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Figure 3  Single-cell sequencing reveals elevated CD8* Temra cells in SAP. (A) UMAP plot of pancreas monocyte and macrophage from NC and SAP
groups. (B) Boxplots showing the frequency of monocyte and macrophage subpopulations across different groups (*p<0.05, **p<0.01, ***p<0.001,
unpaired Student'’s t-test). (C) Top enriched terms from GO enrichment analysis of differentially expressed genes in SAP macrophages. (D) The
proinflammatory and anti-inflammatory score of monocytes and macrophages in SAP group (***p<0.001, Wilcoxon rank-sum test). (E) UMAP plot
of pancreas lymphoid cell from NC and SAP groups. (F) Boxplots showing the frequency of lymphoid cell subpopulations across groups (*p<0.05,
***p<0.001, unpaired Student's t-test). (G) Top enriched terms from REACTOME enrichment analysis of differentially expressed genes in SAP group
CD8* T cells. (H) Expression levels of cytotoxic marker genes (GZMB, IFNG, PRF1, TNF) in all CD8" T cells on UMAP. (1) Trajectory analysis of pancreatic
CD8* T cells with pseudotime annotation. (J) Trajectory analysis of all CD8* T cells showing three lineages. (K) CD8* T cell dynamics along three
trajectories compared between NC and SAP groups (*p<0.05, **p<0.01, unpaired Student’s t-test). (L) The expression dynamics of cytotoxic marker
genes in three CD8* T cell lineages along pseudotime. FDR, false discovery rate; GO, Gene Ontology; NC, normal control; NK, natural killer; SAP, severe
acute pancreatitis; Tem, central memory T cells; Tem, effector memory T cells; Temra, terminally differentiated effector memory T cells; Tex, exhausted
T cells; Th1, T helper 1 cell; Tn, naive T cells; TNF, tumour necrosis factor; Treg, regulatory T cell; Trm, tissue-resident memory T cells; UMAP, Uniform
Manifold Approximation and Projection.
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Figure 4 TNF-a-Induced NKG2D-ULBP Signalling Drives CD8" T cell-mediated EC damage. (A) Cell-—cell communication analysis identified CD8" T
cell and EC interaction as the most frequent immune-stromal crosstalk. (B) Inmunofluorescence staining of CD31 (red, endothelial), CD8 (green, CD8*
T cell) and a-SMA (pink, SMC) in patients’ pancreas samples (NC vs SAP, left panel). DAPI (blue) was used to stain the nucleus. Intact (solid white
circles) and damaged (dashed circles) vessels are indicated; infiltrating CD8* T cells marked by arrows in SAP. (Scale bars, 50 pm.) The counts of CD8*
T cell perivascular were quantified (right panel, mean£SD, **p<0.01, unpaired Student's t-test). (C) GSEA analysis showed the cytotoxicity-related
pathways were activated in CD8* T cells (left panel) and Temra cells (right panel) in SAP group. (D) The activation rate (GZMB, TNF-a, IFN-y and
perforin) of CD8* T cell in mouse pancreas samples between NC and SAP in different days detected by flow cytometry. Representative flow cytometry
images were shown (left panel). The activation rate of CD8* T cell was quantified (right panel, mean+SD, ns, not significant, *p<0.05, **p<0.01,
***n<0.001, one-way ANOVA test). (E) Primary pancreatic endothelial cells isolated by FACS were subjected to in vitro cytotoxicity assays using
primary CD8" T cell at various E:T ratios. Representative flow cytometry images were shown (left panel). The cytotoxicity rate was quantified (right
panel, mean£SD, ***p<0.001, two-way ANOVA test). (F) MS1 cells were co-cultured with primary CD8" T cells on either side of a 0.4 pm transwell

as depicted at various E:T ratios and quantified the cytotoxicity after 24 hours of co-culture as cytotoxicity assays (mean=SD, ns, not significant,
***p<0.001, two-way ANOVA test). (G) The activation rate (GZMB, TNF-a, IFN-y and perforin) of primary CD8" T cell in mouse pancreas co-cultured
for 24 hours with MS1 or not and whether their contacted detected by flow cytometry. E:T ratio was 5:1 (mean=SD, *p<0.05, **p<0.01, one-way
ANOVA test). (H) Top ligand—receptor pairs for CD8" T cell and ECs crosstalk. (I) ULBP1-NKG2D interaction scores in NC versus SAP (*p<0.05,
Wilcoxon rank-sum test). (J) Dotplot showed the expression of ULBP family (ULBP1-3, RAETTE, RAET1G and RAET1L) in ECs between the NC and

SAP groups (***p<0.001, Wilcoxon rank-sum test). (K) Dotplot showed the expression of ULBP family (ULBP1-3, RAET1E, RAET1G and RAETTL)

in subpopulations of ECs in SAP group. (L) MFI of ULBP1 in ECs (CD45-CD31%) in mouse pancreas tissue between NC and SAP in different days
detected by flow cytometry (left panel) and quantitative analysis (right panel) (mean+SD, ***p<0.001, two-way ANOVA test). (M) The activation rate
(GZMB, TNF-q, IFN-y and perforin) of primary CD8" T cell in mouse spleen co-cultured with si-NC MS1, si-ULBP1-1 MS1 or si-ULBP1-2 MS1 detected
by flow cytometry. E:T ratio was 5:1 (mean=+SD, *p<0.05, **p<0.01, one-way ANOVA test). (N) GESA analysis showing cytokine-related signalling
pathway for SAP ECs. (0) Heatmap showing the correlation between expression level of ULBP family genes and TNF pathway in subpopulations

of ECs (*p<0.05, **p<0.01, ***p<0.001, unpaired Student’s t-test). (P) Relative mRNA expression level of ULBPT in MS1 cells treated with TNF-a
(10ng/mL) (mean=SD, ns, not significant, ***p<0.001, one-way ANOVA test). ANOVA, analysis of variance; cDC, conventional dendritic cell; CFSE,
carboxyfluorescein succinimidyl ester; DAPI, 4’,6-diamidino-2-phenylindole; ECs, endothelial cells; E:T, effector-to-target; FACS, fluorescence-activated
cell sorting; GSEA, Gene Set Enrichment Analysis; IFN-y, interferon-gamma; IL, interleukin; LPR, ligand—receptor pairs; LymEC, lymphatic endothelial
cell; MFI, mean fluorescence intensity; mRNA, messenger RNA; NC, normal control; NES, normalized enrichment score; NK, natural killer; PCV,
postcapillary venule; PI, propidium iodide; SAP, severe acute pancreatitis; SMC, smooth muscle cell; Temra, terminally differentiated effector memory T
cells; TNF-a, tumour necrosis factor-alpha; ULBP1, UL16-binding protein 1.
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model (GSE235874) revealed that CD8* T cell expression of
cytokines and cytotoxic effectors was elevated during the acute
inflammatory phase but diminished during recovery period
(online supplemental figure S4F).

Next, we performed in vitro cytotoxicity assays. CD8* T cells
were isolated from SAP mice and co-cultured with primary ECs
isolated from control mouse pancreas. These assays demon-
strated significantly enhanced cytotoxicity of SAP-derived CD8™*
T cells against primary ECs (figure 4E). A similar increase in
cytotoxic activity was observed when using the immortalised
mouse pancreatic EC line MS1 (online supplemental figure
S4G), confirming that this CD8" T cell-EC interaction is a
consistent and conserved feature. Considering previous evidence
that ECs can act as T cell activators, especially under inflamma-
tory conditions,® we employed a micropore membrane system
with 0.4 um transwell plates to separate CD8™ T cells from ECs,
thereby blocking direct contact. The resulting assay showed that
direct cell—cell contact significantly amplified the cytotoxic effect
of CD8* T cells on ECs, both in cytotoxicity assay and CD8* T
cell activation analyses (figure 4F,G).

Collectively, these findings strongly suggest that increased
infiltration and hyperactivation of CD8" T cells contribute to
local microcirculatory disruption and tissue hypoxia in SAP
through direct cytotoxic effects on ECs.

NKG2D-ULBP signalling mediates CD8* T cell-driven EC
damage

To elucidate the mechanisms underlying the selective CD8* T
cell targeting of ECs and the role of direct contact in amplifying
cytotoxicity, we conducted a cell-cell communication analysis.
The results revealed significantly upregulated receptor-ligand
pairs between ECs and CDS8™ T cells in SAP, including NKG2D-
UL16-binding proteins (ULBPs) (figure 4H). While several
adhesion-related pairs (eg, collagen-integrin) suggested a role for
ECs in recruiting CD8* T cells, other pairs like ANXA1-FPR1/3
and CLU-TREM2—which have reported immunosuppressive
functions.>® 37 Moreover, FPR1/3 and TREM2 were predom-
inantly expressed by macrophages instead of CD8" T cells
(online supplemental figure S5A), which was unlikely to explain
EC-induced CD8™ T cell activation and cytotoxicity. In contrast,
the NKG2D-NKG2DL axis, which is known to sustain the cyto-
toxic activity of CD8" T cells against major histocompatibility
complex-I-negative tumours,”® emerged as a strong candidate.
NKG2D is an activating receptor expressed on immune cells,
including NK cells, y8 T cells and CD8™ T cells and plays a crit-
ical role in immune surveillance by enabling the recognition and
clearance of virus-infected, stressed or malignant cells.*** Its
ligands, the ULBPs, are minimally expressed under homeostasis
but are potently upregulated by cellular stress, inflammation or
malignancy.***

Guided by this analysis, we investigated the NKG2D-ULBPs
axis in SAP (figure 4H,I). scRNA-seq confirmed high NKG2D
expression in SAP-derived Tex cells and Temra cells (online
supplemental figure SSB). Strikingly, analysis of ULBP expres-
sion revealed its specific and pronounced upregulation in ECs
from patients with SAP (figure 4] and online supplemental figure
S5C). Among endothelial subpopulations, capillary showed the
highest ULBP expression (figure 4K), which is consistent with
their increased levels of apoptosis (figure 2E, left panel).

Given that ULBP1 is the primary functional murine ortholog
of the human ULBP family,” we focused on it for our in vivo
validation. ECs were sorted from the pancreas of mice with SAP
using fluorescence-activated cell sorting, and transcriptomic

analysis confirmed a significant upregulation of Ulbp1 expression
(online supplemental figure SSD). Concurrently, membrane—
bound ULBP1 levels were found to increase over time in the SAP
model (figure 4L).

Our previous transwell assays had already suggested that
direct cell—cell contact enhances the cytotoxic effect of CD8* T
cells on ECs (figure 4F,G). To determine whether the NKG2D-
ULBPs axis mediated this effect, we knocked down or blocked
ULBP1 in mouse ECs using a ULBP1 small interfering RNA or
an NKG2D-neutralising antibody. Both approaches significantly
diminished the CD8* T cell-mediated cytotoxic enhancement
(figure 4M and online supplemental figure SSE).

To validate the NKG2D-ULBP1 axis in vivo, we administered
anti-mouse NKG2D antibodies in a continuous injection-induced
SAP mouse model (online supplemental figure S5F; n=10). As
expected, mice treated with anti-NKG2D antibodies exhibited
reduced weight loss and lower mortality rates (online supple-
mental figure S5G,H). After 8 days of observation, the surviving
mice were sacrificed for further analysis. Histological scoring
revealed significant reduction in pancreatic oedema, necrosis
and immune infiltration in the treatment group (online supple-
mental figure S5I). Serum analyses confirmed corresponding
decreases in amylase, interleukin (IL)-6 and IL-1p levels (online
supplemental figure S5J-L). Additionally, the treatment group
showed decreased serum and pancreatic lactate levels, indicating
improved tissue oxygenation and perfusion (online supplemental
figure SSM-0).

We further validated our findings using a public scRNA-seq
dataset from a mouse AP model. In this short-term model, the
ULBP1-NKG2D interaction score, Nkg2d expression in CD8*
T cells and Ulbp1 expression in ECs were all markedly upreg-
ulated, peaking at 24 hours before declining thereafter (online
supplemental figure SSP-R).

In summary, CD8" T cells are further activated by pancreatic
ECs through NKG2D-ULBP signalling in SAP, contributing to
EC injury and microvascular disruption.

TNF-a induces ULBP upregulation via PERK-elF2a-ATF4 axis in
endothelial cells during SAP
Since ULBPs are known to be induced by inflammatory mediators
such as cytokines, we next analysed cytokine-associated path-
ways in ECs using human SAP scRNA-seq data. Both Gene Set
Enrichment Analysis and pathway enrichment analyses revealed
marked activation of TNF-related pathways in pancreatic ECs
from patients with SAP compared with controls (figure 4N
and online supplemental figure S6A). Moreover, TNF-related
signalling was strongly positively correlated with ULBP expres-
sion across various endothelial subclusters in patients with SAP
(figure 40 and online supplemental figure S6B-D). To experi-
mentally assess this, we stimulated MS1 ECs with key cytokines
involved in AP (TNF-q, IL-6, IL-1PB and interferon-gamma (IFN-
y)) and found that TNF-o most potently upregulated ULBP1
expression (figure 4P and online supplemental figure S6E-G).
Analysis of local TNF-a production in patients with SAP
revealed upregulated TNF expression in nearly all cell popula-
tions. However, monocytes and macrophages were identified as
the primary sources of elevated local TNF expression (online
supplemental figure S6H,I). Subtype analysis revealed that two
monocyte subsets and two macrophage subsets (Macro CXCL3
and Macro CX3CR1) expressed high levels of TNF (online
supplemental figure S6]). Notably, the proinflammatory macro-
phage (Macro_CXCL3) was significantly upregulated in SAP
(figure 3B).
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To determine the cell-type specificity of TNF-a signalling, we
analysed TNF receptor expression across pancreatic cell subsets
in patients with SAP. Among parenchymal cells, all EC subsets
predominantly expressed TNFR1, with the highest expression
observed in capillary. In contrast, other parenchymal cells (acinar,
ductal, endocrine) primarily expressed TNFR2 (online supple-
mental figure S7A). Consistent with this receptor distribution,
in vitro stimulation with TNF-a induced ULBP1 upregulation
specifically in ECs (online supplemental figure S7B). To mecha-
nistically dissect this endothelial-specific response, we employed
human umbilical vein endothelial cells as a model system,
chosen for their high transcriptomic concordance with human
pancreatic ECs (online supplemental figure S7C). CRISPR-Cas9
knockout of TNF receptors in human umbilical vein endothelial
cells demonstrated that loss of TNFR1—but not TNFR2—mark-
edly blunted TNF-a-induced ULBP1 upregulation, identifying
TNFR1 as the dominant receptor of this endothelial response
(online supplemental figure S7D).

To investigate the role of endothelial TNFR1 in SAR, MS1 ECs
were pretreated with TNF-o and subsequently co-cultured with
primary CD8™ T cells isolated from SAP mice. TNFR1 knockout
markedly attenuated CD8™ T cell-mediated cytotoxicity, while
significantly improving tube formation capacity and increasing
the expression of key components of endothelial tight and
adherens junctions that maintain barrier integrity (online supple-
mental figure S7E-T). Consistently, antibody-mediated blockade
of TNFR1 in primary pancreatic ECs also conferred resistance to
CD8™ T-mediated cytotoxicity (online supplemental figure S7J).
To verify TNFR1’s role in vivo, we established a mouse model
with pancreas endothelial-specific TNFR1 knockdown using
adeno-associated virus serotype 9 carrying TNFR1-short hairpin
RNA under the control of the TIE2 promoter, delivered via tail
vein injection (online supplemental figure S7K,L). Following
repeated SAP induction, TNFR1 knockdown significantly alle-
viated disease severity, reduced both local and systemic lactate
levels, and improved pancreatic perfusion (online supplemental
figure S7TM-S). These results demonstrate that TNFR1 plays a
critical role in mediating endothelial injury and microvascular
dysfunction in SAP.

To elucidate the mechanism of endothelial ULBP1 upregula-
tion, we first employed Single-Cell rEgulatory Network Infer-
ence and Clustering analysis to compare ECs with high versus
low ULBP1 expression, identifying candidate transcription
factors (online supplemental figure S8A). Subsequent functional
small interfering RNA screening of candidate genes identified
activating transcription factor 4 (ATF4) as a key regulator of
endothelial ULBP1 expression. Knockdown of ATF4 mark-
edly blunted TNF-a-induced ULBP1 expression in ECs (online
supplemental figure S8B). Consistently, ATF4, a key mediator
of endoplasmic reticulum (ER) stress, was markedly increased
in pancreatic ECs in a murine SAP model (online supplemental
figure S8C).

Pathway analyses further revealed robust activation of ER
stress and the integrated stress response (ISR) in ECs of patients
with SAP (online supplemental figure S8D). In vitro, TNF-o stim-
ulation of HUVECs activated the PERK-eIF2a axis, a core ISR
pathway, leading to pronounced ATF4 induction (online supple-
mental figure S8E). Pharmacological induction of ER stress using
thapsigargin (Tg) similarly increased ATF4 and ULBP1 expres-
sion, whereas inhibition of elF2a signalling with ISRIB effec-
tively reversed TNF-a-induced and Tg-induced upregulation of
ATF4 and ULBP1 (online supplemental figure S8F,G). Together
with prior evidence that ATF4 directly transcriptionally regu-
lates ULBP1,* these findings establish that ATF4, induced via

the TNF-a-PERK-elF2a axis, serves as a central regulator of
endothelial ULBP1 expression during SAP.

Serum TNF-a as an indicator of microcirculatory failure and
prognosis in SAP

To investigate the correlations among TNF-a levels, EC damage
and disease severity in patients with SAP, we stratified the eight
patients with SAP from our scRNA-seq cohort into high (=20,
n=3) and low (<20, n=5) APACHE II score groups based on
initial ICU assessments. The APACHE II score is a standard clin-
ical tool used to evaluate disease severity and predict prognosis in
patients with SAP. Acinar cells from patients with high APACHE
II scores had significantly elevated hypoxia scores (figure SA).
Concurrently, ECs from these patients displayed enhanced
apoptosis (figure 5B) and a marked upregulation of ULBP1
(figure 5C). Moreover, pancreatic CD8™ T cells in patients with
high APACHE 1I scores also displayed increased activation and
cytotoxicity (online supplemental figure S9A, eg, NKG7, GZMK,
GZMA). These findings suggest that ULBPs signalling and subse-
quent CD8* T cell activation are associated with the severity of
endothelial injury and overall disease progression in SAP.

To validate these findings clinically, we enrolled 153 newly
diagnosed patients with SAP between 2021 and 2024 in our
centre. We recorded the initial APACHE II scores, collected
serum samples on admission and measured TNF-o alongside
key SAP-related cytokine levels, including IL-6, IL-1B and
IEN-y.¥ In parallel, we measured serum levels of von Wille-
brand factor (vWF), E-selectin and angiopoietin-2 (ANG-II),
which are established markers of endothelial damage. Correla-
tion analyses were conducted among APACHE II scores, EC
injury markers and cytokine levels (figure 5D).'® Notably, only
TNF-o showed a significant positive correlation with APACHE
II scores (p=0.047; figure SE). Moreover, TNF-o demonstrated
the strongest association with all EC damage markers, notably
vWF (R=0.341, p<0.001; figure SF and online supplemental
figure S9B), underscoring its utility as a potential biomarker for
endothelial damage.

To objectively evaluate local pancreatic perfusion in patients
with SAP, we developed a contrast-enhanced CT-based model
that quantifies perfusion by calculating the ratio of pancreatic
CT attenuation values to those of the abdominal aorta across
different imaging phases (figure 5G). Notably, a statistically
significant impairment in pancreatic perfusion was observed
exclusively during the arterial phase using this model (online
supplemental figure S9C). We subsequently performed correla-
tion analysis between the arterial phase CT perfusion ratio and
key serum cytokine levels. Among all cytokines tested, only
TNF-a showed a significant negative correlation with the perfu-
sion ratio (p=0.037; figure SH and online supplemental figure
S9D), highlighting its pivotal role in pancreatic microcirculatory
impairment during SAP.

To determine whether the association between serum TNF-a.
and disease severity was independent of established prognostic
factors, we performed a multivariable logistic regression anal-
ysis. The model was adjusted for the APACHE II score, vascular
injury markers (vWF, ANG-II, E-selectin) and disease aetiology
(online supplemental figure S9E). This analysis confirmed that a
higher admission level of TNF-o was independently associated
with an increased risk of death (OR=1.05, p=0.043). Notably,
the APACHE II score also retained its strong independent predic-
tive value (p=0.003), indicating that the prognostic information
provided by TNF-a is complementary to, rather than redundant
with, this composite severity score. The predictive performance
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Figure 5 Serum TNF-a as a biomarker of pancreatic microcirculation and prognosis in SAP. (A) scRNA-seq indicated the higher hypoxia score

of acinar cells from patients with SAP with APACHE Il score =20 vs <20 (***p<0.001, Wilcoxon rank-sum test). (B) Dotplot of apoptosis related
pathways (GO enrichment analysis) in ECs of patients with SAP stratified by APACHE Il score (=20vs <20). (C) Boxplot of expression level of ULBP
family genes for ECs in NC versus SAP (APACHE Il score >20vs <20) (*p<0.05, **p<0.01, Wilcoxon rank-sum test). (D) Schematic of the serum
collection and molecular profiling in patients with SAP. (E) Spearman correlation analysis between relative TNF-a, IFN-y, IL-6 and IL-1[3 level and
APACHE I score of patients. (F) Spearman correlation analysis between relative TNF-a level and relative endothelial injury-related factors level (vWF,
E-selectin and ANG-I1) in serum. The table lists R values and p values. (G) Establishment of a contrast-enhanced CT model for evaluating pancreatic
microcirculatory perfusion. A quantitative model was developed based on contrast-enhanced CT to assess microcirculatory perfusion in the pancreas.
The HU ratio was defined as the ratio of the CT attenuation value of the pancreas to that of the abdominal aorta during different enhancement
phases (see online supplemental methods for a detailed explanation). The area outlined in white indicates the radiologically recognisable pancreatic
region. (H) Spearman correlation between relative TNF-a level in serum and HU ratio (pancreas/abdominal aorta) during the arterial phase of
enhancement CT scan. ANG-Il, angiopoietin-2; APACHE I, acute physiology and chronic health evaluation II; ECs, endothelial cells; FDR, false discovery
rate; GO, Gene Ontology; HU, Hounsfield units; IFN-y, interferon-gamma; IL, interleukin; NC, normal control; SAP, severe acute pancreatitis; SCRNA-seq,
single-cell RNA sequencing; TNF-a, tumour necrosis factor-alpha; ULBP, UL16-binding protein; vWF, von Willebrand factor.
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of a model incorporating TNF-o was robust, with an area
under the receiver operating characteristic curve of 0.759 and
a precision-recall curve-area under the curve of 0.716 (online
supplemental figure S9F,G). The model was well-calibrated,
demonstrating a strong agreement between predicted probabil-
ities and observed outcomes (online supplemental figure SOH).
These results establish admission TNF-o as an independent
predictor of severity in SAP, providing additive value to conven-
tional scoring systems.

In summary, TNF-a levels were strongly associated with
both the degree of pancreatic microcirculatory disturbance and
established clinical prognostic scores, suggesting that TNF-a is
a promising therapeutic target for improving outcomes in SAP.

Therapeutic targeting of TNF-a effectively attenuates SAP in
preclinical models

To evaluate whether anti-TNF-o therapy could improve treat-
ment efficacy in SAP, we administered antimouse TNF-a anti-
bodies in a continuous injection-induced SAP mouse model,
alongside anti-CD8 antibody and sham-treated control groups
(figure 6A; n=15per group). As expected, mice treated with
either anti-TNF-a or anti-CD8 antibodies exhibited reduced
weight loss and lower mortality rates (figure 6B,C). Moreover,
compared with the controls, both treatment groups demon-
strated improved mobility compared with controls, indicating
an overall alleviation of disease severity (figure 6D and online
supplemental videos 1-3).

After 8 days of observation, the surviving mice were sacrificed
for further analysis. Histological scoring revealed significant
reductions in pancreatic oedema, necrosis and immune infil-
tration in both treatment groups (figure 6E). Serum analyses
confirmed corresponding decreases in amylase, IL-6 and IL-1
levels (figure 6F-H). The anti-TNF-o group exhibited marked
downregulation of membrane-bound ULBP1 expression on
pancreatic ECs (p<0.001), suggesting endothelial protection
via TNF-a blockade (figure 61). Notably, ULBP1 expression was
also reduced in the anti-CD8 group (figure 6I), implying that
CD8" T cell-induced endothelial damage may further amplify
the NKG2D-ULBPs axis. Additionally, both treatment groups
showed decreased serum and pancreatic lactate levels, indicating
improved tissue oxygenation and perfusion (figure 6],K). These
findings were further supported by LSCI, which confirmed
that both anti-TNF-o or anti-CD8 therapy effectively preserved
pancreatic microcirculation and enhanced perfusion in SAP mice
(p<0.05; figure 6L).

To evaluate the clinical translatability of targeting TNF-a,
we established a large-animal model of SAP using Panamanian
piglets. Porcine SAP model was induced via surgical retro-
grade injection of sodium taurocholate into the pancreatic duct
(figure 6M; n=3 per group). Successful model establishment was
confirmed by histopathological findings, including local pancre-
atic necrosis, pulmonary congestion and extensive inflammatory
cell infiltration in the lungs (figure 6N). Concurrently, serum
levels of amylase and C-reactive protein (CRP) in peripheral
blood were significantly elevated (figure 60,P).

Next, we administered a single dose of infliximab, a clini-
cally approved monoclonal antibody against TNF-a used to
treat IBD,* in pigs with SAP and observed them for 1week.
The results demonstrated marked improvement in pancreatic
and pulmonary pathology in the treatment group (figure 6N).
Compared with those in the sham group, peripheral blood
amylase and CRP levels were significantly lower (figure 60,P).
More importantly, serum lactate in the treatment group was

markedly decreased, indicating improved systemic tissue perfu-
sion (figure 6Q).

The aforementioned findings highlight a promising ther-
apeutic avenue for the clinical management of SAP. In animal
models, both TNF-o inhibition and CD8* T cell suppression
have been shown to have significant protective effects. Given the
widespread clinical application of anti-TNF therapies (eg, inflix-
imab, adalimumab) in treating inflammatory conditions such as
IBD, these approved agents offer new hope amidst the current
lack of effective targeted treatments for AP

DISCUSSION

In recent years, the incidence of SAP has steadily increased,
imposing a significant burden on healthcare systems.*” Currently,
treatment for early-phase SAP remains largely supportive and
includes organ support therapy, fluid resuscitation, pain control
and nutritional management.” While advancements in surgical
and endoscopic debridement have markedly reduced mortality
in cases of severe necrosis and infection,*® the lack of targeted
therapeutics capable of actively intervening in the underlying
pathophysiological processes continues to limit improvements
in mortality rates, hospital stay durations and overall treatment
costs. A major barrier to therapeutic innovation is the incom-
plete understanding of SAP mechanisms.

To address this, we established the first single-cell transcrip-
tomic atlas of SAP by obtaining pancreatic tissues from critically
ill patients undergoing necessary surgical interventions. This
rare and valuable resource enabled the construction of the most
detailed cellular landscape of human AP to date (figure 6R), and
is publicly accessible via an interactive web portal. However,
due to the inherent constraints related to sampling timing, this
landscape does not capture the initiating events of SAP onset,
but rather reflects the immune and stromal landscape under a
sustained inflammatory state in pancreas. Our analysis revealed
a central role for CD8™ T cells in driving microvascular injury,
resulting in pancreatic microcirculatory failure. This patho-
logical process is orchestrated by the TNF-o/NKG2D/ULBPs
signalling axis, highlighting a promising target for clinical inter-
vention. Previous studies have reported that CD8* T cells target
ECs under conditions such as chronic obstructive pulmonary
disease and kidney transplantation.*” ** Our findings support
these observations by revealing the cytotoxic activity of activated
CD8™ T cells against ECs in SAP. Specifically, the upregulation of
ULBPs on ECs further stimulates CD8™ T cell activation, ampli-
fying local endothelial injury as these cells circulate and infil-
trate the pancreatic microvasculature. Although the availability
of human SAP pancreatic tissues is relatively small with poten-
tial clinical heterogeneity, the key role of the NKG2D/ULBPs
axis was consistently recapitulated across multiple experimental
systems, including different animal models, in vivo and in vitro
functional assays, as well as publicly available single-cell datasets
from murine AP. Together, these convergent lines of evidence
strengthen the robustness and generalisability of our conclusions.

Investigation of upstream regulators within our large human
SAP cohort confirmed that TNF-a is the key mediator of this
axis. Although other inflammatory cytokines are also associ-
ated with endothelial injury, TNF-o demonstrated the strongest
correlation with microcirculatory disturbances, as evidenced by
contrast-enhanced CT perfusion analysis and APACHE II severity
scores. Furthermore, anti-TNF-o treatment showed therapeutic
efficacy in both murine and porcine SAP models.

During the early systemic inflammatory response phase
of SAP, extensive pancreatic necrosis establishes a trajectory
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Figure 6 Therapeutic targeting of TNF-a effectively attenuates severe acute pancreatitis in preclinical models. (A) Schematic of anti-TNF-a and anti-
CD8 monoclonal antibody treatment in C57BL/6 mice. (B) Body weight changes of mice in treatment versus sham group (n=15, mean+SD, **p<0.01,
***n<0.001, two-way ANOVA test). (C) Kaplan-Meier curves showing overall survival of 15 mice in monoclonal antibody treatment experiment
followed up to 8 days (*p<0.05, Gehan-Breslow test). (D) Movement trajectory maps within 60 for mice in each group. (Pentagram: start point;
Triangle: end point; Dot: pause point; Lines: locomotion trajectory.). (E) Representative H&E images of pancreas (up panel) and lung (down panel) in
each group (left panel) and subjected to histological score quantitative analysis (right panel, mean+SD, *p<0.05, **p<0.01, one-way ANOVA test).
(Scale bars, 50 pm.). (F-H) Serum amylase (F), IL-6 (G) and IL-1B(H) in each group (mean=SD, *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA test).
(I) Mean Fluorescence Intensity of ULBP1 in ECs (CD45-CD31%) in mouse pancreas tissue between each group detected by flow cytometry (left panel)
and quantitative analysis (right panel) (mean+SD, ***p<0.001, one-way ANOVA test). (J) The relative lactate level in mouse pancreas in each group.
The relative lactate level was defined as the ratio between the concentration of lactate and total protein in pancreas (mean=SD, **p<0.01, one-

way ANOVA test). (K) Serum lactate in each group (mean=SD, *p<0.05, one-way ANOVA test). (L) The image of LSCI of pancreatic microcirculation
(left panel) and perfusion quantification (right panel, mean+SD, *p<0.05, one-way ANOVA test). (M) Schematic of the SAP model and Infliximab
treatment experiment in porcine. (N) Representative H&E images of pancreas (up panel) and lung (down panel) in each group in porcine (Scale bars,
100 ym). (0—-Q) Serum amylase (0), CRP (P) and IL-6 (Q) in each group in porcine (n=3, mean+SD, *p<0.05, ***p<0.001, two-way ANOVA test).

(R) Graphical abstract of overall project. ANOVA, analysis of variance; CRP, C-reactive protein; ECs, endothelial cells; IL, interleukin; i.p., intraperitoneal;
i.v., intravenous; LPS, lipopolysaccharide; LSCI, laser speckle contrast imaging; MFI, mean fluorescence intensity; PU, perfusion units; SAP, severe acute
pancreatitis; SMC, smooth muscle cell; TNF-a, tumour necrosis factor-alpha; ULBP1, UL16-binding protein 1.
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toward subsequent infection and life-threatening complica-
tions.”' Although early fluid resuscitation may offer certain
benefits, it often fails to prevent the progression to infected
necrosis and related complications.”> Moreover, systemic
anti-inflammatory therapy has long been a topic of interest in
pancreatitis management, although its clinical application has
remained largely confined to autoimmune pancreatitis.’> Our
study establishes a direct mechanistic link between TNF-a and
CD8* T cell-mediated endothelial injury and microcircula-
tory disruption in SAP. Given the extensive clinical experience
with anti-TNF-a agents in IBD, our findings pave the way for
repurposing these therapies in SAP. Our animal data, together
with reanalysis of data from previous studies, suggest that
the TNF-a-NKG2D-ULBP axis is likely activated as early as
24-48 hours, followed by endothelial injury and microcircu-
latory dysfunction. Meanwhile, the sustained course of SAP is
associated with an increased risk of infection. Given the essen-
tial role of TNF-a in host defence, anti-TNF-a therapy may
increase the risk of severe infection in patients with SAP. There-
fore, we propose that the optimal therapeutic window may lie
within the early phase of disease (24-72hours). Nevertheless,
the optimal dosing strategy and therapeutic time window for
anti-TNF-a intervention in SAP must be carefully determined in
well-designed clinical trials.

Chronic pancreatitis (CP) is a well-established precancerous
condition of pancreatic ductal adenocarcinoma (PDAC).** On
the basis of our findings, SAP also exhibits several features
suggestive of progression toward CP or even carcinogenesis. One
of these features is ADM, a process whereby pancreatic acinar
cells transdifferentiate into a duct-like phenotype in response
to inflammation and injury. Animal models have demonstrated
that ADM is particularly prominent in AP and SAP, where it is
recognised as a precursor lesion for PDAC and a key source of
pancreatic intraepithelial neoplasia.” In this study, we provide
direct evidence of ADM in human SAP tissues.

In parallel, we observed that pancreatic fibroblasts in SAP
adopt both profibrotic and tissue-remodelling phenotypes, indi-
cating sustained activation during tissue repair.”” In murine AP
models, fibroblast activation occurs within hours of disease onset
to initiate rapid tissue regeneration, a dynamic process rarely
captured in human studies.” Our comprehensive single-cell tran-
scriptomic atlas of human SAP helps bridge this translational
gap, offering valuable insights into the molecular continuum
connecting AP, CP and PDAC.
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