB. n = 3 technical repetitions. (C) The expression and 
colocalization of NUFIP1, LAMP2, and LC3B in Jurkat T cells stimulated with LPS were detected by LSCM. The scale bar represents 25 μm. (D) The expression and colocalization 
of NUFIP1, LAMP2, and LC3B in splenic CD4+ T cells stimulated with LPS were detected by LSCM. The scale bar represents 25 μm. (E) The expression and colocalization of 
NUFIP1, LAMP2, and LC3B in splenic CD4+ T cells by LSCM after CLP operation. The scale bar represents 25 μm. (F) The expression of ribophagy-related proteins in Jurkat 
T cells stimulated with LPS was detected by WB. (G) The expression of ribophagy-related proteins in splenic CD4+ T cells stimulated with LPS was detected by WB. (H) The 
expression of ribophagy-related proteins in splenic CD4+ T cells was detected by WB after CLP operation. (I) The morphological changes of CD4+ T lymphocyte organelles and 
ribophagy in sepsis were determined by TEM. The red stars indicate the ribosomes, and the blue arrows represent autophagosomes. The scale bars represent 500 nm (top) 
and 100 nm (bottom). Data were expressed as means ± SEM. An unpaired 2-sided Student’s t test was applied to test the statistical significance. *P < 0.05, ***P < 0.001. 
###P < 0.001 compared with the empty-LPS group.
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Fig. 3. Effect of NUFIP1-mediated ribophagy on ZBP1-PANoptosis in sepsis. (A) The expression and colocalization of ASC/caspase-8/RIPK3 in Jurkat-empty cells stimulated 
with LPS were determined by LSCM. The yellow arrows represent PANoptosomes, and the scale bar represents 25 μm. (B) The expression and colocalization of ASC/caspase-8/
RIPK3 in Jurkat-KD cells stimulated with LPS were determined by LSCM. The yellow arrows represent PANoptosomes, and the scale bar represents 25 μm. (C) The expression 
of PANoptosis-related proteins in Jurkat T cells after transfection with lentivirus was detected by WB. (D) The morphological characteristics of PANoptosis in Jurkat T cells 
after transfection with lentivirus were observed by TEM. The red arrow denotes the intracellular vesicles associated with pyroptosis; the green arrow signifies the nuclear 
condensation and chromatin shrinkage characteristic of cell apoptosis; the blue arrow indicates the loss of cell membrane integrity in necroptosis; and the scale bar represents 
500 nm. (E and F) Expression of 3 key proteins mediating PANoptosome formation in Jurkat T cells of empty and KD groups under LPS stimulation by WB. n = 3 technical 
repetitions. (G and H) Expression of key proteins mediating PANoptosome formation in splenic CD4+ T cells of the Flox and cKO groups under LPS stimulation by WB. n = 3 
technical repetitions. (I and J) The expression of key proteins mediating PANoptosome formation in splenic CD4+ T cells of the Flox and cKO groups was examined by WB after 
CLP operation. n = 3 technical repetitions. Data were expressed as means ± SEM. A 2-way ANOVA test was applied to test the statistical significance. ***P < 0.001 compared 
with the empty/Flox group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the KD-PBS/cKO-PBS/cKO-sham group.
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Fig. 4. Impact of conditional deletion of NUFIP1 on PANoptosis of splenic CD4+ T lymphocytes in septic mice. (A and B) The necrosis of splenic CD4+ T lymphocytes in mice 
stimulated with LPS was detected by SYTOX-Green. The scale bar represents 100 μm. n = 3 technical repetitions. (C) The expression and colocalization of ASC/caspase-8/
RIPK3 in splenic CD4+ T lymphocytes of Flox mice stimulated with LPS were detected by LSCM. The yellow arrows represent PANoptosomes, and the scale bar represents 
25 μm. (D) The expression and colocalization of ASC/caspase-8/RIPK3 in splenic CD4+ T lymphocytes of cKO mice stimulated with LPS were detected by LSCM. The yellow 
arrows represent PANoptosomes, and the scale bar represents 25 μm. (E) Expression of PANoptosis-related proteins in splenic CD4+ T lymphocytes of cKO mice stimulated 
with LPS under WB. (F) Morphological characteristics of PANoptosis in splenic CD4+ T lymphocytes of Flox and cKO mice stimulated with LPS under TEM. The red arrow 
denotes the intracellular vesicles associated with pyroptosis; the green arrow signifies the nuclear condensation and chromatin shrinkage characteristic of cell apoptosis; the 
blue arrow indicates the loss of cell membrane integrity in necroptosis; and the scale bar represents 500 nm. (G) Cytokine levels in the culture supernatant of splenic CD4+  
T cells were measured by ELISA in Flox and cKO groups. n = 6 technical repetitions. Data were expressed as means ± SEM. A 2-way ANOVA test was applied to test the statistical 
significance. *P < 0.05, ***P < 0.001 compared with the Flox group. ##P < 0.01, ###P < 0.001 compared with the cKO-PBS group.
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cell counting kit-8 (CCK-8), showing a significant decrease in 
proliferation following LPS stimulation or CLP in both the Flox 
and cKO groups (Fig.  5 A and Fig.  S4 A). ELISA indicated a shift 
toward Th2 differentiation in sepsis, leading to an immunosup-
pressive state. Subsequent experiments demonstrated a more 
pronounced reduction in IL-2 and interferon-γ (IFN-γ) secre-
tion by splenic CD4+ T lymphocytes after NUFIP1 cKO, rein-
forcing the Th2 differentiation trend (Fig.  5 B and Fig.  S4 B). 
Flow cytometry results showed a significant decrease in the 
proportions of CD3+ T and CD3+CD4+ T lymphocytes in 
peripheral blood mononuclear cells (PBMCs) post-CLP opera-
tion, with a more substantial decline observed after NUFIP1 
knockout (Fig.  5 C to F). Moreover, flow cytometry analysis of 
CD4+ T cell subsets demonstrated that LPS stimulation and 
CLP-induced sepsis resulted in an elevated proportion of T 
helper 2 (Th2)/Th1 cell subsets (Fig.  5 G and H and Fig.  S4 C 
and D). Furthermore, the percentages of regulatory T (Treg) 
and Th17 cell subsets, indicative of immunosuppressive 
function, were also significantly increased (Fig.  5 I to L and 
Fig.  S4 E to H). Following cKO of the NUFIP1, the alterations 
in the proportions of the aforementioned lymphocyte sub-
groups were further exacerbated, suggesting a more pro-
nounced impairment of CD4+ T lymphocyte immune function. 
Hematoxylin and eosin (H&E) staining of heart, lung, liver, 
and kidney tissues revealed exacerbated damage following 
﻿NUFIP1 cKO (Fig.  5 M to Q). Survival rate analysis highlighted 
a significant reduction in 1-week survival rates post-CLP, with 
a further decrease observed in Cd4creNufip1fl/fl﻿ mice compared to 
﻿Nufip1fl/fl﻿ mice (Fig.  5 R).           

cGAS-STING signaling is critical for  
NUFIP1-mediated ribophagy in regulating CD4+  
T lymphocyte PANoptosis upon sepsis challenge

   As illustrated in Fig.  S5 A, a total of 904 up-regulated proteins 
and 954 down-regulated proteins were identified, with the top 
20 proteins detailed in Table  S3 . Subsequently, cluster analysis 
was conducted on the relative protein content in each sample, 
revealing variations in protein expression between different 
sample comparisons through a cluster heat map. Interestingly, 
significant differences were observed in Jurkat T cells between 
the normal and KD groups under LPS stimulation (Fig.  S5 B). 
A comprehensive bioinformatics analysis was conducted based 
on these differentially expressed proteins. Gene ontology (GO) 
analysis, depicted in Fig.  6 A, highlighted that upon NUFIP1 
KD in Jurkat T cells under LPS stimulation, biological processes 
such as translation regulation, ribosome generation, autophagy, 
protein synthesis, folding, and degradation were impacted. 
Notably, alterations were observed in cell components like ribo-
somes, nuclei, peroxisomes, and autophagosomes, along with 
shifts in molecular functions related to protein folding reac-
tions, ribosome assembly, and degradation, suggesting that 
NUFIP1-mediated ribophagy significantly influenced CD4+ T 
lymphocyte protein quality control, ribosome homeostasis, and 
autophagy. Kyoto encyclopedia of genes and genome (KEGG) 
pathway enrichment analysis (Fig.  6 B) revealed that upon 
﻿NUFIP1 KD in Jurkat T cells after LPS stimulation, signaling 
pathways associated with pathogen infections (Yersinia, Shigella, 
﻿Salmonella, Escherichia coli, Coronavirus), endoplasmic reticu-
lum protein processing, autophagy, apoptosis, and cGAS-
STING signaling were significantly enriched. Combining the 
identified top 20 differentially expressed proteins and KEGG 

pathway enrichment analysis, it was inferred that the cGAS-
STING signaling pathway might play a potential role in CD4+ 
T lymphocyte PANoptosis, regulated by NUFIP1-mediated 
ribophagy in sepsis.        

   WB analysis showed that stimulation with LPS resulted in 
up-regulated expression of NUFIP1, ZBP1, and proteins associ-
ated with cGAS-STING, including cGAS, phosphorylated 
STING (p-STING), phosphorylated TBK1 (p-TBK1), and 
phosphorylated IRF3 (p-IRF3) (Fig.  6 C). Knocking down the 
﻿NUFIP1 gene in Jurkat T cells led to a significant reduction in 
NUFIP1 expression, while significantly increased levels of 
ZBP1 protein and the cGAS-STING signaling-related proteins 
were observed (Fig.  6 D, P < 0.05). Conversely, overexpression 
of the NUFIP1 gene in Jurkat T cells enhanced NUFIP1 expres-
sion but decreased the protein levels of ZBP1 and cGAS-STING 
pathway. Subsequently, WB was employed to assess the expres-
sion of proteins in splenic CD4+ T lymphocytes of Cd4creNufip1fl/fl﻿ 
and Nufip1fl/fl﻿ mice. Upon NUFIP1 knockout, regardless of LPS 
stimulation or CLP operation, a decrease in NUFIP1 expression 
was observed, while ZBP1 and cGAS-STING-related proteins 
increased significantly, with statistical significance (Fig.  6 E and 
F and Fig.  S6 A and B).   

Polysome profiling and Co-IP reveal the molecular 
mechanism underlying NUFIP1-mediated ribophagy 
in activating cGAS-STING signaling
   To explore the molecular mechanism underlying ribophagy-
induced cGAS-STING activation, we investigated ribosomal 
dynamics and protein interactions. Polysome profiling was 
used to assess ribosomal collision events in septic CD4+ T lym-
phocytes. As illustrated in Fig.  6 G and H, LPS-stimulated Jurkat 
T cells and CD4+ T lymphocytes isolated from CLP mice exhib-
ited significantly elevated ribosomal collision frequencies com-
pared to untreated controls. Genetic modulation experiments 
revealed that small interfering RNA (siRNA)-mediated NUFIP1 
KD exacerbated ribosomal collisions. In contrast, lentiviral 
﻿NUFIP1 overexpression effectively mitigated this response (Fig. 
 6 I). Consistent observations were observed in CD4+ T lympho-
cytes isolated from septic mice (Fig.  S6 C and D). In addition, 
Co-IP assays were performed to examine physical interactions 
between NUFIP1 and STING. Significant NUFIP1-STING 
complex formation was observed in both Jurkat T cells and 
murine CD4+ T lymphocytes, as evidenced by immunoblotting 
of precipitated complexes (Fig.  6 J and Fig.  S6 E).   

Impact of cGAS-STING modulation on PANoptosis 
and immune function of CD4+ T cells, multiple organ 
injury, and 1-week survival in septic mice
   To further investigate the potential role of the cGAS-STING 
signaling in regulating PANoptosis, we used a specific small-
molecule inhibitor to modulate the related pathways in these 
current experiments. SN-011 is a specific inhibitor of the cGAS-
STING signaling that competitively binds to the STING pro-
tein, thereby inhibiting its activation. As shown in Fig.  7 A and 
B and Fig.  S7 A and B, increasing concentrations of SN-011 
resulted in a gradual weakening of STING protein expression, 
with a similar trend observed in downstream molecules TBK1 
and IRF3. Notably, Jurkat T cells and splenic CD4+ T lympho-
cytes in mice exhibited significant inhibition at concentrations 
of 20 and 5 μM, respectively. Compared with the Flox group, 
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Fig. 5. Impact of conditional deletion of NUFIP1 on immune response of CD4+ T lymphocytes, organ injury, and the 1-week survival rate of mice in sepsis. (A) The proliferative 
activity of splenic CD4+ T cells was measured by CCK-8 after CLP operation. n = 3 technical repetitions. (B) Serum cytokine levels in the Flox and cKO groups were measured 
by ELISA after CLP operation. n = 4 technical repetitions. (C and E) Proportion of CD3+ T lymphocytes in the peripheral blood of mice in different groups detected by flow 
cytometry. n = 3 technical repetitions. (D and F) The proportion of CD3+CD4+ T lymphocytes in the peripheral blood of mice in different groups was detected by flow cytometry. 
n = 3 technical repetitions. (G and H) The ratio of Th1/Th2 of splenic CD4+ T cells was detected by flow cytometry. n = 3 technical repetitions. (I and J) Percentage of Tregs 
of splenic CD4+ T cells detected by flow cytometry. n = 3 technical repetitions. (K and L) Percentage of Th17 cells of splenic CD4+ T cells detected by flow cytometry. n = 3 
technical repetitions. (M to Q) H&E staining assessment of various organ lesions, including heart (M), lung (N), liver (O), and kidney (P) in different groups of mice. The scale 
bar represents 50 μm. n = 3 biological independent samples. (R) One-week survival curves of different groups of mice (**P < 0.01 compared with the sham group; #P < 0.05 
compared with the Flox-CLP group). n = 10 biological independent samples. Data were expressed as means ± SEM. A 2-way ANOVA test was applied to test the statistical 
significance. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the Flox group. ##P < 0.01, ###P < 0.001 compared with the cKO-sham group.
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Fig. 6. NUFIP1 deficiency disrupts ribophagy and ribosomal collision to trigger cGAS-STING-dependent PANoptosis in septic CD4+ T lymphocytes. (A) Differentially expressed 
protein GO pathway enrichment maps of Jurkat T cells in the normal control and KD groups stimulated with LPS. (B) Differentially expressed protein KEGG pathway enrichment 
map of Jurkat T cells in the normal control and KD groups stimulated with LPS. (C and D) Expression of cGAS-STING signaling-related proteins in different groups of Jurkat  
T cells under LPS stimulation by WB. n = 3 technical repetitions. (E and F) Expression of cGAS-STING signaling-related proteins in splenic CD4+ T cells of the Flox and cKO groups 
under LPS stimulation by WB. n = 3 technical repetitions. (G) Ribosomal collision events of Jurkat T cells assessed by polysome profiling under PBS or LPS. (H) Ribosomal 
collision events of CD4+ T cells assessed by polysome profiling under sham or CLP. (I) The effects of NUFIP1 gene interference on ribosomal collisions within Jurkat T cells 
were assessed by polysome profiling. (J) The interaction between NUFIP1 and STING in Jurkat T cells was detected by Co-IP. Data were expressed as means ± SEM. A 2-way 
ANOVA test was applied to test the statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the empty-PBS/Flox-PBS group; #P < 0.05, ##P < 0.01, 
###P < 0.001 compared with the empty-LPS/Flox-LPS group.
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Fig. 7. Regulatory effects of cGAS-STING signaling on CD4+ T lymphocyte PANoptosis and immune response in septic mice. (A and B) The optimal concentration of SN-011 on 
splenic CD4+ T lymphocytes under LPS stimulation was determined by WB. n = 3 technical repetitions. (C) Serum cytokine levels in the Flox and cKO groups were measured by 
ELISA after CLP. n = 6 technical repetitions. (D) The effects of SN-011 on the cGAS-STING pathway and PANoptosis-related protein expression in splenic CD4+ T lymphocytes 
under LPS stimulation were detected by WB. (E) The effects of SN-011 on cGAS-STING signaling and PANoptosis-related protein expression in splenic CD4+ T lymphocytes by 
WB after CLP. (F and G) The effect of SN-011 on the proliferative activity of splenic CD4+ T lymphocytes in sepsis mice was measured by CCK-8. n = 3 technical repetitions. 
(H to J) The effect of SN-011 on the proportion of CD3+ T (H) and CD3+CD4+ T lymphocytes (I) in the peripheral blood of mice of different groups was detected by flow 
cytometry. n = 3 technical repetitions. Data were expressed as means ± SEM. A 2-way ANOVA was applied to test the statistical significance. *P < 0.05, **P < 0.01, ***P < 
0.001 compared with the Flox group. #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the cKO-LPS/CLP groups.
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serum levels of IL-1β, IL-18, IL-1α, IL-33, TNF-α, HMGB1, 
and LDH were significantly elevated in the NUFIP1 cKO group. 
Following treatment with SN-011, marked decreases in the 
serum levels of these cytokines were observed in both the Flox 
and NUFIP1 cKO groups (Fig.  7 C). Then, WB was utilized to 
evaluate the impact of SN-011 on the CD4+ T lymphocyte sig-
naling pathway and PANoptosis-related protein expression 
during sepsis. As shown in Fig.  S7 C, a significant decrease in 
NUFIP1 expression was observed in Jurkat T cells in the KD 
group. Conversely, considerable up-regulation of ZBP1 and 
cGAS-STING-associated proteins, including cGAS, STING, 
TBK1, and IRF3, was observed. Besides, the expression of 
PANoptosis-related proteins, including GSDMD, NLRP3, ASC, 
Bax, c-caspase-3, p-MLKL, and p-RIPK3, was elevated in Jurkat 
T cells of the KD group. Treatment with SN-011 resulted in 
significant inhibition of cGAS-STING-related proteins, which 
was associated with reduced expression of PANoptosis-related 
proteins. Consistent results were observed in the expression of 
splenic CD4+ T lymphocytes following LPS challenge in vitro 
and CLP operation in vivo (Fig.  7 D and E).        

   Next, we sought to assess the impact of the cGAS-STING 
signaling pathway on T cell immune function, peripheral 
immunosuppression, multiple organ injury, and the prognosis 
of septic mice lacking the NUFIP1 gene. Inhibition of the 
cGAS-STING signaling pathway by SN-011 led to significant 
restoration in the proliferation of splenic CD4+ T lymphocytes, 
an increase in the proportions of CD3+ T and CD3+CD4+ T 
cells in PBMCs, and a notable reduction in multi-organ damage 
(Figs.  7 F to J and  8 A to E). Furthermore, treatment with SN-011 
significantly improved the survival rates of mice at 1 week, 
particularly in those with NUFIP1 cKO (Fig.  8 F and G).           

Clinical significance of ribophagy and PANoptosis in 
peripheral blood CD4+ T lymphocytes of individuals 
with sepsis
   To investigate alterations in PANoptosis in patients with and with-
out septic complications, terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick end labeling (TUNEL) 
and Hoechst 33258 staining methods were performed to identify 
apoptosis, while SYTOX-Green staining was utilized to detect cell 
necrosis. Results revealed a significant increase in the percentage 
of apoptosis and necrosis in CD4+ T lymphocytes of septic 
patients compared to the control subjects (Fig.  8 H to J). Meanwhile, 
WB was carried out to assess ribophagy and PANoptosis-related 
proteins in peripheral blood CD4+ T lymphocytes of patients. 
Significant elevation of various ribophagy and PANoptosis mark-
ers, including LC-3B, NUFIP1, ZBP1, GSDMD, NLPR-3, ASC, 
Bax, c-caspase-3, p-MLKL, and p-RIPK3, was observed in septic 
patients, along with reduced levels of ribosomal proteins RPL7, 
RPL23, RPL26, and anti-apoptotic protein Bcl-2 (Fig.  8 K). Besides, 
functional analysis of CD4+ T lymphocytes in septic patients dem-
onstrated decreased proliferative and secretion activities, Th2 
polarization, and reduced proportions of CD3+ T and CD3+CD4+ 
T lymphocytes, suggesting a pronounced immunosuppressive 
state in these patients (Fig.  8 L to O).    

Discussion
   In the current study, we found that NUFIP1-mediated ribo phagy 
modulated CD4+ T lymphocyte PANoptosis in sepsis, conse-
quently augmenting T cell-mediated immunity and preserving 

systemic immune homeostasis. Mechanistically, the involvement 
of ZBP1-PANoptosomes and the cGAS-STING signaling cascade 
appeared crucial to this mechanism. Ribosomal collision within 
CD4+ T lymphocytes and the interaction between NUFIP1 and 
STING proteins were critical for initiating the cGAS-STING 
signaling via NUFIP1-mediated ribophagy (Fig.  9 ). Clinical vali-
dation further supported these findings, showing increased 
PANoptosis and ribophagy in peripheral blood CD4+ T lym-
phocytes from septic patients alongside compromised immune 
function.        

   The present study has advanced our understanding of 
PANoptosis in septic pathophysiology, suggesting the synergistic 
role of TNF-α and IFN-γ in driving inflammatory cell death and 
tissue injury [  29 ]. Therapeutic targeting of the cytokine-mediated 
PANoptosis pathway could ameliorate outcomes in LPS-induced 
inflammatory models, with potential relevance for COVID-19-
associated coagulopathy. A recent report linked PANoptosis to 
sepsis-associated encephalopathy [  30 ], suggesting that cortical 
neuron PANoptosis could be orchestrated by toll-like receptor 9 
via activation of p38–mitogen-activated protein kinase pathway. 
This paradigm has since inspired extensive investigations into 
PANoptosis-driven pathologies in severe complications, includ-
ing disseminated intravascular coagulation, lung injury, cardio-
myopathy, and acute kidney injury, collectively underscoring the 
therapeutic potential of PANoptosis modulation in the manage-
ment of critical illness [  31 –  36 ]. Despite these advancements, criti-
cal gaps persist in our understanding of PANoptosis dynamics in 
immune cells, particularly in sepsis. While many studies have 
predominantly focused on endothelial cells, neuronal cells, and 
hepatocytes, the possible role and regulatory mechanisms 
of PANoptosis in host immune response remain unexplored. 
In this regard, it has been reported that inhibition of mito-
chondrial DNA oxidation in macrophages could markedly 
attenuate PANoptosis, implying potential macrophage-centric 
therapeutic strategies [  37 –  39 ]. Herein, our findings represent a 
paradigm shift by investigation of CD4+ T lymphocyte PANoptosis 
in septic models. Through multi-dimensional analyses, we have 
uncovered novel links between PANoptotic T cell demise, 
abnormal immune response, and cytokine dysregulation, 
implicating T cell PANoptosis as a contributor to sepsis-induced 
immunosuppression.

   Ribophagy, an emerging paradigm in organelle autophagy 
research, functions as a pivotal regulatory mechanism in RQCS. 
This process maintains proteostasis and cellular survival through 
selective degradation of aberrant ribosomes, constituting a criti-
cal line of defense against translational stress-induced apoptosis. 
Despite its fundamental biological importance, the pathophysi-
ological roles of ribophagy in human diseases remain substan-
tially unexplored, particularly regarding its regulatory capacity 
in sepsis-induced immune dysfunction. Our previous studies 
have demonstrated that NUFIP1-mediated ribophagy could 
attenuate CD4+ T lymphocyte apoptosis via suppression of the 
endoplasmic reticulum stress-dependent apoptotic cascade, sug-
gesting its potential involvement in broader cell death regulatory 
networks [ 11 ]. Given the functional interdependence between 
apoptosis and PANoptosis in the development of sepsis, we 
hypothesized that ribophagy might exert modulatory effects 
on CD4+ T lymphocyte PANoptosis. In the current study, the 
results substantiated that ribophagy was associated with CD4+ 
T lymphocytes’ PANoptosis. Notably, NUFIP1-mediated riboph-
agy of CD4+ T lymphocytes exhibited a significant impact on 
host immunosuppression status, multiple organ damage, and 
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Fig. 8. Regulatory effects of cGAS-STING signaling on peripheral immune status in septic mice and ribophagy, PANoptosis, and immune function of peripheral blood CD4+ 
T lymphocytes in sepsis patients. (A to E) H&E staining assessed the effects of SN-011 on multiple organ damage, including heart (A), lung (B), liver (C), and kidney (D) in 
different groups of mice. The scale bar represents 50 μm. n = 3 biological independent samples (two-way ANOVA was applied to test the statistical significance; ##P < 0.01, 
###P < 0.001 compared with the cKO-CLP groups). (F and G) Impact of SN-011 on the 1-week survival rate of Flox (F) and cKO (G) mice. n = 10 biological independent samples 
(**P < 0.01 compared with the sham group; #P < 0.05, ###P < 0.001 compared with the cKO-CLP group). (H) The apoptosis of CD4+ T lymphocytes in the peripheral blood 
of patients with and without sepsis was detected by TUNEL. The scale bar represents 100 μm. n = 3 technical repetitions. (I) The apoptosis of CD4+ T lymphocytes in the 
peripheral blood of patients with and without sepsis was determined by Hoechst 33258. The scale bar represents 100 μm. n = 3 technical repetitions. (J) Necrosis of CD4+ 
T lymphocytes in the peripheral blood of patients with and without sepsis was detected by SYTOX-Green. The scale bar represents 100 μm. n = 3 technical repetitions. 
(K) The expression of ribophagy and PANoptosis-related proteins in the peripheral blood CD4+ T lymphocytes of patients with and without sepsis was analyzed by WB. (L) The 
proliferative activity of CD4+ T lymphocytes in the peripheral blood of patients with and without sepsis was detected by CCK-8. n = 3 technical repetitions. (M) Serum cytokine 
levels in patients with and without sepsis were measured by ELISA. n = 5 technical repetitions. (N and O) The proportions of CD3+ T (N) and CD3+CD4+ T (O) lymphocytes 
in the peripheral blood of patients with and without sepsis were analyzed by flow cytometry. n = 3 technical repetitions. Data were expressed as means ± SEM. An unpaired 
2-sided Student’s t test was applied to test the statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001.
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sepsis prognosis. These observations further underscore the 
pleiotropic protective effects of ribophagy in sepsis pathophysiol-
ogy. NUFIP1 is the first confirmed receptor mediating mam-
malian ribophagy [ 27 ]. It has been demonstrated that NUFIP1 
interacts with LC3B to facilitate ribophagy and promote cell 
survival upon starvation. Recently, Rpl12 has been identified as 
a highly conserved ribophagy receptor from yeast to mammals, 
elucidating its mechanism of action in ribophagy under starva-
tion conditions [  40 ]. Thus, further investigation is warranted 
to determine whether Rpl12 is involved in ribophagy and 
PANoptosis of immune cells in sepsis.

   The PANoptosome serves as a molecular scaffold for 
PANoptosis execution, coordinating the assembly of key regula-
tory proteins [  41 ]. Currently, 4 critical regulators of PANoptosome 
formation have been identified, including ZBP1, AIM2, RIPK1, 
and NLRP12 [ 28 ,  42 –  44 ]. Of these, ZBP1 functions as the primary 
upstream regulator, operating as a pathogen-associated molecular 
pattern recognition receptor that initiates PANoptosome assem-
bly through its NACHT and LRR domains. In this study, we 

performed immunoblot analysis of ZBP1, AIM2, RIPK1, and 
NLRP12 expressions in Jurkat T cells following NUFIP1 KD and 
in splenic CD4+T lymphocytes from Cd4creNufip1fl/fl﻿ mice. 
Significant up-regulation of ZBP1 protein expression was observed 
post-NUFIP1 depletion, while AIM2, RIPK1, and NLRP12 levels 
remained unchanged. Thus, the differential regulation suggests 
that ZBP1 might play a unique role in PANoptosis activation 
under septic conditions. Subsequent Co-IP experiments further 
validated the intimate interaction between NUFIP1 and ZBP1. 
The pathological relevance of ZBP1-mediated PANoptosis is well 
documented across multiple diseases, including asthma, acute 
myeloid leukemia, ultraviolet radiation-induced skin damage, 
tumorigenesis, and spinal cord injury [  45 –  48 ]. A recent report 
indicated that lactacemia-induced histone deacetylation could 
activate cold-inducible RNA-binding proteins in macrophages, 
in turn triggering PANoptosis in pulmonary vascular endothelial 
cells, resulting from sepsis [  49 ]. This work corroborates our obser-
vation of ZBP1 up-regulation in immune cells and identifies a 
novel cross-talk between metabolic dysregulation and PANoptosis 

Fig. 9. Mechanism schematic diagram of the current study. Illustrations were created with BioRender.
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execution. Moreover, ZBP1 interacts with cGAS through its Zα2 
domain, establishing a liquid–liquid phase separation within 
infected fibroblasts. This process facilitates the recruitment of 
TBK1-RIPK1, thereby sustaining IFN-β expression and playing 
a critical role in antiviral immunity [  50 ]. This investigation par-
tially elucidates the potential mechanism by which ZBP1-
PANoptosome modulates the activation of the cGAS-STING 
pathway in the setting of sepsis. In summary, the convergence of 
these findings positions ZBP1 as a central hub in septic immuno-
pathology, where its dual roles in pathogen sensing and cell death 
execution create therapeutic targeting opportunities.

   Mechanistically, we proposed a regulatory role of cGAS-
STING signaling axis in ribophagy-dependent modulation of 
T lymphocyte PANoptosis based on the following evidence. 
Firstly, the sequencing of the top 20 differentially expressed 
proteins revealed multiple cGAS fragments. Besides, KEGG 
pathway analysis highlighted significant enrichment of the 
cGAS-STING signaling pathway. Finally, cGAS, as a canonical 
cytosolic DNA sensor, detects pathogen-derived double-
stranded DNA (dsDNA) and endogenous damage-associated 
molecular patterns released during sepsis-induced cellular 
stress. This signaling transduction might contribute to the patho-
genesis of sepsis, where pathogens disrupt homeostasis through 
membrane permeabilization and an inflammatory cascade, 
implying biological plausibility for pathway involvement [  51 ]. 
Herein, significant up-regulation of cGAS, p-STING, p-TBK1, 
and p-IRF3 was observed following NUFIP1 KD in Jurkat T cells 
and Cd4creNufip1fl/fl﻿ mice. Several studies have indicated that the 
cGAS-STING pathway operates through a quaternary signaling 
cascade in sepsis, including pathogen recognition, inflammatory 
response, initiation of cellular demise, and immune response 
[  52 –  54 ]. Therefore, the targeted modulation of this pathway via 
small-molecule inhibitors or gene editing may offer a novel 
approach for immune precision therapy in sepsis.

   Recent studies have demonstrated that viral protein transla-
tion stress disrupts ribosomal homeostasis through collision-
induced translational arrest, thereby activating cGAS via dsDNA 
sensing [ 24 ]. The pathogen–nucleic acid interaction results in a 
feedback loop where ribosome collisions not only amplify cGAS 
activation thresholds but also induce autophagic degradation of 
collided ribosomes. Our experiments employed polysome profil-
ing and Co-IP assays to delineate the molecular interplay 
between NUFIP1-mediated ribophagy and cGAS-STING activa-
tion. It was found that sepsis induced marked ribosome collisions 
in CD4+ T lymphocytes, which aligned with previous studies 
indicating that ribosome dynamics could exert dual effects as 
both cGAS co-activators and autophagy inducers. Mechanistic 
studies uncovered a previously unrecognized regulatory axis 
wherein NUFIP1 physically interacted with STING. To further 
corroborate this finding, SN-011, a small-molecule competitive 
inhibitor of STING, was used in subsequent studies. It has been 
demonstrated that SN-011 specifically binds to the transmem-
brane domain of STING. Through hydrophobic interactions and 
hydrogen bond networks, SN-011 stabilizes STING in an inactive 
monomeric conformation, thereby inhibiting its endoplasmic 
reticulum-to-Golgi apparatus transport [  55 ]. Moreover, SN-011 
occupies the STING dimer interface, thus preventing cGAMP-
induced STING dimer formation [  56 ]. In this study, GAS-STING 
signaling inhibition by SN-011 significantly attenuated T cell 
PANoptosis in sepsis, concurrently restoring proliferation and 
secretory function. Compared with septic mice without SN-011 
treatment, there was a marked reduction in the severity of organ 

damage and a significant improvement in the 1-week survival 
rate of treated mice subjected to septic challenge.

   Clinical validation was implemented to investigate the 
occurrence of PANoptosis and ribophagy in peripheral blood 
CD4+ T lymphocytes among septic patients. We found that 
the levels of NUFIP1 and ZBP1 in the CD4+ T lymphocytes 
of septic patients significantly increased compared to those 
without sepsis, corresponding to experimental data in murine 
models, thereby underscoring their conserved biomarker 
potential for the diagnosis of sepsis. Moreover, significant 
elevation in PANoptosis and decreased immune function of 
CD4+ T lymphocytes were observed in the peripheral blood 
of septic patients, suggesting a pathophysiological axis linking 
ribophagy-mediated cell death to lymphocyte dysfunction in 
sepsis. These clinical observations provide a mechanistic 
framework for developing dual-modality therapeutics target-
ing immunosuppression and PCD.

   Nevertheless, our findings should be considered in light of 
several limitations. Firstly, our study is contextualized within 
CD4+ T cell responses, reflecting their dominant role in sepsis 
pathogenesis. However, CD8+ effector T cells may contribute to 
late-phase immune exhaustion and warrant future investigation. 
This limitation does not diminish the core mechanism but high-
lights a pathway for broader exploration. Secondly, while CLP 
provides a validated platform for initial PANoptosis characteriza-
tion, its integration with sterile and respiratory models, alongside 
human ex vivo data, may ensure that the mechanistic insights 
translate to the spectrum of human sepsis pathophysiology, 
including heterogeneous triggers like viral infections or tissue 
injury. Thirdly, the use of Jurkat T cells in proteomic analysis may 
limit the generalizability of our data to CD4+ T lymphocytes 
within murine spleens. Fourthly, the precise mechanism by 
which the NUFIP1-STING complex regulates the interplay 
between ribophagy and the cGAS-STING pathway remains to 
be fully elucidated, necessitating further investigation. Fifthly, 
while we corroborated the critical role of ZBP1 in NUFIP1-
mediated ribophagy associated with CD4+ T lymphocytes’ 
PANoptosis in sepsis, the precise interactional dynamics and 
underlying molecular mechanisms between these proteins 
remain to be elucidated. Advanced structural biology approaches 
may facilitate the resolution of these complexities. Lastly, the 
diagnostic potential of crucial proteins associated with ribophagy 
and PANoptosis in the risk stratification and prognostic predic-
tion of sepsis patients requires thorough validation in multi-
center, large-scale clinical trials.   

Conclusion
   Overall, our findings provide compelling evidence that sepsis 
can induce CD4+ T lymphocyte PANoptosis. At the same time, 
NUFIP1-mediated ribophagy serves as a protective mechanism, 
alleviating immune dysfunction, mitigating organ lesions, and 
improving survival rate post-septic challenge. Mechanistically, 
ribosomal stalling within CD4+ T lymphocytes and the interac-
tion between NUFIP1 and STING proteins play a potential role 
in initiating the cGAS-STING cascade through ribophagy. 
Taken together, the present study unveils a previously unrecog-
nized regulatory axis linking CD4+ T lymphocyte ribophagy 
and PANoptosis to sepsis-induced immunoparalysis, which 
might be valuable to develop precision immunomodulatory 
strategies targeting both excessive inflammatory response and 
host immune dysfunction in this life-threatening condition.   
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Materials and Methods

Cell culture
   Jurkat T cells were procured from Chinese Type Culture Col
lection (CTCC, Shanghai, China). The lentiviral vectors contain-
ing the NUFIP1 gene KD and overexpression were developed by 
GeneChem Co. Ltd. (Shanghai, China). These lentiviruses were 
utilized to modulate the expression of the NUFIP1 protein in the 
Jurkat T cells through transfection following the manufacturer’s 
guidelines. Cell culture medium consisted of RPMI 1640 (Gibco, 
Waltham, USA) supplemented with 100 U/ml penicillin (Solarbio, 
Beijing, China), 100 μl/ml streptomycin (Solarbio), and 10% fetal 
bovine serum (Gibco, Waltham, USA). The cells were maintained 
in a 5% CO2, 37 °C humidified incubator (Napco, Japan) during 
the culture process.   

Animals
   Male C57 wild-type mice, aged 6 to 8 weeks, were procured from 
SiBeiFu Company (Beijing, China). CD4+ T lymphocyte-specific 
﻿NUFIP1 cKO mice (Cd4creNufip1fl/fl﻿) and their corresponding 
control mice (Nufip1fl/fl﻿) were generated and raised to 6 to 8 weeks 
of age by Cyagen Biosciences Inc. (Suzhou, Jiangsu, China). 
The mice weighed approximately 20 g, meeting the specific 
pathogen-free grade requirements. The laboratory animal 
housing room was maintained at a temperature of 25 °C, with 
55% humidity, and unrestricted access to food and water. All 
experimental protocols were conducted by the International 
Guidelines for the Care and Use of Laboratory Animals and 
were approved by the Animal Ethics Committee of the Chinese 
PLA General Hospital under the approval number 2024-X20-
40, Beijing, China.   

Procedures for CLP
   Before abdominal disinfection of a 2.5-cm2 surgical field, anes-
thesia was induced through intraperitoneal administration 
of 4% chloral hydrate combined with sodium pentobarbital 
(60 mg/kg body weight). Following aseptic preparation, a mid-
line longitudinal incision measuring 1.0 cm was created through 
the abdominal wall. The distal cecum was partially ligated 
approximately 1 cm from its apex and then perforated using a 
21-gauge hypodermic needle to facilitate fecal extrusion for 
sepsis induction. After cecal repositioning, sequential closure 
of the peritoneal and cutaneous layers was performed. Besides, 
a subcutaneous injection of 0.9% saline solution (1 ml) was 
administered in the cervical area. Model validation criteria 
included behavioral observations (reduced activity, diarrheal 
presentation, and piloerection) combined with survival analy-
sis showing 30% to 50% mortality within the 7-d postopera-
tive period following CLP operation. Sham-operated controls 
received identical surgical interventions, excluding cecal liga-
tion and perforation.   

Isolation of mouse splenic CD4+ T lymphocytes
   Splenic tissues were aseptically harvested from euthanized mice 
and immediately rinsed multiple times with ice-cold phos-
phate-buffered saline (PBS). Following mechanical dissociation 
through sterile mesh filtration, the homogenized tissue under-
went washing with PBS. The resultant cellular suspension was 
mixed with murine-specific lymphocyte separation medium at 
a 1:1 volumetric ratio, followed by density gradient centrifuga-
tion (15 min at 3,000 rpm) for mononuclear cell isolation. 

CD4+ T lymphocytes were enriched using magnetic-activated 
cell sorting (MACS), magnetic separation (MS) columns, and 
anti-CD4 microbeads according to the manufacturer’s instruc-
tions (Miltenyi Biotec, Bergisch Gladbach, Germany). Purified 
lymphocytes were maintained in RPMI 1640 complete medium 
under standard culture conditions (37 °C, 5% CO₂). For cellular 
activation, splenic CD4+ T cells underwent 24-h pretreatment 
with 5 μg/ml concanavalin A (Con A; Solarbio, Beijing, China) 
before functional assays.   

Time– and dose–response experiments  
of LPS stimulation
   To determine optimal stimulation parameters, Jurkat T cells and 
splenic CD4+ T lymphocytes were exposed to 1,000 ng/ml LPS 
(Sigma-Aldrich, St Louis, MO) for multiple time intervals (6 to 
72 h), with PBS-treated controls serving as baseline references. 
Subsequent dose–response profiling was conducted by treatment 
with LPS ranging from 0 to 1,000 ng/ml during the 24-h window 
identified as physiologically relevant. Following parameter opti-
mization using this sequential screening approach, cellular 
samples were harvested at predetermined experimental end-
points for downstream molecular analyses.   

TUNEL apoptosis assay
   Apoptosis detection was implemented using a commercial 
TUNEL kit (Beyotime Biotechnology, China) following stan-
dardized procedures. Key steps of the protocol included the fol-
lowing: (a) cell preparation: pre-processed CD4+ T lymphocyte 
suspensions (>2 × 106 cells) underwent sequential PBS washing 
cycles; (b) fixation and permeabilization: cellular fixation was 
achieved through 30-min incubation in 4% paraformaldehyde 
(PFA), followed by membrane permeabilization using 0.3% 
Triton X-100/PBS (5 min, room temperature); (c) staining work-
flow: after reconstituting kit components per manufacturer 
specifications, samples were washed with PBS twice before appli-
cation of 50 μl of TUNEL reaction mixture. Samples were incu-
bated in the dark at 37 °C for 1 h and subsequently rinsed with 
PBS; (d) analytical preparation: cells were resuspended in 250 to 
500 μl of PBS for fluorescence microscopy.   

SYTOX-Green staining experiment
   A SYTOX-Green (Thermo Fisher, USA) working solution was 
prepared by diluting SYTOX-Green nucleic acid dye stock 
(5 mM) to 50 nM in dimethyl sulfoxide for subsequent applica-
tions. Following cell culture, cells were stained with 100 nM 
SYTOX-Green working solution and incubated in a cell culture 
incubator for the designated period. Subsequently, at least 2 × 
106 cells were harvested in flow tubes, rinsed thrice with PBS 
buffer solution, and centrifuged at 1,500 rpm for 5 min each. 
The supernatant was discarded, retaining 100 μl of the residual 
liquid, and the cells were resuspended thoroughly. For slide 
preparation, 40 μl of the cell suspension was dispensed onto 
the slide and covered with a coverslip. Finally, the total cell 
counts were determined using an optical microscope, and 
SYTOX-Green-positive cells were visualized and imaged under 
a fluorescence microscope.   

WB analysis
   T cell populations (>6 × 106 cells per Eppendorf tube) under-
went lysis in ice-cold radioimmunoprecipitation assay buffer 
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supplemented with protease inhibitor cocktail (1:50) and 
phosphatase inhibitor (1:100). (a) Cellular lysis was performed 
by intermittent vortexing during 30-min ice incubation, fol-
lowed by 3 freeze–thaw cycles (liquid nitrogen/room tempera-
ture) and high-speed centrifugation (14,000g, 30 min, 4 °C) for 
supernatant collection. (b) For electrophoresis, protein lysates 
were denatured with a 4:1 ratio of sodium dodecyl sulfate 
(SDS)-loading buffer (95 °C, 5 min) and quantified via a bicin-
choninic acid (BCA) assay standard curve. Samples were resolved 
through SDS–polyacrylamide gel electrophoresis (PAGE) (12% 
separating gel) under reducing conditions. (c) Immunoblotting 
was performed using semidry electrophoretic transfer to 
nitrocellulose membranes. Membranes were blocked with 5% 
bovine serum albumin (BSA)/tris-buffered saline with Tween 
20 (TBST) blocking buffer for 1 h, followed by blocking with 
primary antibodies (1:1,000 dilution; Table  S1 ) and β-actin 
(mouse monoclonal antibody) as loading control, and then 
incubated with species-matched horseradish peroxidase-
conjugated secondary antibodies (1:5,000). Chemiluminescent 
detection was performed using Amersham Imager 600 (GE 
Healthcare).   

Laser scanning confocal microscopy
   The colocalization of PANoptosis-related proteins was exam-
ined using laser scanning confocal microscopy (LSCM) 
(Leica, Mannheim, Germany). The procedure involved sev-
eral steps, with each step followed by washing with PBS 3 times 
and centrifugation at 1,500 rpm for 5 min each time. Initially, 
a minimum of 1 × 106 cells were collected and centrifuged to 
remove the supernatant. The cells were then fixed with 4% 
PFA (500 μl) for 1 h, permeabilized with 0.3% Triton X-100 
(400 μl) for 20 min, and blocked with 1% BSA solution (500 μl) 
for 1 h at room temperature. The primary antibodies ASC 
(1:200, Santa Cruz Biotechnology, Santa Cruz, CA) and caspase-8 
(1:200, Proteintech) were then applied and incubated over-
night at 4 °C. On the following day, a fluorescein-conjugated 
secondary antibody was introduced and incubated at room 
temperature for 1 h, followed by the addition of fluorescein-
labeled RIP3 (1:200, Santa Cruz Biotechnology, Santa Cruz, 
CA), which was incubated for an additional hour at room tem-
perature. After washing with PBS, the cells were mixed with 
the substrate. A slide was prepared by adding 20 μl of the cell 
suspension, combining it with 10 μl of 4′,6-diamino-2- 
phenylindole solution, and covering it with a glass slide. 
The colocalization of PANoptosis-related proteins was then 
examined using LSCM.   

Measurement of cytokine levels
   Peripheral blood specimens (1 ml per mouse) were collected via 
retroorbital venipuncture into sodium heparin anticoagulant 
tubes (BD Vacutainer). Cellular components were separated 
through centrifugation (2,500g, 25 min, 4 °C) using a Beckman 
Coulter Allegra X-15R centrifuge. Plasma-free fractions from 
experimental cohorts were subjected to multiplex cytokine anal-
ysis following standardized protocols. Commercially available 
ELISA kits (MyBioSource) were employed for quantitative mea-
surement of pro-inflammatory mediators, including IL-1α, 
IL-1β, TNF-α, HMGB1, IL-33, IL-18, and LDH. Analytical pro-
cedures were conducted with strict adherence to the manufac-
turer’s specifications for optical density (OD) measurements at 
450-nm wavelength.   

Transmission electron microscopy
   Cellular specimens from treatment/control cohorts (≥1 × 107 
cells) underwent standardized processing: (a) initial stabilization: 
triple PBS rinsing cycles (300g, 5 min) to clear cellular debris; 
(b) chemical fixation: primary immersion–fixation in 4% glutar-
aldehyde (4 °C, 1 h), PBS buffer exchanges (3×). The ultrastruc-
tural processing workflow included ethanol gradient treatment 
(50% to 100%), infiltration with EPON-812 epoxy resin (37 °C 
overnight to 60 °C polymerization), and ultramicrotomy-derived 
70-nm sections (Leica UC7). Electron microscopy analysis was 
performed using a double-contrast staining protocol, involving 
uranyl acetate (5% in methanol, 15 min) and lead citrate coun-
terstain (Reynolds’ method, 5 min). Ultrastructural analysis of 
PCD modalities was conducted using a JEOL JEM-1400FL TEM 
operated at 120 kV.   

CCK-8 assay
   The experiment was conducted in strict adherence to the guide-
lines outlined in the CCK-8 test kit (MCE, New Jersey, USA). 
In brief, cells were harvested and rinsed with PBS. The cells 
were seeded into 96-well plates at a density of at least 2 × 105 
cells per well, with 3 replicate wells per experimental group 
(splenic CD4+ T lymphocytes stimulated by Con A), and incu-
bated in a cell culture incubator for 24 h. Afterward, 10 μl of 
CCK-8 detection reagent was added to each well and incubated 
at a constant temperature for 2 to 4 h. Finally, the color change 
in each well was measured, and the OD value (450 nm) was 
determined using an ELISA plate reader.   

Isolation of murine PBMCs
   Mononuclear cell populations were isolated by density gradient 
centrifugation (TBD Sciences Lymphoprep, China) following 
standardized procedures. The main operational procedures 
were as follows: (a) specimen acquisition: retroorbital blood 
collection (1 ml per mouse) into heparinized vacutainers and 
immediate dilution in chilled EDTA-supplemented PBS (1:2 v/v); 
(b) density gradient processing: the blood–PBS suspension was 
layered over Lymphoprep medium and centrifuged at 450g, 
30 min, with the brake disengaged; (c) mononuclear cell isola-
tion: the buffy coat layer (mononuclear cell interface) was aspi-
rated, washed 3 times with PBS (300g, 10 min per wash), and 
resuspended in complete RPMI 1640 medium.   

Flow cytometric analysis
   Surface marker staining was performed using fluorochrome-
conjugated antibodies: anti-mouse CD3 (clone 17A2, BV510, 
catalog no. 100234, BioLegend, San Diego, CA), anti-human 
CD3 (clone OKT3, BV510, catalog no. 317332, BioLegend, San 
Diego, CA), anti-mouse CD4 [clone GK1.5, fluorescein iso-
thiocyanate (FITC), catalog no. 100510, BioLegend, San Diego, 
CA], anti-human CD4 (clone SK3, FITC, catalog no. 344604, 
BioLegend, San Diego, CA), and anti-mouse CD25 [clone 
PC61, phycoerythrin (PE), catalog no. 102007, BioLegend, San 
Diego, CA]. Intracellular flow cytometry staining was per-
formed using fluorochrome-conjugated antibodies: anti-mouse 
IFN-γ (clone W18272D, PE, catalog no. 163504, BioLegend, 
San Diego, CA), anti-mouse IL-4 [clone 11B11, allophycocya-
nin (APC), catalog no. 504106, BioLegend, San Diego, CA], 
anti-mouse IL-17A (clone TC11-18H10.1, PE, catalog no. 
506904, BioLegend, San Diego, CA), and anti-mouse Foxp3 
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(clone FJK-16s, PE-Cyanine7, catalog no. 25-5773-82, Thermo 
Fisher, USA). Staining workflow included the following steps: 
(a) Cell preparation: mouse spleen lymphocyte suspension or 
PBMC aliquots (3 × 105 cells per tube, n = 3 replicates) were 
washed 3 times with PBS and centrifugated (300g, 5 min, 4 °C), 
followed by resuspension in 100 μl of PBS; intracellular cyto-
kine marker detection necessitates a 6-h stimulation with the 
Cell Activation Cocktail, which includes brefeldin A (catalog 
no. 423303, BioLegend, San Diego, CA). (b) Antibody labeling: 
1 μl of anti-CD3/CD4/CD25 monoclonal antibodies were sequen-
tially added, followed by 30-min incubation in the dark. Cells 
were then washed (3× PBS; 300g, 5 min). (c) Fixation and per-
meabilization: follow the instructions of the eBioscience Foxp3/
Transcription Factor Staining Buffer Set (catalog no. 00-5523-00, 
Thermo Fisher, USA) for the relevant operations. (d) Intracellular 
staining: 1.5 μl of anti-IFN-γ/IL-4/IL-17A/Foxp3 monoclonal 
antibodies was sequentially added, followed by 30-min incubation 
in the dark. Cells were then washed (3× PBS; 300g, 5 min). 
(e) Acquisition: cells were fixed with 200 μl of 1% PFA for 15 min. 
Flow cytometric analysis was performed using a BD FACSCalibur 
system, with an acquisition of 10,000 events per sample.   

H&E staining
   (a) Tissue processing: post-dissection murine organs (lung, heart, 
liver, and kidney) underwent immersion–fixation in 4% PFA at 
4 °C for 24 h before paraffin embedding. Serial sections (4 to 5 μm) 
were prepared after standard xylene-based dewaxing protocols. 
(b) Histological analysis: tissue morphology was evaluated using 
H&E staining. High-resolution brightfield imaging was conducted 
using Nikon Eclipse microscopy systems (Japan) with standard-
ized optical parameters. (c) Quantitative scoring: blinded patho-
logical assessments were performed by 2 certified histopathologists. 
A semiquantitative analysis was performed using a 4-tier grading 
system: 0 (no pathology) to 3 (severe damage). Three representa-
tive fields per specimen were systematically evaluated, with com-
prehensive scoring criteria detailed in Table  S2 .   

TMT-based quantitative proteomics
   Using Jurkat T cells and transfected lentivirus samples, 4 groups 
were established: standard controls, normal LPS, KD, and 
KD-LPS, each with 3 replicates. This portion of the study was 
carried out in collaboration with Novogene Co. Ltd. (Beijing, 
China). Detailed information on the tandem mass tagging 
(TMT) quantitative proteomic detection experimental proce-
dure is provided in Supplementary Material 1.   

Dose–response experiment of SN-011
   Jurkat T cells or mouse splenic CD4+ T lymphocytes were seeded 
into 6-well plates at a density of 2 × 106 cells per well, with each 
well containing 1 ml of cell medium. The cells were then cultured 
at 37 °C in a 5% CO2 atmosphere for 24 h. Different concentra-
tions of SN-011 (0, 1, 5, 10, and 20 μΜ; MCE, New Jersey, USA) 
were prepared and incubated with the cells for 2 h. Subsequently, 
except for the control group, other groups with various concen-
trations of SN-011 were exposed to 500 ng/ml of LPS and cul-
tured for an additional 24 h before harvesting the cells for further 
analysis. Based on prior literature, reagent instructions, and 
preliminary pre-experimental data, the in vivo administration 
method and dosage of SN-011 were established [ 55 ]. Ultimately, 
a concentration of 5 mg/kg was selected and administered to the 
mice via intraperitoneal injection.   

Polysome profiling
   Ribosome collisions in CD4+ T lymphocytes during sepsis were 
evaluated with polysome profiling by NeoRibo Biotechnology 
Co. Ltd. (Hangzhou, China). A Biocomp automatic density gra-
dient preparation and ribosome sorting integrated machine was 
employed for sucrose density gradient separation of polyribo-
somes to map their distribution. The polysome profiling proce-
dure included sample collection, cell lysis, hyperionization, 
component separation, RNA extraction, component analysis, 
and other related processes.   

Co-IP assay
   Co-IP was performed using the classic protein A/G Co-IP kit 
(Biolinkedin, Shanghai, China). Briefly, the cell samples were 
collected, and specific antibodies targeting the desired protein 
were selected and combined with the proteins in the cell lysate. 
Protein A/G agarose beads were introduced and left to incubate 
at a low temperature overnight, followed by multiple washes 
with washing buffer. The antibody–protein complex was eluted 
using SDS sample loading buffer. The target protein and its 
binding partner were identified using WB analysis.   

Clinical sepsis and control patients
   Individuals admitted to the Emergency Department of the 
Fourth Medical Center of the Chinese PLA General Hospital 
within a specified timeframe were chosen, and suitable candi-
dates were enrolled. To ensure alignment with the treatment 
regimen for septic patients at the hospital and the requirements 
of future fundamental trials, a total of 10 septic patients and 10 
nonseptic patients from the same period were ultimately 
selected. This clinical trial was approved by the Medical Ethics 
Committee of the Fourth Medical Center of the Chinese PLA 
General Hospital (approval no. 2023KY135-HS001), Beijing, 
China. The detailed inclusion and exclusion criteria were pre-
sented in Supplementary Material 2.   

Isolation of CD4+ T lymphocytes from human 
peripheral blood
   Approximately 6 to 8 ml of peripheral blood were obtained from 
each participant using a single-use negative pressure collection 
device, followed by the addition of half the volume of PBS to the 
blood sample for dilution (PBS:peripheral blood = 1:2 ratio). 
Subsequently, an equal amount of human peripheral blood lym-
phocyte isolation solution was placed in a 50-ml centrifuge tube, 
and the diluted peripheral blood was slowly layered on the sepa-
ration medium (diluted peripheral blood:isolation solution = 
1:1 ratio). The tube was centrifuged at 20 °C, 650g for 30 min, 
yielding a buffy coat of human lymphocytes at the top of the tube 
post-centrifugation. The lymphocytes were carefully extracted 
and washed twice with PBS at 1,500 rpm for 5 min each time, 
and CD4+ T lymphocytes were isolated as per the manufacturer’s 
instructions for anti-human CD4+ T lymphocyte immunomag-
netic beads (Miltenyi Biotec, Bergisch Gladbach, Germany). 
Finally, the cells were washed twice in PBS at 1,500 rpm (5 min 
per wash), and cell counts were recorded for documentation.   

Hoechst 33258 analysis
   Cellular aliquots from experimental cohorts were processed 
through sequential centrifugation steps in flow cytometry-
compatible tubes. Viability was validated, ensuring >2 × 106 
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cells per experimental condition. The fixation and staining 
procedure comprised the following steps: (a) buffer exchange: 
cells were washed thrice with PBS (300g, 5 min each); (b) cross-
linking: cells were fixed with 4% PFA (500 μl) for 1 h at ambient 
temperature; (c) permeabilization: cells were washed 3 times 
with PBS; (d) nuclear staining: cells were incubated with 3 ml 
of Hoechst 33258 nucleic acid staining solution (10 μg/ml; 
APExBIO) for 5 min at room temperature. Post-staining cells 
were washed with PBS before microscopic slide prepara-
tion. Apoptotic profiling was determined through fluorescence 
microscopy (Nikon Eclipse Ti2) with a λex/λem configuration 
of 352/461 nm.   

Statistical analysis
   Statistical analyses were performed using IBM SPSS Statistics 24 
and GraphPad Prism 8 software. Continuous variables were 
presented as means with standard error of the mean (SEM), 
while categorical or ordinal data were reported as counts and 
percentages, as appropriate. To compare 2 groups, an unpaired 
Student’s t test was used, and for comparisons involving more 
than 3 groups, 1-way or 2-way analysis of variance (ANOVA) 
was applied. Flow cytometry data were processed with FlowJo 
version 10.0 software, while WB results were analyzed using 
ImageJ software. Survival curves for animals were generated with 
GraphPad Prism 8, and survival differences were assessed using 
the log-rank test. A P value less than 0.05 was considered statisti-
cally significant. The experimental design followed a strict rep-
lication protocol, with each group replicated at least 3 times.    

Ethical Approval
   All animal procedures were carried out in compliance with the 
International Guidelines for the Care and Use of Laboratory 
Animals and received approval from the Animal Ethics Com
mittee of the Chinese PLA General Hospital (approval no. 2024-
X20-40), Beijing, China. The clinical trial of this study was 
approved by the Medical Ethics Committee of Fourth Medical 
Center of the Chinese PLA General Hospital (approval no. 
2023KY135-HS001), Beijing, China.   
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