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Cryoablation plus sintilimab and lenvatinib 
in advanced or metastatic intrahepatic 
cholangiocarcinoma: a phase 2 trial
 

Sijia Gu1,2,3,6, Qiyu Luo1,2,3,6, Yalei Zhang1,4, Ling Qian1,4, Kun Chen1,4, Fei Liang    5, 
Yudi Hu1,2,3, Runye Zhou1,2,3, Yating Wang1,2,3, Jingjing Liu1,2,3, Zhouyu Ning4, 
Litao Xu4, Zhiqiang Meng4, Ye Li1,2,3   & Peng Wang    1,2,3 

Treatment options for advanced or metastatic intrahepatic 
cholangiocarcinoma (ICC) are limited. In this single-arm, phase 2 trial 
(CASTLE-01, NCT05010668), 28 participants with advanced or metastatic ICC 
who have progressed after chemotherapy were treated with cryoablation, 
followed by anti-PD1 sintilimab (200 mg every 3 weeks) plus lenvatinib 
(8–12 mg per day) 2 weeks later. The objective response rate assessed by 
Response Evaluation Criteria in Solid Tumors version 1.1 was 75.0%  
(95% confidence interval (CI): 59–91%), meeting the prespecified 
primary endpoint. Secondary endpoints of disease control rate, median 
progression-free survival and overall survival were respectively 100% (95% CI:  
100–100%), 16.8 months (95% CI: 11.5–not reached (NR)) and 25.4 months 
(95% CI: 13.3–NR). Treatment was well tolerated. Post hoc multiomics 
analysis of paired pretreatment and on-treatment tumor biopsies suggested 
that cryoablation increased the tumor immunogenicity and dendritic cell 
activation, followed by triggering continuous replenishment of intratumoral 
CD8+PD1hi effectors from peripheral blood. The addition of lenvatinib 
transitioned endothelial cells into inflamed venules to boost lymphocyte 
influx and targeted tumor stroma to promote CD8+PD1hi effectors penetrating 
into tumor cell nests. Therefore, cryoablation combined with sintilimab plus 
lenvatinib represents a promising approach for the treatment of advanced or 
metastatic ICC. These findings also support the notion that cryoablation may 
trigger abscopal antitumor immunity in ICC when combined with lenvatinib 
and PD1 blockade. ClinicalTrials.gov registration: NCT05010668.

The incidence of biliary tract cancer (BTC), especially intrahepatic 
cholangiocarcinoma (ICC), is increasing around the world1. Systemic 
chemotherapy with GemCis used to be the standard first-line treatment 
for persons with advanced BTC2. Recently, the addition of anti-PD1/PDL1 
therapy to GemCis as first-line treatment for advanced BTC improved 
survival outcomes3,4.

Until recently, there was a lack of solid evidence support-
ing second-line treatment options for persons who experienced 

progression after first-line GemCis5,6. Several targeted agents are 
recommended for persons with actionable molecular alterations; 
however, few persons with ICC harbor such aberrations, with 13% 
to 30% carrying IDH1 variants and ~20% carrying FGFR2 fusions or 
rearrangements7–9. FOLFOX (folinic acid, fluorouracil and oxaliplatin) 
is considered a standard second-line therapy according to the results 
of the ABC-06 study, in which chemotherapy resulted in a median 
progression-free survival (PFS) of 4.0 months, median overall survival 
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confirmed complete response (CR), 19 (67.9%) achieved a confirmed 
partial response (PR) and seven (25%) achieved stable disease (SD). The 
DCR was 100% (95% CI: 100–100%). Figure 1 shows the duration of objec-
tive responses (Fig. 1d), overall change in disease burden (Fig. 1e) and 
change in target tumor burden over time (Fig. 1f). Detailed responses 
in individual participants are shown in Supplementary Table 4. The 
median time to response (TTR) was 3.6 months (95% CI: 2.6–6.2) and 
the median DOR was 17.0 months (95% CI: 7.9–not reached (NR)). As 
of the data cutoff on March 2, 2024, PFS events had occurred in 15 
participants (54%), among whom three were still alive. With a median 
follow-up time of 16.9 months (95% CI: 14.6–NR), the median PFS and 
OS were 16.8 months (95% CI: 11.5–NR) and 25.4 months (95% CI: 13.3–
NR), respectively (Fig. 1g). Typical images of the 28 participants at 
baseline and best response after treatment are provided in Fig. 1h and 
Extended Data Fig. 1.

Safety
To evaluate the safety endpoint, treatment-related adverse events 
(TRAEs) were collected. TRAEs of any grade occurred in all 28 (100%) 
participants, with the most common events being fatigue (68%), hyper-
tension (65%), hypoalbuminemia (57%) and hypothyroidism (57%) 
(Supplementary Table 5). Grade (G)3 TRAEs occurred in ten (36%) par-
ticipants and included hypertension (three, 11%), hyperbilirubinemia 
(three, 11%) and decreased white blood cell count (two, 7%). Other G3 
TRAEs included fatigue, increased alanine aminotransferase, palmar–
plantar erythrodysesthesia syndrome (PPES), increased γ-glutamyl 
transferase and postoperative hemorrhage (each in one participant). 
Hyperbilirubinemia, a G4 TRAE, occurred in one (4%) participant and 
led to treatment discontinuation. Most other TRAEs were reversible by 
a reduction in lenvatinib (lenva), dose interruption or administration 
of antihypertensive drugs. Immune-mediated AEs (irAEs) are summa-
rized in Supplementary Table 5 and were mostly G1–G2 (G3–G4 irAEs 
occurred in four (14%) participants). Systemic corticosteroid use for 
irAEs was reported in three (11%) participants, attributed to G3 fatigue, 
G3 PPES and G2 PPES (Supplementary Table 5). No treatment-related 
deaths occurred.

Dynamic landscape of the tumor immune microenvironment 
during CASTLE therapy
Exploratory post hoc analyses of baseline and on-treatment liver biop-
sies and peripheral blood mononuclear cells (PBMCs) were performed 
to capture dynamic changes in cellular composition, functional status 
and the localization of cell populations during CASTLE therapy. In total, 
58 liver tumor biopsies and 51 PBMC samples were collected from 26 
participants at three time points: at baseline, 2 weeks after cryoablation 
and after two cycles of lenva and sintilimab (lenva + sint) (Fig. 2a and 
Supplementary Table 6). Response to CASTLE therapy did not cor-
relate with the actionable alterations, including IDH1 mutations, MET 
and ERBB2 amplifications, tumor mutational burden (TMB) and PDL1 
expression, but correlated with PFS (19.37 months for CR and PR versus 
9.77 months for SD; P = 0.0088) and OS (25.9 months for CR and PR 
versus 11.5 months for SD; P = 0.0012) (Fig. 2b–e). Bulk RNA transcrip-
tomics of liver biopsies (n = 22) revealed a distinct pattern of immune 
cell infiltration at baseline (Fig. 2f). Among these, 11 (50%) participants 
were clustered on the basis of a ‘hot’ tumor phenotype characterized 

(OS) of 6.2 months and objective response rate (ORR) of 5% (Sup-
plementary Table 1)10. Immune-checkpoint inhibitors (ICIs) used to 
produce disappointing results in persons with advanced cholangiocar-
cinoma in the second-line setting (Supplementary Table 1)11. Therefore, 
further investigations are needed to develop novel ICI-based treatment 
strategies for advanced BTC, including ICC in the second-line setting.

Cryoablation is a minimally invasive percutaneous technique 
that involves the insertion of a cryoprobe into the target lesion with 
alternating freeze–thaw cycles, with the ultimate goal of obliterating a 
spherical lesion and achieving complete tumor ablation12. As a locore-
gional ablative therapy, cryoablation is emerging as an alternative 
nonsurgical option for persons with early-stage cancers13–15. In addition 
to its ability to locally eradicate tumors, recent studies suggested that 
cryoablation can be used as an in vivo vaccination tool in combination 
with immunotherapies to augment systemic antitumor immunity16–23. 
However, much of the clues explaining the antitumor immunity trig-
gered by cryoablation were based on preclinical models rather than 
human specimens24–28.

We hypothesized that localized tumor destruction through partial 
cryoablation in advanced or metastatic ICC may increase the likelihood 
of systemic response to ICI therapy through a phenomenon recognized 
as the abscopal effect. We conducted a proof-of-concept, single-arm, 
phase 2 trial to test this hypothesis.

Results
Participant characteristics
Between August 24, 2021 and May 12, 2023, 36 participants were 
assessed for eligibility, of whom 28 were enrolled into this phase 2 
trial (CASTLE-01, NCT05010668) (Fig. 1a,b). All eligible participants 
were histologically diagnosed with locally advanced or metastatic ICC 
and had radiological evidence of progressive disease at enrollment. 
All enrolled participants had to have at least two distinct lesions, with 
one intrahepatic lesion amenable to cryoablation and the remaining 
lesion(s), either intrahepatic or extrahepatic, designated as the target 
lesion(s) for response assessment (Fig. 1c). Baseline characteristics for 
the study population are shown in Table 1 and Supplementary Table 2. 
The average age of the male (61%) and female (39%) population was 
62.6 ± 6.8 years. The Eastern Cooperative Oncology Group (ECOG) 
scores were 0 for 17 participants (61%), 1 for eight participants (29%) 
and 2 for the remaining three participants (11%). Five participants (18%) 
had hepatitis B infection and three (11%) had liver cirrhosis (all graded 
as Child–Pugh class A). A total of 22 participants (79%) had tumor–
node–metastasis (TNM) stage IV disease and two (7%) had stage IIIB 
disease, while four participants (14%) had postoperative recurrence.

Clinical efficacy
All 28 (100%) participants had lesions that were evaluable for response, 
which excluded cryoablation-treated areas (Fig. 1c). As described in 
the protocol, the primary endpoint was confirmed ORR; secondary 
efficacy endpoints included disease control rate (DCR), duration of 
response (DOR), PFS and OS according to Response Evaluation Cri-
teria in Solid Tumors (RECIST) version 1.1. Efficacy data are listed in 
Supplementary Table 3. The investigator-assessed ORR was 75% (95% 
confidence interval (CI): 59–91%), thereby achieving the prespeci-
fied primary endpoint. Of these participants, two (7.1%) achieved a 

Fig. 1 | Trial design and participant outcomes. a, Overall trial design. qd, once 
daily; i.v., intravenous injection; p.o, oral administration; q3w, once every 3 
weeks. b, Trial screening, enrollment, treatment and discontinuation profile. 
Participants were considered to have completed treatment if they finished 
24 months on lenva + sint. c, Lesion selection for cryoablation versus response 
evaluation. d, Duration of treatment exposure and efficacy assessments. PD, 
progressed disease. e, Best percentage change in the sum of the longest diameter 
of the target lesion from baseline (tumor burden). Each bar represents one 
participant. The ORR and DCR are listed. *CR was confirmed by the reduction of 

all pathological lymph nodes to a short-axis diameter < 10 mm, which were the 
only target lesions in this participant. f, Changes in investigator-assessed target 
tumor burden over time. Tumor responses were measured in accordance with 
RESICT version 1.1 every 6 weeks after the initiation of immunotherapy. Each 
line represents one participant. g, Kaplan–Meier survival curves for PFS and OS. 
m, median. h, Representative images of three participants with significantly 
prolonged survival (PR for P02; CR for P03 and P09) at baseline and best 
response. For d–f, 28 participants were included.
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by increased infiltration of immune cells (especially tumor-infiltrating 
T cells), upregulation of inhibitory checkpoints, activation of inter-
feron (IFN) responses and increased production of proinflammatory 
chemokines. The remaining 11 (50%) participants comprised a ‘cold’ 
phenotype cluster characterized by scarce or absent T cell infiltration 
and defects in the IFN pathways. Surprisingly, these tumor phenotypes 
did not significantly correlate with treatment response. Compared 
to cold-phenotype participants, those with the hot phenotype did 
not have a prolonged PFS (16.8 months for hot versus 11.5 months for 
cold; P = 0.84) or OS (25.4 months for hot versus 11.5 months for cold; 
P = 0.17) (Fig. 2g,h). Longitudinal analysis before and after treatment 
showed that the CASTLE regimen had the potential to turn cold tumors 
into inflamed, hot tumors (Fig. 2f).

Further single-cell gene expression profiles of 45 paired sam-
ples before treatment, after cryoablation and after lenva + sint 

treatment were obtained to create a single-cell atlas (Fig. 2a and 
Supplementary Table 6). After filtering low-quality cells and apply-
ing batch correction using the R package Harmony, we obtained 
single-cell RNA (scRNA) profiles from 267,018 cells, identifying 
immune and nonimmune cell clusters shared across participants 
and treatments (Extended Data Fig. 2a,b). The major cell types and 
subclusters were identified using tissue-type-specific canonical 
marker genes in the scRNA sequencing (scRNA-seq) data (Fig. 2i and 
Extended Data Fig. 2c,d). Because all participants achieved tumor 
control (DCR = 100%) and participants with SD achieved a median PFS 
of 9.77 months, greatly surpassing the historical response to mono-
therapy or combination therapy with ICIs, we focused on the cellular 
changes occurring at three treatment time points without comparing 
the CR + PR and SD groups (Extended Data Fig. 2a,e,f). We also applied 
imaging mass cytometry (IMC) to gain a spatial-resolution-based phe-
notyping of the tumor microenvironment (TME) and to validate the 
scRNA profile results (Fig. 2a). We acquired images from 88 regions of 
interest (ROIs) derived from 15 paired samples and based on the expres-
sion of 30 proteins (Supplementary Table 6), yielding data on 88,924 
cells (Extended Data Fig. 2g–i). First, we observed dramatic increases in 
CD8+ T cells, CD4+ T cells and B cells and a decrease in malignant epithe-
lial cells (EPs) in both scRNA and IMC data (Extended Data Fig. 2a,e,f,j,k). 
Longitudinal analysis showed that cryoablation induced recruitment 
of CD8+ effector T cells (Teffs) to the TME, which was boosted by sub-
sequent treatment with lenva + sint (Fig. 2j). Other changes included 
increased abundance of CD4+ memory T cells following cryoabla-
tion. Treatment with lenva + sint significantly decreased the abun-
dances of stalk and tip endothelial cells (ECs), CD4+ T helper (Th)17 
cells and regulatory T (Treg) cells, while increasing the abundances 
of CD8+PD1hi Teffs, CD4+CXCL13+ T follicular helper (Tfh) cells, RELN+ 
cancer-associated fibroblasts (CAFs) and postcapillary venule (PCV) 
ECs (Fig. 2j). Taken together, our results suggested that the CASTLE 
regimen reshaped the TME, modulating nonimmunoreactive tumors 
to become responsive to immunotherapy.

Cryoablation-triggered continuous replenishment of 
intratumoral PD1hi CD8 Teffs from peripheral blood
We stratified subsets of tumor-infiltrated CD8+ T cells on the basis 
of expression profiles of pertinent markers (Fig. 3a and Extended  
Data Fig. 3a). In total, seven discrete CD8+ T cell groups were iden-
tified, with four displaying increased PD1 expression (subsets 
T1–T4) and increased immune response to tumor cells (Fig. 3b and 
Extended Data Fig. 3b). T1 expressed terminal exhaustion T cell (Tex) 
markers (LAG3, HAVCR2 and CTLA4), T2 displayed increased levels 
of proliferation markers (STMN1 and MKI67), T3 demonstrated aug-
mented expression of IFN-stimulated gene modules (MX1 and ISG15) 
and T4 showcased elevated levels of effector molecules (GZMK and 
EOMES). The subset of CD8+PD1hi Teffs in T4 was identified as the pre-
cursor population of T1 CD8+PD1hi Tex, as supported by RNA veloc-
ity analysis (Extended Data Fig. 3c–e). Longitudinal analysis showed 
that cryoablation-induced CD8+PD1hi Teff recruitment to tumors was 
boosted after lenva + sint treatment (Fig. 3c and Extended Data Fig. 3f), 
which was confirmed by IMC data (Fig. 3d,e and Extended Data Fig. 3g,h). 
Additionally, we observed increased progenitor-like and effector phe-
notypes and decreased Tex phenotype in CD8+PD1hi T cells (Fig. 3f,g). 
Furthermore, the abundance of clonal CD8+ T cells (clone size ≥ 2) in 
the CD8+PD1hi Teff cell subset increased after cryoablation and lenva 
+ sint therapy (Extended Data Fig. 3i).

Next, we discovered that cryoablation may promote CD8+ Teff 
infiltration in two ways by tracing the T cell receptor (TCR) expan-
sion and migration patterns. First, cryoablation induced expansion of 
preexisting tumor-infiltrating CD8+ Teffs, as evidenced by increased 
clonal expansion and transition scores of CD8+PD1hi Teffs (Fig. 3h,i), 
and increased number and clone size of shared TCRs between baseline 
and after cryoablation, which was further boosted after treatment 

Table 1 | Baseline characteristics of participants

All participants (n = 28)

Age, years 62.6 ± 6.8

Sex

  Male 17 (60.7%)

  Female 11 (39.3%)

ECOG

  0 17 (60.7%)

  1 8 (28.6%)

  2 3 (10.7%)

Viral hepatitis 5 (17.9%)

Cirrhosisa 3 (10.7%)

TNM staging 26 (92.9%)

  IIIB 2 (7.1%)

  IV 22 (78.6%)

  Recurrent 4 (14.3%)

Previous surgery with curative intent 4 (14.3%)

Previous chemotherapy

  GemCis 28 (100%)

  Other 3 (10.7%)

Site of metastases

  Lymph node 24 (85.7%)

  Lung 4 (14.3%)

  Bone 5 (17.9%)

  Peritoneum 2 (7.1%)

  Other 3 (10.7%)

Maximum tumor size, cm

  <5 5 (17.9%)

  ≥5 23 (82.1%)

MSI status

  MSS 25 (89.3%)

  Not available 3 (10.7%)

PDL1 expression (IHC ≥ 1%)b

  Positive 11 (39.3%)

  Negative 15 (53.6%)

  Not available 2 (7.1%)

MSS, microsatellite stability; IHC, immunohistochemistry. aThree participants suffering from 
liver cirrhosis were all graded as Child–Pugh class A. bA tumor proportion score ≥ 1% was 
defined as positive.
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with lenva + sint (Fig. 3j,k). Second, we observed a notable emergence 
of novel clones of tumor-infiltrating CD8+ Teffs after treatment with 
lenva + sint that were absent at the previous time points (Fig. 3l). These 
novel clones accounted for 45.6% of cell numbers and 66.8% of the TCR 
clones of T4 CD8+PD1hi Teffs in tumors after treatment with lenva + sint 
(Fig. 3m). They also exhibited smaller clone size and higher expres-
sion of progenitor, proliferation and migration markers (Fig. 3n,o) 
compared to preexisting CD8+ Teffs, suggesting that they recently 
infiltrated into the TME with a progenitor-like, effector phenotype. 
Tracking of the emerging novel CD8+PD1hi Teff clones in the TME after 
lenva + sint treatment in the peripheral bulk TCR-seq data revealed that, 
among the 24 TCRs detectable in peripheral blood, 23 (95.8%) emerged 
in circulation after cryoablation (Fig. 3p,q), indicating that the newly 
emerged TCRs infiltrated the TME after lenva + sint treatment.

We also identified seven distinct phenotypic clusters of CD4+ T cells 
in the scRNA-seq data (Extended Data Fig. 3j,k), among which the T8 
cluster exhibited high expression of PD1 and CXCL13, characteristic of 
Tfh cells. T8, defined as CD4+CXCL13+ Tfh cells, displayed high immune 
response to tumor cells (Extended Data Fig. 3k) and proportionally 
increased after lenva + sint therapy (Extended Data Fig. 3l). Positive 
correlations at a sample level of CD4+CXCL13+ Tfh cells with CD8+PD1hi 
Teffs, B cells and plasma cells were identified (Extended Data Fig. 3m). 
Examining the immune infiltration based on the hematoxylin and eosin 
(H&E) stainings also confirmed that both intratumoral and stromal 
lymphocytes exhibited a significant increase following lenva + sint 
treatment (Extended Data Fig. 3n–p). Furthermore, after treatment, 
the formation of tertiary lymphoid structures (TLSs) was observed in 

P02, who achieved PR (Extended Data Fig. 3q). The signature of TLS 
was also upregulated after CASTLE treatment in the bulk RNA-seq 
data (Extended Data Fig. 3r). These findings collectively indicate that 
the CASTLE regimen had the potential to boost the CD8+ and CD4+ 
T cells infiltration.

Cryoablation-increased tumor immunogenicity
Cluster analysis of isolated tumor cells revealed a total of 13 dis-
tinct EP subgroups (Extended Data Fig. 4a). All subgroups were 
confirmed to exhibit malignancy using the inferCNV program 
(Extended Data Fig. 4b). There was upregulation of antigen presenta-
tion and the IFNγ and IFNα modules after cryoablation, accompanied 
by downregulation of the transforming growth factor (TGF)β module 
after lenva + sint therapy (Fig. 4a and Extended Data Fig. 4c–e). IMC 
displayed greater abundance of HLAI+ EPs at the two later time points 
(Fig. 4b,c and Extended Data Fig. 4f). Given the participant speci-
ficity of EP9–EP13, we sought to focus on the malignant subgroups 
EP1–EP8 (Extended Data Fig. 4g). Cryoablation or lenva + sint ther-
apy did not alter the proportions of these subgroups within tumors 
(Extended Data Fig. 4h). Using the bulk transcriptome data of our 
cohort, we identified genes related to poor PFS or OS (cutoffs: hazard 
ratio (HR) > 1 and P < 0.05). Interestingly, projection of the two negative 
gene sets onto the uniform manifold approximation and projection 
(UMAP) embedding revealed significant enrichment in the EP1 cluster 
(Fig. 4d,e and Extended Data Fig. 4i,j). Compared to the other malig-
nant EP subgroups, EP1 showed upregulation in glycolysis pathways, 
alongside downregulation in immune activation-related pathways 

Fig. 3 | Cryoablation-triggered continuous replenishment of intratumoral 
CD8+PD1hi Teffs from peripheral blood. a, Heat map showing standardized 
average expression values of cluster-defining genes in CD8+ T cell clusters on 
population level. b, Spearman correlation map showing associations of the 
proportions of CD8+ T cell subtypes among 15 pretreatment samples in the 
scRNA-seq data. c, Box plot of scRNA-seq data showing the intraparticipant 
dynamic changes in the frequency of CD8+PD1hi T cell subtypes in all CD8+ T cells 
of paired samples stratified by three time points: pre, cryo and lenva + sint  
(each time point, n = 12). d, Representative IMC images showing the distribution 
of CD8+PD1hiGZMK+ Teffs in participant P02 at the three time points. Scale bars, 
100 µm and 50 µm. e, Box plot of IMC data showing the dynamic changes in 
proportion of CD8+PD1hi Teffs in all CD8+ T cells at the inter-ROI level stratified by 
the three time points (pre, n = 32; cryo, n = 27; lenva + sint, n = 29; obtained from 
five participants each time point). f, Heat map displaying standardized average 
expression values in typical genes of T cell-related modules of CD8+PD1hi T cells 
at the three time points on population level. g, Violin plots showing scores for 
exhaustion, progenitor, proliferation and effector or memory signatures of 
CD8+PD1hi T cells at the three time points. h, Intraparticipant clonal expansion 
levels (left) and clonal transition levels (right) of CD8+PD1hi Teffs in paired 
samples at the three time points, quantified using the STARTRAC index. i, Alluvial 
diagram displaying CD8+PD1hi clonotype-mediated cluster associations. A flow or 
association among the three time points represents all pairs of cells sharing the 
same TCR clonotype but may transit to different phenotypes during treatment. 

j,k, Violin plot (j) revealing the change in clone size of persistent CD8+PD1hi Teff 
clones at the three time points at a TCR level (each time point, n = 40 clones) and 
UMAP plot (k) displaying the distribution of these clones over time (representing 
as blue dots). l, UMAP distribution of novel clones of CD8+PD1hi Teffs at the three 
time points (representing as blue dots). m, Pie charts showing the percentage of 
novel clones of CD8+PD1hi Teffs among the total preexisting cells (left) and TCR 
clones (right) at the lenva + sint time point. n, Clone size of novel and preexisting 
clones of CD8+PD1hi Teffs at the lenva + sint time point at a TCR level. o, Dot 
plots showing the expression levels of selected genes in novel and preexisting 
clones at the lenva + sint time point. Dot size indicates the percentage of cells in 
which gene expression was detected; color indicates the mean expression level. 
p,q, Frequencies of the TCR nucleotide sequences of novel clones identified in 
peripheral blood bulk TCR samples at the three time points illustrated by a heat 
map (p) and a box plot (q) (each time point, n = 24 clones). For a,f,g, data were 
obtained from 45 scRNA-seq samples at three time points (each time point, 
n = 15). For h–l, data were obtained from 27 scTCR-seq samples at three time 
points (each time point, n = 9). For m–o, data were analyzed in nine scTCR-seq 
samples after lenva + sint treatment. For c,e,g,h,j,q, the center line indicates the 
median value, bottom and top hinges represent the 25th and 75th percentiles, 
respectively, and whiskers denote 1.5× the interquartile range. For c,h,j,q, a 
paired two-sided Wilcoxon test was applied. For e,g,n, an unpaired two-sided 
Wilcoxon test was applied.

Fig. 2 | Overview of the genomic and transcriptomic landscape of the 
CASTLE-01 cohort. a, Experimental design of multimodel sequencing, 
comprising data from tumor tissues and PBMCs collected from the CASTLE-01 
cohort of participants with ICC at three time points: before treatment (pre), 
after cryoablation (cryo) and after lenva + sint (detailed sample collection in 
Supplementary Table 6). PD, progressed disease. b, Mutational landscape in the 
cohort identified by WES obtained from 25 baseline samples. c, MSI status, TMB 
and PDL1 expression (as determined by IHC) from 28 participants at baseline. 
d, Kaplan–Meier survival curves for PFS and OS in the cohort, analyzed by the 
log-rank test. e, Distribution of treatment responses (CR, PR and SD) by status 
of biomarkers PDL1 (IHC), TMB, MET, ERBB2, IDH1 and BRAF in pretreatment 
samples, analyzed by two-sided Fisher’s exact test. Participant counts are 
displayed within the grid. f, Heat map of gene set variation analysis scores 
of representative pathways and expression of selected genes across 46 bulk 

RNA-seq samples (pre, n = 22; cryo, n = 13; lenva + sint, n = 11) collected from 23 
participants at three time points. Hierarchical clustering separated the TME 
of pretreatment samples into hot and cold phenotypes. Paired, PDL1 (IHC) 
high-expression and high-TMB samples are labeled. g, Kaplan–Meier survival 
curves of PFS and OS in the cohort, grouped by TME phenotype, analyzed by 
the log-rank test. h, Distribution of treatment responses by TME phenotype in 
pretreatment samples, analyzed by two-sided Fisher’s exact test. Participant 
counts are displayed within the grid. i, UMAP plots of six major cell classes 
captured across 45 scRNA-seq samples: CD8+ T cells, CD4+ T cells, myeloid 
cells, EPs, mesenchymal cells and ECs. Colors indicate 48 different cell types. 
j, Proportional changes in cell types across 45 scRNA-seq samples compared 
pairwise across three treatment time points (each time point, n = 15), analyzed by 
a paired two-sided Wilcoxon test. Colors indicate the cell type assignment.  
Red dashed lines represent the P-value threshold of 0.05. FC, fold change.
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(Fig. 4f). In the context of developmental lineages, EP1 served as the pro-
genitor of other tumor cells (Extended Data Fig. 4k). A notable surge in 
immune-related gene expression within EP1 subsequent to interventions 

with cryoablation and lenva + sint therapy was also observed (Fig. 4g 
and Extended Data Fig. 4l,m). Additionally, immune-related mod-
ules including IFNγ, IFNα and antigen presentation were markedly 

UMAP1

U
M

AP
2

UMAP1

U
M

AP
2

0
0.25
0.50
0.75

–0.25
0

0.25
0.50

0

0.4

0.8

1.2

0

0.3

0.6

0.9

KE
G

G
 a

nt
ig

en
pr

oc
es

s.
 a

nd
 p

re
se

nt
.

H
al

lm
ar

k 
TG

Fβ
 s

ig
na

lin
g

H
al

lm
ar

k 
IF

N
γ

re
sp

on
se

H
al

lm
ar

k 
IF

N
α

re
sp

on
se

c

d PFS negative feature OS negative feature EP1 versus other EP clusters at baseline

DAPI CD11c  
HLA-DR IDO1

Pre (P21) Cryo (P21) Lenva + sint (P21)

100 µm 100 µm 100 µm

HLA-C
HLA-B
HLA-DMA
HLA-A
HSPA1B
HLA-G
HSPA1A
RFXANK
HSPA4
TAP1
HSPA8
HLA-F
HLA-E
CALR
PDIA3
HLA-DQB1
PSME1
HSP90AB1
B2M
IRF7
IRF1
CXCL10
BST2
PSMB8
TNFAIP6
TRIM26
SELP
SERPING1
CFB
MTHFD2
BATF2
ISOC1
IFNAR2
C1R

Antigen presentation
IFN

γ signaling

IFI35
RSAD2
TAP1
USP18
PSMB8
BST2
LGALS3BP
GBP2
IRF1
PSMB9
RTP4
IFITM2
TRIM26
PSME1
B2M
LAMP3
NCOA7
PSMA3
CD47
TXNIP
NUB1
MVB12A

IFN
α signaling

EP1 score high

Hallmark TGFβ signaling
Hallmark WNT β-catenin signaling
Hallmark apical junction
Hallmark myogenesis
Hallmark epithelial mesenchymal trans.
Hallmark hypoxia *P = 0.043
Hallmark glycolysis
Hallmark angiogenesis
Hallmark notch signaling *P = 0.032
Reactome AG. process. cross present. *P = 0.04
Hallmark inflammatory response *P = 0.036
KEGG AG. present. *P = 0.018
Hallmark IFNα response *P = 0.011
Hallmark IFGγ response *P = 0.0054
Hallmark IL-2 STAT5 signaling*P = 0.034
Hallmark apoptosis
Hallmark TNFA signaling via NFKB
Matrix *P = 0.03
Matrix remodeling
Angiogenesis
Cancer-associated fibroblasts
MHCI *P = 0.00068
E�ector cell tra�ic *P = 0.0016
Macrophage and DC tra�ic *P = 0.021
Costimulatory ligands *P = 0.049
B cells
T cells *P = 0.013
E�ector cells *P = 0.0098
Th1 signature *P = 0.0081
NK cells *P = 0.0057
Checkpoint molecules *P = 0.003
Costimulatory receptors *P = 0.008
M1 signature *P = 0.017
Antitumor cytokines *P = 0.00059
MHCII

H
al

lm
ar

k 
pa

th
w

ay
TM

E 
co

m
po

ne
nt

s

–2
–1
0
1
2

Im
m

un
e-

ac
tiv

at
ed

Im
m

un
e-

su
pp

re
ss

ed
Im

m
un

e-
ac

tiv
at

ed
Im

m
un

e-
su

pp
re

ss
ed

Positive regulation of cell–cell adhesion
Positive regulation of leukocyte cell–cell adhesion

Positive regulation of interleukin 12 production

Positive regulation of cell adhesion

Interleukin 12 production
Positive regulation of αβ T cell activation

Positive regulation of T cell activation

Lymph node development

Response to tumor necrosis factor

T cell activation

Dendritic cell di�erentiation

Regulation of T cell activation

Response to interferon-γ

Positive regulation of T helper cell di�erentiation

Positive regulation of cytokine production

Antigen processing and presentation

P = 0.002

P = 0.004
P = 0.005

P = 0.005

P = 0.010

P = 0.012

P = 0.012

P = 0.012

P = 0.013

P = 0.013

P = 0.017

P = 0.021

P = 0.028

0 10
Count

P = 0.0007
P = 0.0007

P = 0.001

Go enrichment in cryo versus pre

5 15

e f

i

l

g h

EP1 score low

z score

–2
–1
0
1
2

P = 0.016

0

0.25

0.50

0.75

1.00

PF
S 

pr
ob

ab
ili

ty

11 1
11 3

0 18

 Months

Number at risk

P = 0.0011

0

0.25

0.50

0.75

1.00

O
S 

pr
ob

ab
ili

ty

0 6 12 18 24 30

Months

Number at risk

z score

EP1 score high
EP1 score low

EP1 score highEP1 score low

SPP1
LGALS9

IL1B

HSPD1
CD86
FN1 IDO1

S100A6 CD68

S100A4 MALT1
LAMP3

CCR7

IL7RALCAM0

10

20

30

−1 0 1

CryoPre

Pre
Cryo

Le
nva

 + 
sin

t

log2FC

–l
og

10
 P

 v
al

ue

0

0.25

0.50

0.75

1.00
P = 0.034

P = 0.0034

Fr
eq

ue
nc

y 
of

 A
PC

 in
m

ye
lo

id
 c

el
ls

0.5
0.6
0.7

0.8
0.9

Ex
pr

es
si

on
 o

f
ID

O
1 i

n 
AP

C

P = 0.0062

on

C
C

L1
9

LA
M

P3

C
C

R7

IL
7R

C
D

74

H
LA

-D
Q

A1
H

LA
-D

Q
A2

H
LA

-D
Q

B1

H
LA

-D
Q

B2

H
LA

-D
PA

1

H
LA

-D
PB

1

H
LA

-D
RA

H
LA

-D
RB

1

C
D

80

C
D

86

C
D

83

C
D

40

Average expression

Percent expressed
25
50
75

100

Pre

Cryo

Lenva + sint

Antigen presentation CostimulationTertiary lymphoid

Gene expression in DC

50 µm 50 µm 50 µm

j k

m

a b

100 µm 100 µm 100 µm

50 µm 50 µm 50 µm

Pre (P03) Cryo (P03) Lenva + sint (P03)

EP1 EP1

DAPI CD11c  
HLA-DR IDO1

DAPI CD11c  
HLA-DR IDO1

APC APC APC

HLA-DR IDO1 CD11c HLA-DR IDO1 CD11c HLA-DR IDO1 CD11c

_
_

_
0

2

4

6

8
P = 0.017

P = 0.19
P = 0.12

Be
tw

ee
n 

C
D

8+  P
D

1hi

Te
� 

(m
id

dl
e)

 a
nd

 A
PC

(n
ei

gh
bo

ur
)

HLAI+ EP DAPI HLAI Pan-CK DAPI HLAI Pan-CKDAPI HLAI Pan-CK

Fr
om

 C
D

8+  P
D

1hi
 T

e�
 

to
 n

ea
re

st
 A

PC

p q

Pan-CK HLAI Pan-CK HLAI Pan-CK HLAI

0

100

200

300

–1.0
–0.5
0
0.5
1.0

0 6 12 18 24 30

0 6 12 18 24 30

P = 0.05

P = 0.00068

0

0.25

0.50

0.75

1.00

Fr
eq

ue
nc

y 
of

 H
LA

I+  E
P 

in
 e

pi
th

el
ia

l c
el

ls

Hallmark MYC targets V1

KEGG antigen present.

P = 0.006
P = 0.024

P = 0.068

P = 0.001
P = 0.004

P = 0.088

−3 −2 −1 0 1 2
NES

Reactome glucose metabolism

Reactome glycolysis

Hallmark IFNα response

Hallmark IFNγ resoonse
Reactome IFN signaling
Reactome IFNα/β Signaling

Reactome cytokine signaling in immune system
Reactome IFNγ signaling

KEGG AG. process. and present.

Reactome AG. process. cross present.

P < 2.22 × 10–16

P < 2.22 × 10–16 P < 2.22 × 10–16

P < 2.22 × 10–16

P < 2.22 × 10–16

P < 2.22 × 10–16

P < 2.22 × 10–16
P < 2.22 × 10–16

P < 2.22 × 10–16

P < 2.22 × 10–16

P < 2.22 × 10–16

P = 1.3 × 10–16

P = 3.15 × 10–9

P = 2.50 × 10–6

P = 2.50 × 10–6

P = 1.35 × 10–5

P = 7.26 × 10–6

P = 2.10 × 10–5

P = 9.4 × 10–4

Interaction score Distance

P = 6.4 × 10–8

P = 6.8 × 10–7

P = 2.3 × 10–13

–0.10
–0.05
0
0.05

–0.10
–0.05
0
0.05
0.10

Pre
Cryo

Le
nva

 + 
sin

t

Pre
Cryo

Le
nva

 + 
sin

t

Pre
Cryo

Le
nva

 + 
sin

t Pre
Cryo

Le
nva

+ s
int

Pre
Cryo

Le
nva

 + 
sin

t
Pre

Cryo

Le
nva

 + 
sin

t

HLAI+ EP HLAI+ EP

126 3024

0
0

2
03

6
10
11

11 1
11 3 0

0
2
03

6
10
11

http://www.nature.com/natcancer


Nature Cancer | Volume 7 | January 2026 | 60–79 68

Article https://doi.org/10.1038/s43018-025-01058-2

upregulated in the EP1 subcluster (Extended Data Fig. 4n,o). Using 
the top differentially expressed genes in the EP1 subgroup, EP1 
scores of pretreatment bulk transcriptomic samples were calculated 
(Supplementary Table 7). Notably, bulk RNA samples with higher EP1 
scores exhibited elevated expression of immune inhibitory signaling 
pathways and greater infiltration of immune inhibitory cellular com-
ponents (Fig. 4h and Extended Data Fig. 4p,q). Conversely, bulk RNA 
samples with lower EP1 scores demonstrated abundant expression 
of immune-activated pathways and TME components. Additionally, 
immune responses after cryoablation also differed between EP1low 
and EP1high groups (Extended Data Fig. 4r). At the single-cell transcrip-
tomic level, a significant negative correlation was observed between 
the proportions of EP1 and CD4+CXCL13+ Tfh and CD8+PD1hi Teff cells 
(Extended Data Fig. 4s,t). Thus, the baseline EP1 score demonstrated 
robust predictive value for PFS and OS after CASTLE treatment (Fig. 4i).

Cryoablation-boosted dendritic cell activation and  
antigen presentation
Dendritic cells (DCs) were categorized into three distinct subgroups: 
DC1 (CD1C), DC2 (CLEC9A) and DC3 (LAMP3) (Extended Data Fig. 5a,b). 
The lack of change in the proportions of the DC group and subgroups 
after cryoablation (Extended Data Fig. 5c,d), likely because of lim-
ited DC capture numbers, prompted us to explore functional differ-
ences in the subgroups. Representing traditional antigen-presenting 
cells (APCs), DC1 and DC2 exhibited high expression levels of CD74 
and major histocompatibility complex class II (MHC II) genes 
(Extended Data Fig. 5e) and enrichment of antigen presentation 
pathways (Extended Data Fig. 5f). By contrast, DC3 exhibited elevated 
expression of costimulatory and tertiary lymphoid markers (CD80, 
CD86, CD40, CCL19 and CCR7) (Extended Data Fig. 5e) and involvement 
in T cell immunoregulation and migration (Extended Data Fig. 5f).  

Fig. 4 | Cryoablation increased tumor immunogenicity and boosted DC 
activation. a, Violin plots showing the signature scores of Kyoto Encyclopedia  
of Genes and Genomes (KEGG) antigen processing and presenting, Hallmark  
IFNγ response, IFNα response and TGFβ signaling in EPs at three time points.  
b, Representative IMC images showing the distribution of HLAI+ EPs of 
participant P03 at the three time points. Scale bars, 100 µm and 50 µm. c, Box 
plot of IMC data showing the dynamic changes in proportion of HLA+EPs in all EPs 
at the inter-ROI level stratified by the three time points from five participants. 
d,e, UMAP plots of EP clusters colored by gene signatures identified in bulk RNA 
data related to poor PFS (d) and poor OS (e). f, Comparative gene set enrichment 
analysis of pretreatment gene sets in the EP1 cluster and other malignant EP 
clusters in 15 pretreatment scRNA-seq samples. NES, normalized enrichment 
score. P values were determined using a one-tailed permutation test. g, Heat 
map displaying standardized average expression values in typical genes of 
immune-related modules in EP1 cells at the three time points on population level. 
h, Heat map showing abundance of pathways and TME components per sample 
in pretreatment bulk RNA-seq samples stratified by median EP1 signature scores 
into high-EP1 and low-EP1 signature groups. Significantly differentially expressed 
pathways are indicated (unpaired two-sided t-test, *P < 0.05). i, Kaplan–Meier 
survival curves for PFS (left) and OS (right), grouped by EP1 signature scores of 
pretreatment bulk RNA-seq samples, analyzed by the log-rank test. j, Volcano 
plots showing the genes with differential expression between the time points 
before treatment and after cryoablation in all DCs in the scRNA-seq data  
(each time point n = 15). The x axis and y axis values were calculated by the Seurat 
method. Blue and green dots indicate genes with significant upregulation at the 

time points after cryoablation and before treatment, respectively. Significant 
genes of interest are labeled. k, Dot plots showing the expression levels of 
selected genes in all DCs at three time points. Dot size indicates the percentage  
of cells in which the gene was detected. Color indicates the mean expression.  
l, Numbers of enriched genes (count) of enriched pathways in all DCs at the time 
points before treatment and after cryoablation (each time point, n = 15) in the 
scRNA-seq data, analyzed by the hypergeometric test. m, Representative IMC 
images showing the distribution of CD11c+HLA-DR+IDO1+ APCs of participant P21 
at the three time points. Scale bars, 100 µm and 50 µm. n, Quantification of the 
percentages of APCs in myeloid cells in IMC data at the inter-ROI level stratified 
by the three time points. o, Box plot of IMC data showing the dynamic changes in 
IDO1 expression in APCs at the inter-ROI level, stratified by the three time points 
(pre, n = 17; cryo, n = 20; lenva + sint, n = 23; obtained from five participants each 
time point); ROIs without IDO1+ APCs were excluded from analysis. p, Interaction 
score between CD8+PD1+ Teffs (middle) and APCs (neighbor) in IMC at the inter-
ROI level, stratified by the three time points. Black bars indicate the mean and 
95% CI. q, Quantification of the distance of CD8+PD1+ Teffs to the nearest APC in 
IMC, stratified by the three time points. For a,d,e,g,k, data were obtained from 45 
scRNA-seq samples at three time points (each time point, n = 15). For a,c,j,n–q, an 
unpaired two-sided Wilcoxon test was applied. For c,n,p,q, ROIs obtained from 
five participants each time point (pre, n = 32; cryo, n = 27; lenva + sint, n = 29) were 
analyzed. For a,c,n,o,q, the center line indicates the median value, bottom and 
top hinges represent the 25th and 75th percentiles, respectively, and whiskers 
denote 1.5× the interquartile range.

Fig. 5 | Boosting intratumoral lymphocyte influx through targeting of the 
tumor vasculature. a, Heat map showing standardized average expression 
values of cluster-defining genes in eight EC clusters on population level. b, Box 
plot showing dynamic proportional changes in all EC subtypes in paired samples 
at three time points of scRNA-seq data (each time point, n = 11). Data were 
analyzed using a paired two-sided Wilcoxon test. c, Pseudotime-ordered analysis 
of EC clusters EC1–EC4 in scRNA-seq data. Dot colors indicate pseudotime 
inferred by Monocle2 (top), cell type (middle) and time point (bottom). d, Heat 
map of the dynamic changes in gene expression along the pseudotime of the 
EC1–EC4 transition (divided into three phases), showing the distribution of the 
four EC subtypes over pseudotime. Top: subclusters are labeled by color. Genes 
showing differential expression during pseudotime (left) and enriched pathways 
(right) are labeled. e, Heat map showing scaled mean activities of selected 
modules in the eight EC clusters on population level. GO, Gene Ontology.  
f–i, Dynamic changes in transcriptional characteristics in EC subclusters at 
the three time points. Heat maps showing scaled average activities of selected 
modules in stalk and tip cells (f) and PCV cells (h) on population level. Dot plots 
showing the expression levels of selected genes in stalk and tip cells (g) and PCV 
cells (i). Dot size indicates the percentage of cells in which the gene was detected. 
Color indicates the mean expression. j, Scatter plots showing significant 
correlations between the proportion of CD8+PD1hi Teffs in CD8+ T cells and the 
percentages of stalk cells (top), tip cells (middle) and PCV cells (bottom) in all 
ECs. Data analyzed by the two-sided Pearson correlation test (top) or the two-
sided Spearman correlation test (middle and bottom). k, Scatter plots showing 
significant correlations between the proportion of CD8+PD1hi Teffs in CD8+ T cells 

of scRNA-seq data and the TVNS in bulk RNA-seq samples (pre, n = 12; cryo, n = 9; 
lenva + sint, n = 9). Data were analyzed using a two-sided Pearson correlation 
test. l, Kaplan–Meier survival curves for PFS and OS, grouped by high and low 
TVNSs of 11 bulk RNA-seq samples from the CASTLE-01 discovery cohort after 
lenva + sint treatment, analyzed using the log-rank test. m, Box plot of IMC data 
showing the dynamic proportional changes in PCV ECs and stalk and tip cells of 
all ECs at the inter-ROI level, stratified by the three time points. n, Representative 
IMC images showing the distributions of CD31+SELP+HLA-DR+ PCV ECs and 
CD31+VEGFR2+ stalk and tip cells of participant P03 at the three time points. Red 
arrows indicate the distribution of CD8+PD1hiTeff. Scale bars, 100 µm and 50 µm. 
o, Box plot of IMC data showing the dynamic changes in HLA-DR expression in 
PCV ECs and stalk and tip cells at the inter-ROI level stratified by the three time 
points (PCV HLA-DR expression calculation: pre, n = 26; cryo, n = 19; lenva + 
sint, n = 28; stalk and tip HLA-DR expression calculation: pre, n = 31; cryo, n = 24; 
lenva + sint, n = 28). ROIs without PCV ECs or stalk and tip cells were excluded 
for analysis. p, Interaction scores of CD8+PD1hi Teffs with PCV cells (neighbor; 
left) and stalk and tip cells (neighbor; right) in IMC data at the inter-ROI level, 
stratified by the three time points. Black bars indicate the mean values and 95% 
CI. For a,c–j, data were obtained from 45 scRNA-seq samples at three time points 
(each time point, n = 15). For j,k, the shaded area indicates the 95% CI of the fit. 
For m,p, ROIs obtained from five participants each time point (pre, n = 32; cryo, 
n = 27; lenva + sint, n = 29) were analyzed. For b,m,o, the center line indicates the 
median value, bottom and top hinges represent the 25th and 75th percentiles, 
respectively, and whiskers denote 1.5× the interquartile range. For m,o,p, an 
unpaired two-sided Wilcoxon test was applied.
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DCs showed upregulation in the expression of antigen presentation and 
costimulatory genes after cryoablation (Fig. 4j,k), as well as enrichment 
in immune processes related to T cell activation and DC differentia-
tion (Fig. 4l and Extended Data Fig. 5g,h). After cryoablation, DC1 and 
DC2 showed further upregulation of the antigen-presentation-related 
molecules (Extended Data Fig. 5i,j), while DC3 showed enhanced 
expression of the costimulatory molecules (Extended Data Fig. 5k). 
In terms of their interaction with T cells, all three subsets of DCs exhib-
ited an upregulated ability to present antigen to T4 CD8+PD1hi Teffs 
(Extended Data Fig. 5l). Within the receptor–ligand network, molecules 
facilitating T cell migration and maturation were also elevated, thus 
fostering an environment conducive to subsequent immunother-
apy (Extended Data Fig. 5o). Consistently, IMC showed a significant 
increase in the frequency of CD11c+HLA-DR+IDO1+ APCs after cryoa-
blation (Fig. 4m,n, and Extended Data Fig. 5m,n), along with upregu-
lated expression of IDO1 (Fig. 4o), indicative of the IFN response29. 
Furthermore, spatial interaction between APCs and CD8+PD1hi Teffs 
was stronger after cryoablation, as evidenced by higher interaction 
scores and closer distance at spatial resolution (Fig. 4p,q).

While neutrophils may potentially form neutrophil extracellular 
traps (NETs) after ablation to create an immunosuppressive TME30, 
our comprehensive analysis of neutrophil changes following cryoabla-
tion revealed a significant reduction in neutrophil proportions along 
with downregulation of neutrophil activation and chemotaxis-related 
pathways (Extended Data Fig. 5c,p,q). Multiplex immunofluorescence 
further confirmed decreased NET formation (Extended Data Fig. 5r,s). 
Importantly, we observed concurrent upregulation of antigen presen-
tation genes and immune-activating pathways in the scRNA-seq data 
(Extended Data Fig. 5p,q).

Intratumoral lymphocyte influx boosted by targeting  
tumor vasculature
In the aforementioned experiments, we noticed that many novel 
CD8+PD1hi Teff clones entered circulation after cryoablation. How-
ever, these clones only infiltrated tumors after lenva + sint therapy. 
We speculated that lenva may normalize the tumor vasculature, thus 
boosting intratumoral lymphocyte influx31,32. Therefore, we annotated 
EC subtypes with markers identified from published datasets, resulting 
in eight EC clusters33,34 (Fig. 5a and Extended Data Fig. 6a). Traditional 
angiogenic cell phenotypes, such as tip cells and stalk cells, were sig-
nificantly reduced following lenva treatment, possibly because of their 

elevated expression of vascular endothelial growth factor receptor 
(VEGFR; KDR and FLT1)33 (Fig. 5b). Concurrently, a noticeable increase 
in PCV ECs, also known as high endothelial venules, which expressed 
high levels of adhesion markers (SELE and SELP), were observed after 
lenva34 (Fig. 5b). Pseudotime analysis unveiled sequential transcrip-
tional alterations during EC development, with tip and stalk cells at the 
terminus of the trajectory, indicative of their status in immature neo-
vascularization (Fig. 5c,d and Extended Data Fig. 6b). Pathway analysis 
indicated that PCV ECs exhibited enrichment in modules associated 
with proinflammatory effects and lymphocyte adhesion, whereas 
tip and stalk cells showed enrichment in pathways related to tumor 
promotion, angiogenesis and extracellular matrix (ECM) regulation 
(Fig. 5d,e and Extended Data Fig. 6c). The use of lenva upregulated 
genes related to cytokine ligands, cell adhesion and antigen presenta-
tion, while downregulating TGFβ-related genes and lenva-targeting 
genes (Extended Data Fig. 6d). These observations were verified in 
pathway analysis (Extended Data Fig. 6e). Specifically, lenva decreased 
the expression of angiogenesis and ECM modules in stalk and tip cells 
(Fig. 5f,g and Extended Data Fig. 6f) while increasing immune-related 
functions, including antigen presentation and cell adhesion, in PCV 
cells (Fig. 5h,i and Extended Data Fig. 6g). Furthermore, the frequency 
of CD8+PD1hi Teff and CD4+CXCL13+ Tfh cells was positively correlated 
with PCV ECs but negatively correlated with stalk and tip cells (Fig. 5j and 
Extended Data Fig. 6h), suggesting an association between vasculature 
normalization and lymphocyte influx.

Therefore, to better characterize the effects of lenva, we cal-
culated a tumor vascular normalization score (TVNS) in the bulk 
RNA-seq data as follows: (PCV score/(stalk score + tip score))z score 
(Extended Data Fig. 6i and Supplementary Table 7). TVNSs were posi-
tively associated with the frequency of tumor-infiltrated CD8+PD1hi 
Teffs (Fig. 5k). Notably, TVNSs following lenva therapy but not at 
baseline or after cryoablation predicted the PFS and OS of CASTLE-01 
participants (Fig. 5l and Extended Data Fig. 6j). The value of TVNSs for 
predicting immunotherapy response could be verified in participants 
with advanced hepatocellular carcinoma who received atezolizumab 
plus bevacizumab, an anti-VEGF antibody, in the IMbrave150 and 
GO30140 trials29,30 (Extended Data Fig. 6k).

Next, we examined the dynamic changes in these three types of 
lenva-associated ECs in the spatial dimension (Extended Data Fig. 6l). 
Consistently, IMC revealed an increased proportion of PCV ECs and 
decreased proportions of stalk and tip cells following lenva treatment 

Fig. 6 | Targeting of CAFs involved in the response to CASTLE therapy. a, Heat 
map showing standardized average expression values of cluster-defining genes 
in mesenchymal cell clusters on population level. b, Heat map showing scaled 
mean activities of selected module in CAF subgroups on population level. c, Box 
plot of scRNA-seq data showing dynamic proportional changes in mesenchymal 
cell subtypes of paired samples stratified by three time points, analyzed by 
the two-sided paired Wilcoxon test. d,e, Dynamic changes in transcriptional 
characteristics of CAF1 cells at three time points, as illustrated by a heat map 
showing scaled average activities of selected modules on population level (d) 
and a dot plot showing the expression levels of selected genes (e). Dot size 
indicates the percentage of cells in which the gene was detected. Color indicates 
the mean expression. f, Scatter plots showing significant correlations of the 
percentage of CAF1 among mesenchymal cells with the proportion of CD8+PD1hi 
Tex cells among CD8+ T cells (left) and the exhaustion score in CD8+PD1hi T cells 
(right). Data were analyzed using a two-sided Spearman correlation test (left) 
or two-sided Pearson correlation test (right); the shaded area indicates the 95% 
CI of the fit. g, Heat maps showing NicheNet analysis in the scRNA-seq data of 
the regulatory potential of inferred prioritized ligands in CAF1 to the predicted 
target genes in CD8+PD1hi T cells and the inferred prior interaction potential 
of these ligands to receptor genes in CD8+PD1hi T cells (middle), scaled mean 
expression of ligands in CAF1 (left) and scaled mean expression of selected genes 
in CD8+PD1hi T cells (bottom) at the three time points. h,i, Dynamic changes 
in transcriptional characteristics of CAF3 cells at the three time points on a 
population level, as illustrated by a heat map showing scaled average activities 

of selected modules (h) and a dot plot showing the expression levels of selected 
genes (i). Dot size represents the percentage of cells in which the gene was 
detected. Color indicates the mean expression. j, Receptor–ligand pairs with 
significant differences inferred using scRNA-seq data between the three time 
points, based on CAF3 with CD8+PD1hi Tex cells and CD8+PD1hi Teffs. The larger 
dot size indicates a significant P value. Colors illustrate the communication 
probability. k, Representative IMC images showing the distribution of 
FAP+SMA+collagen+ myCAFs, FAP+FBLN5+ iCAFs and FAP+FBLN5+HLA+ apCAFs of 
participant P02 at the three time points. Red arrows indicate the distribution of 
CD8+PD1hiTeff. Scale bars, 100 µm and 50 µm. l, Box plot of IMC data showing the 
dynamic proportional changes in myCAFs, iCAFs and apCAFs in mesenchymal 
cells at the inter-ROI level, stratified by the three time points. m, Violin plots of 
the distance between CD8+PD1hi Teffs and the nearest myCAF (left) and EPs and 
the nearest CD8+PD1hi Teff (right) at the three time points. n, Interaction scores 
of CD8+PD1hi Teffs with myCAFs (neighbor; left) and EPs with CD8+PD1hi Teffs 
(neighbor; right) in IMC at the inter-ROI level, stratified by the three time points. 
Black bars indicate the mean values and 95% CI. For a–j, data were obtained from 
45 scRNA-seq samples at three time points (each time point, n = 15). For c,l,m, the 
center line indicates the median value, bottom and top hinges represent the 25th 
and 75th percentiles, respectively, and whiskers denote 1.5× the interquartile 
range. For l–n, ROIs obtained from five participants each time point (pre, n = 32; 
cryo, n = 27; lenva + sint, n = 29) were analyzed and an unpaired two-sided 
Wilcoxon test was applied.
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(Fig. 5m,n and Extended Data Figs. 4n and 6m,n), accompanied by 
enhanced expression of HLA-DR (Fig. 5o). More importantly, after 
lenva treatment, there were abundant CD8+PD1+ Teffs surrounding the 
PCV ECs, with a notable increase in cell interactions (Fig. 5n,p). These 
findings suggested that targeting the tumor vasculature with lenva 
transitioned ECs into inflamed PCV ECs, thus boosting intratumoral 
lymphocyte influx and improving the response to ICIs.

Targeting tumor stroma involved in response to  
CASTLE therapy
Accumulating evidence is clear that CAFs subdue antitumor T cell 
immunity and interfere with immunotherapy35. Here, we categorized 
mesenchymal cells from scRNA-seq data into one pericyte cluster and 
four CAF clusters on the basis of transcriptional programs (Fig. 6a 
and Extended Data Fig. 7a,b). CAF1 cells expressed high levels of the 
myofibroblastic markers POSTN and COL8A1 and were designated 
as myofibroblastic CAFs (myCAFs). CAF2 cells exhibited an inflam-
matory CAF (iCAF) phenotype, with expression of CD34, FBLN1 and 
FBLN5, while CAF3 cells, which expressed CD74, RELN and FBLN5, were 
defined as antigen-presenting CAFs (apCAFs)36 (Fig. 6a). CAF1 was 
enriched in protumor and ECM signaling, whereas CAF2 and CAF3 
were abundant in proinflammatory pathways, with CAF3 exhibiting 
the strongest activities in lymphocyte migration and antigen pres-
entation (Fig. 6b). Lenva+sint treatment was shown to increase the 
proportions of CAF2 and CAF3 (Fig. 6c), while upregulating genes and 
pathways that promoted immunogenicity (chemokine ligands, antigen 
presentation and the proinflammatory response) and downregulating 
collagen molecules and ECM pathways across the entire CAF population 
(Extended Data Fig. 7c,d). Specifically, lenva + sint treatment reduced 
the protumor and ECM pathways of CAF1, characterized by marked 
downregulation of collagen, TGFβ and matrix-remodeling related 
genes, with enhancement of proinflammatory effects (Fig. 6d,e and 
Extended Data Fig. 7e). We also identified positive correlations of the 
proportion of CAF1 with the proportion of CD8+PD1hi Tex cells and the 
exhaustion score of CD8+PD1hi T cells in the scRNA-seq data (Fig. 6f). 
NicheNet analysis revealed that CAF1 also mediated the exhaustion mol-
ecules of CD8+PD1hi T cells through multiple ligands. Furthermore, this 
effect was attenuated by lenva treatment, as evidenced by decreased 
expression of both ligand and receptor genes (Fig. 6g). Consistently, 
interaction between CAF1 and CD8+PD1hi T cells through collagen also 
decreased after lenva treatment (Extended Data Fig. 7f). We also noticed 
enhancements in the functionalities of CAF3 cells, particularly in terms 
of antigen presentation and the facilitation of lymphocyte migration, 
following lenva + sint treatment (Fig. 6h,i and Extended Data Fig. 7g). 
The CAF3 proportion positively correlated with CD4+CXCL13+ Tfh cells 
and CD8+PD1hi Teffs in the scRNA-seq data (Extended Data Fig. 7h). 
Receptor–ligand pairings at the different time points suggested that 
CAF3 may attract more CD8+PD1hi T cells to the tumor core region 
through the enhanced CXCL12–CXCR4 axis (Fig. 6j). The proportion 
of CAF3 was also positively associated with costimulatory receptor 
levels of CD8+PD1hi T cells (Extended Data Fig. 7h), suggestive of T cell 
activation through MHC II modules. Regarding CAF2, we found an 
upregulated lymphocyte migration-related transcriptional signature 
after cryoablation on population level (Extended Data Fig. 7i,j) and 
positive correlations of the CAF2 proportion with the two PD1hi T cell 
populations and their effector scores (Extended Data Fig. 7k).

Recent studies reported that collagen deposition of myCAFs 
prevented Teffs from entering the tumor core31. Therefore, we per-
formed spatial analysis to validate the spatial localization of these 
cells (Extended Data Fig. 7l,m). IMC data revealed an increase in apCAF 
and iCAF proportions following lenva + sint treatment (Fig. 6k,l and 
Extended Data Fig. 7n). Interestingly, although there was an increase 
in CD8+PD1hi Teffs after cryoablation, these cells were restricted to the 
stroma surrounding the tumor cell nests and did not penetrate the 
tumor nests (Fig. 6k), exhibiting enhanced interaction with myCAFs 
(Fig. 6m,n). Following lenva + sint treatment, a large number of CD8+ 
Teffs penetrated the tumor cell nest, further enhancing their interac-
tion with the tumor cells and thereby exerting an antitumor effect 
(Fig. 6m,n). Taken together, these results suggested that targeting CAFs 
and their associated functions could yield therapeutics that enhance 
the response to immunotherapy in ICC.

Cryoablation plus lenva and anti-PD1 treatment delivered 
abscopal antitumor effects in an ICC model in female mice
We further validated the efficacy of cryoablation combined with lenva 
and anti-PD1 therapy in a KRAS-driven and p53-driven murine ICC model 
(Supplementary Fig. 1a). In this model, tumors on one flank were sub-
jected to cryoablation, while contralateral tumors were retained to 
assess the abscopal effect (Fig. 7a). Notably, mice treated with the 
triple therapy exhibited significantly reduced tumor burden and 
extended survival compared to other groups (Fig. 7b–d). Flow cytom-
etry analysis revealed that in tumor-draining lymph nodes (TdLNs), 
immune cell activation was evident in the two cryoablation-treated 
groups (cryo + anti-PD1 and cryo + lenva + anti-PD1), marked by an 
increase in DCs and IFNγ+ and proliferating CD8+ T cells (Fig. 7e–g 
and Supplementary Fig. 1b). Furthermore, within tumor tissues, 
the proportion of MHC I+ EPs was elevated following cryoablation, 
indicating enhanced antigen-presenting capability (Fig. 7h and 
Supplementary Fig. 1c). Notably, only the triple-therapy group dem-
onstrated a significant rise in intratumoral IFNγ+ CD8+ T cells (Fig. 7i,j). 
This effect might be linked to lenva-induced vascular normalization, 
supported by the increased presence of SELP+ ECs (Fig. 7k), which likely 
promoted the intratumoral infiltration of Teffs.

Discussion
Our CASTLE-01 trial met the primary endpoint, demonstrating anti-
tumor activity of cryoablation followed by lenva + sint and an ORR of 
75% in participants with previously treated advanced or metastatic 
ICC. This trial confirms that localized cryoablation of one intrahepatic 
lesion, when combined with an ICI and lenva, elicits a systemic antitu-
mor immune response in other lesions at distant sites in participants 
with ICC.

For more than a decade, there was no globally recognized stand-
ard of care for the management of advanced BTC that progressed on 
GemCis. The CASTLE regimen—a therapeutic combination comprising 
cryoablation, sint (an anti-PD1 antibody) and lenva—demonstrated pro-
nounced clinical efficacy. The median PFS and OS were 16.8 months and 
25.4 months, respectively, surpassing outcomes observed in prior stud-
ies evaluating cryoablation or anti-PD1 and lenva monotherapy11,37–41. 
The superior efficacy observed in our cohort can be attributed to the 
synergistic integration of all three modalities within the CASTLE regi-
men. Indeed, post hoc exploratory analyses of longitudinal single-cell 

Fig. 7 | Cryoablation plus lenva and anti-PD1 treatment delivered superior 
abscopal antitumor effects in a female mouse ICC model. a, Schematic 
illustrating the evaluation of cryoablation plus lenva and anti-PD1 treatment 
effectiveness in an ectopic mouse ICC model. b, Differences in tumor growth 
between various treatment groups (n = 6 mice per group). Data are shown as the 
mean ± s.e.m. and were analyzed using a two-way analysis of variance (ANOVA). 
c, Tumor images on day 28 (n = 6 mice per group). d, OS in mice with ectopic ICC 
tumors (n = 6 mice per group). Data were analyzed using a log-rank test. e–k, Flow 

cytometry quantification of CD11c+ DCs (e), IFNγ+CD8+ T cells (f) and Ki67+CD8+ 
T cells (g) from TdLNs and MHC I+ EPs (h), CD8+ T cells (i), IFNγ+CD8+ T cells (j) 
and SELP+ ECs (k) from tumors of mice with different treatment groups. Mice 
were killed on day 21 (n = 5 mice per group). Data are shown as the mean ± s.d. and 
were analyzed using a one-way ANOVA. l, Schematic illustration of the cellular 
composition dynamics and potential therapeutic mechanism of cryoablation 
followed by lenva + sint.
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sequencing and IMC datasets indicated that cryoablation induced 
increased CD8+PD1hi Teff infiltration into distant tumors; however, 
the increased numbers of CD8+PD1hi Teffs after cryoablation were 
restricted to the stroma surrounding the tumor cell nest and did not 
penetrate the nest. Large numbers of CD8+ Teffs infiltrated the tumor 
cell nest only after lenva treatment, where they killed the tumor cells. 
The mechanism underlying the combination of cryoablation, ICI and 
lenva was also confirmed by in vivo animal study. Therefore, these 
findings underscore the critical and complementary roles of each 
component in the CASTLE regimen, wherein cryoablation primes 
the immune microenvironment, sint sustains T cell activity and lenva 
enhances Teff trafficking and tumor cell targeting.

In this study, we observed an increase in CD8+PD1hi Teff infiltra-
tion into distant tumors, which may have been associated with the 
cryoablation-induced increase in tumor immunogenicity, antigen 
presentation and DC activation, highlighting the indispensable role 
of cryoablation in this regimen (Fig. 7l). Another central finding from 
lineage tracing of PBMCs revealed that many newly emerged CD8+PD1hi 
Teffs appeared in the peripheral blood after cryoablation but only 
infiltrated tumors after treatment with lenva + sint, suggesting that 
this process involves EC regulation. Indeed, following lenva treatment, 
there were increased numbers of PCV ECs expressing high levels of 
molecules related to lymphocyte adhesion and migration, as well as a 
variety of genes implicated in IFN-regulated inflammation and antigen 
processing. Therefore, our findings suggest that lenva transitioned 
ECs into inflamed PCV ECs, thereby boosting intratumoral lymphocyte 
influx. In addition to ECs, accumulating evidence is clear that CAFs 
subdue antitumor T cell immunity and interfere with immunotherapy35. 
Cholangiocarcinoma is characterized by a strong desmoplastic stroma 
surrounding cancer cells42. In this study, we found that the increased 
numbers of CD8+PD1hi Teffs after cryoablation were restricted to the 
stroma surrounding the tumor cell nest but did not penetrate the nest, 
showing enhanced interaction with myCAFs. However, after lenva + sint 
treatment, large numbers of CD8+ Teffs infiltrated the tumor cell nest, 
further enhancing their interaction with the tumor cells. This antitumor 
effect suggested that targeting the tumor stroma, especially CAFs and 
their associated functions, may yield therapeutics that enhance the 
response to immunotherapy in ICC.

This trial has several limitations. First, the small sample size and the 
single-arm study design necessitate confirmation of the preliminary 
antitumor activity results in prospective, randomized controlled trials. 
Second, objective response was not assessed by independent central 
review, which might have led to an overestimation of the antitumor 
activity results. Third, GemCis plus ICI is a recently proven first-line 
treatment for advanced BTC. Whether the CASTLE regimen is effective 
in participants who have progressed after GemCis plus ICI therapy 
requires further verification. Therefore, a new randomized controlled 
trial that evaluated the efficacy of cryoablation combined with lenva 
plus anti-PD1 compared to FOLFOX in participants with advanced ICC 
who have progressed after GemCis+ICI is now ongoing (NCT06860477).

In conclusion, the CASTLE-01 trial suggests that cryoablation fol-
lowed by lenva + sint represents a promising approach for the treatment 
of advanced or metastatic ICC. These findings also support the notion 
that cryoablation-induced local antitumor immunity elicits a systemic 
antitumor response at distant sites (abscopal effect) when combined 
with lenva and an ICI.

Methods
Study design and participants
CASTLE-01 was an open-label, single-arm, phase 2 trial that followed 
the Consolidated Standards of Reporting Trials (CONSORT) reporting 
guidelines43. The trial was performed in accordance with the principles 
of Good Clinical Practice and the Declaration of Helsinki. The study pro-
tocol and amendments were approved by the ethics committee of the 
Fudan University Shanghai Cancer Center (approval no. 1905201-11). 

All participants provided written, informed consent for participation 
and publication of potentially identifying clinical information before 
enrollment (ClinicalTrials.gov NCT05010668, preregistered at August 
11, 2021). From the enrollment of the first participant on August 24, 
2021, to the enrollment of the last participant on May 12, 2023, a total 
of 28 participants were enrolled. Eligible participants were 18 years 
or older with histologically confirmed ICC before enrollment. Other 
eligibility criteria included the following: ECOG performance status 
score 0–2, disease that was not amenable to potentially curative liver 
transplantation or resection, progression of disease on at least one 
line of chemotherapy, including GemCis, adequate organ and marrow 
function and no history of chronic autoimmunity or inflammatory 
bowel disease. All enrolled participants had to have at least two distinct 
lesions, with one intrahepatic lesion amenable to cryoablation and the 
remaining lesion(s), either intrahepatic or extrahepatic, designated as 
the target lesion(s) for response assessment in accordance with the 
RECIST version 1.1 using spiral computed tomography (CT) or mag-
netic resonance imaging (MRI). The cryoablated lesion was excluded 
from response assessment. Figure 1b illustrates the treatment strategy 
and discontinuation profile of the 28 enrolled participants. The study 
protocol is included in the Supplementary Information.

Procedures
All participants received the CASTLE regimen comprising cryoablation, 
sint and lenva. Cryoablation was conducted on day 0. Administra-
tion of lenva at 8 mg per day (body weight < 60 kg) or 12 mg per day 
(body weight ≥ 60 kg) plus sint at 200 mg every 3 weeks was initiated 
at 2 weeks after cryoablation and continued for 24 months from the 
first dose of lenva + sint or until the development of progressive disease 
confirmed by RECIST version 1.1 or treatment intolerance, whichever 
occurred first. All participants underwent partial cryoablation. The 
selection of the lesion subjected to cryoablation was based on technical 
factors, including access and proximity to major vessels and adjacent 
hollow viscera. All cryoablations were performed using the Co-Ablation 
System from Hygea Medical Technology. On the basis of the size and 
location of the tumor, cryoprobes were percutaneously inserted into 
the center of the tumor mass under ultrasound guidance. After the 
position of the probe was confirmed, the temperature at the tip of 
the probe was lowered to −196 °C. Tumors were frozen for 25 min and 
thawed to 80 °C for 5 min. Two freeze–thaw cycles were routinely used.

Endpoints
The primary endpoint was the investigator-assessed ORR, which was 
based on RECIST version 1.1. The cryoablation-treated lesion was 
not included in the treatment response evaluation and was desig-
nated as a nontarget lesion. The secondary endpoints were safety, 
investigator-assessed DCR, DOR, PFS and OS. ORR was defined in 
accordance with RECIST version 1.1 as the proportion of participants 
who achieved a confirmed best overall response of CR or PR. DCR was 
defined as the proportion of participants who achieved CR, PR or SD. 
DOR was defined as the time from the first recorded CR or PR to disease 
progression or death for participants with CR or PR. PFS was defined 
as the time from enrollment to the first recorded imaging of disease 
progression or death from any cause, whichever occurred first. OS was 
defined as the time from enrollment to recorded death from any cause. 
TTR was observed as an exploratory endpoint in participants with post 
hoc response, defined as the time from enrollment to the first recorded, 
investigator-assessed CR or PR for confirmed participants. We also 
conducted exploratory analyses to examine the potential association 
of treatment response with a variety of immunologic parameters.

Clinical assessments
Radiological evaluation was performed using CT or MRI at baseline 
and at 6-week intervals following the initial administration of lenva 
+ sint. Tumor responses determined using RECIST version 1.1 criteria 
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were specified by investigators in the study protocol and reported 
with an exact 95% CI. CR or PR was considered to be confirmed only if 
the criteria for each were met at a subsequent time point (4–6 weeks 
later). All AEs and serious AEs occurring within 30 days of the last dose 
were reported in accordance with the National Cancer Institute Com-
mon Terminology Criteria for AEs version 5.0. The safety population 
was defined as all participants who received at least one dose of sint 
and/or lenva.

Sample collection and single-cell dissociation
All sample collection followed standard clinical practices. Site-matched 
liver tumor biopsies from the same cryoablation-untreated lesion were 
obtained at three time points: baseline biopsy, 2 weeks after cryoabla-
tion and after the first two doses of lenva + sint. Tumor biopsies were 
always collected from the same prespecified lesion to limit sampling 
bias. Tumor lesions were punctured by 16-gauge needles twice or thrice 
at each sampling time. Tissue samples were processed within 2 h for 
single-cell sequencing. Alternatively, samples were snap-frozen or 
paraffin-embedded. PBMCs were isolated with Lymphoprep (Stem-
Cell Technologies), cryopreserved and thawed before processing. 
For single-cell dissociation, tissue biopsies were minced and digested 
with 300 U per ml collagenase II and 100 U per ml collagenase IV (Wor-
thington) for 30 min at 37 °C with shaking. Tissue was filtered through 
a 70-µm strainer, centrifuged and treated with red blood cell lysis 
buffer (Miltenyi Biotec). After PBS wash, pellets were filtered through 
a 35-μm strainer.

scRNA-seq and scTCR-seq library preparation and sequencing
Single-cell transcriptomes and TCR V(D)J libraries were generated 
using the Chromium Next-GEM single-cell 5’ kit v2 and the Chromium 
single-cell human TCR amplification kit (10x Genomics). Briefly, cells 
were concentrated to approximately 1,000 cells per μl and loaded into 
each channel to generate single-cell gel beads in emulsion (GEMs). 
After reverse transcription and cell barcoding, GEMs were broken and 
complementary DNA (cDNA) was isolated, purified and amplified by 
PCR. The amplified barcoded cDNAs were then used to generate 5′ 
transcriptome libraries and TCR V(D)J libraries. All single-cell tran-
scriptomes and TCR V(D)J libraries were sequenced using Illumina 
NovaSeq 6000 platform.

scRNA-seq data processing and clustering
scRNA-seq data were processed using CellRanger (version 6.0.1) for 
GRCh38 alignment, barcode and unique molecular identifier (UMI) 
processing and gene–cell matrix generation. Quality control was 
performed by filtering out cells with UMI or gene counts outside the 
1st–95th percentiles, as well as those with high mitochondrial (>15%), 
ribosomal (>30%) or hemoglobin (>5%) gene expression. Potential 
doublets were identified and removed using scDblFinder. We then 
used Seurat (version 4.3.0) to process the UMI count matrix and inte-
grated all cells on the basis of sample identifier by Harmony (version 
1.0)44. To define the major clusters, we split the cells according to their 
commonly used markers (CD4 for CD4 T cells, CD8A for CD8 T cells, 
SLC4A10 for mucosal-associated invariant T cells, KLRC1 for natural 
killer cells, CD79A for B and plasma cells, VWF for ECs, COL1A1 for mes-
enchymal cells, KRT19 for EPs, APOC3 for hepatocytes and S100A9 and 
CD68 for myeloid cells) (Extended Data Fig. 2). For the major immune 
clusters (CD8+ T cells, CD4+ T cells and myeloid cells), participant data 
were excluded from paired subpopulation proportion calculations if a 
sample had fewer than 30 cells. Similarly, for the major mesenchymal 
clusters (ECs and fibroblasts), a cutoff of fewer than 20 was used.

Identification of marker genes and generation of signatures
Marker gene identification and signature generation were performed 
using Seurat’s ‘FindAllMarkers’ function to characterize cellular popu-
lations. Signatures for EP1, PCV, stalk and tip were derived from top 

differentially expressed genes (ranked by average log2 fold change; 
Supplementary Table 7), while others were obtained from previous 
studies (Supplementary Table 8) or MsigDB (version 7.5.1). For PFS and 
OS negative signature generation, genes in the bulk RNA-seq meta-
cohort were assessed for linear association with PFS or OS using Cox 
proportional hazards models. Those with HR > 1 and P < 0.05 were 
incorporated into negative PFS or OS signatures. Signature scores were 
calculated with Seurat’s AddModuleScore in scRNA-seq and ssGSEA 
from GSVA (version 1.40.1) in bulk RNA-seq.

Cell differentiation trajectory inference
To infer the differentiation trajectory of cell clusters, we used both 
the R-based Monocle (version 2.20.0)45 and the Python-based ScVelo 
(version 0.2.2)46. For Monocle, we calculated the pseudotime of each 
cell using the ‘DDRTree’ method. To predict the cell differentiation 
direction, loom files were first generated from their BAM files using 
Velocyto (version 0.17.17)47. ScVelo was then applied for further 
pseudotime estimation.

Copy-number variation (CNV) analysis of malignant cells
Copy-number instability was assessed with the R-based inferCNV 
(version 1.10.1), which is designed to infer CNV of scRNA-seq data. An 
adjacent normal liver sample was set as the reference normal sample.

Cell-to-cell communication of scRNA-seq data
The analysis of intercellular interactions among cell clusters was effi-
ciently carried out using CellChat (version 1.1.3)48, which was designed 
to infer biologically meaningful cell-to-cell communication patterns 
derived from scRNA-seq data. We also applied NicheNet (version 
1.1.1)49 to identify potential receptor–ligand pairs and their regula-
tory potential on the basis of the expression of genes of interest within 
the target clusters.

scTCR-seq data analysis
CellRanger (version 6.0.1; 10x Genomics) was applied to align TCR-seq 
reads to GRCh38 and assemble TCR sequences. Clonotypes were 
defined on the basis of unique CDR3α/β nucleotide sequences from 
high-confidence cells with valid barcodes and unambiguous chain 
assignments. Persistent clones in T4 meant clones preexisting in T4 at 
baseline and being persistent after both cryoablation and lenva + sint 
treatment (Fig. 3j,k). Novel clones in T4 were defined as intratumoral 
clones only emerged after lenva + sint treatment but absent both at 
baseline and after cryoablation (Fig. 3l–q). We also applied the STAR-
TRAC algorithm (version 0.1.0)50 to calculate the clonal expansion and 
transition score.

IMC section preparation
We collected 15 paraffin-embedded and formalin-fixed (FFPE) samples 
from five participants at three time points. Each tissue sample was veri-
fied by pathological examinations and subjected to H&E staining to 
select the ROIs by a pathological expert. In total, we chose 88 ROIs to be 
scanned by IMC. FFPE sections (4 µm) were baked at 68 °C for 1 h, cooled 
naturally and washed twice with PBS-TB (PBS with 0.5% Tween-20 
and 1% BSA; Sigma-Aldrich). After blocking with SuperBlock (Thermo 
Fisher Scientific), sections were washed and incubated overnight at 
4 °C with a metal-labeled antibody cocktail. The final antibody panel 
is detailed in Supplementary Table 9. After overnight incubation, sec-
tions were washed thrice with PBS-TB. Nuclei were labeled with 1.25 µM 
Intercalator-Ir (Fluidigm) in PBS-TB for 30 min at room temperature, 
followed by two PBS-TB washes and one double-distilled H2O wash.

IMC image preprocessing and downstream analysis
Multiplexed images were acquired using an IMC instrument (Fluidigm, 
Hyperion). The IMC analysis pipeline included spillover compensa-
tion, image denoising, contrast enhancement and cell segmentation. 
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Segmentation was performed using regionprops (Matlab) to iden-
tify connected components. Single-cell masks were generated with 
CellProfiler (version 4.2.8). Marker expression was range-normalized 
to the 99th percentile per channel and batch-corrected with Har-
mony. Processed data were used for cell annotation and downstream 
analyses. To identify pairwise cellular interactions, we performed a 
permutation-test-based analysis of spatial single-cell interactions 
among all cell types within each ROI using the ‘test_interactions’ 
method in imcRtools (version 1.0.2).

Bulk RNA-seq
RNA was extracted from biopsy tissues using the AllPrep DNA/RNA 
mini kit (Qiagen). Libraries from 46 qualified samples were con-
structed and sequenced on a NovaSeq 6000 (Illumina). We applied 
FASTQ51 to examine the quality of the raw sequencing reads and 
HISAT2 (ref. 52) to map reads to GRCh38. Read counts were calcu-
lated using HTseq53.

Whole-exome sequencing (WES)
DNA was extracted from 25 qualified matched pairs of biopsy tissues 
and peripheral blood samples using the AllPrep DNA/RNA mini kit 
(Qiagen) for library construction. WES was performed on an Illumina 
NovaSeq 6000. WES data were preprocessed according to GATK best 
practices workflow and aligned to GRCh38. Somatic variants were 
called by Mutect2, Varscan2 and TNscope and annotated using Ensembl 
variant effect predictor. Somatic mutations were confirmed if identi-
fied by at least two of the three variant callers. CNV was calculated 
using CNVkit. TMB > 10 was classified as TMB-high54. Microsatel-
lite instability (MSI) status was determined with a cutoff value of 3.5  
(ref. 55) by MSIsensor.

Bulk TCR-seq data processing and analysis
We performed bulk TCR-seq on frozen PBMC samples from 13 partici-
pants at three time points. Total RNA was extracted using the AIIPrep 
DNA/RNA mini kit (Qiagen). Reverse transcription was performed to 
acquire the first-strand cDNA, which was then amplified and purified 
for library construction. The final libraries were evaluated using Qubit 
4 Fluorometers (Thermo Fisher Scientific), and 2× 150-bp paired-end 
sequencing was conducted using the NovaSeq 6000 (Illumina). 
Sequences were processed and analyzed using the MiXCR method 
(version 4.3.2).

Pathology assessment
Histopathological lymphocyte infiltration was assessed on H&E-stained 
sections by pathologists blinded to clinical data. Intratumoral lym-
phocytes were quantified as the percentage of tumor epithelial nests 
containing infiltrating mononuclear cells56,57. Stromal lymphocytes 
were defined as the percentage of stromal area with lymphocytic infil-
tration. TLSs were identified as organized lymphoid aggregates with 
germinal centers58.

Animal experiments
All the animals in this study was applied with C57BL/6 mice (female, 
6–8 weeks of age), which were housed in a specific-pathogen-free 
facility at Shanghai Yishang Biotechnology. All animal breeding and 
experiments were conducted in accordance with institutional guide-
lines and were approved by the Institutional Animal Care and Use Com-
mittee guidelines (IACUC-2024-Mi-090). Animals were removed from 
the study and killed if any signs of pain and distress were detected or 
if the tumor volume reached 2,000 mm3. The maximal tumor size was 
not exceeded in all reported studies.

KRAS/p53 murine ICC models were established through hydrody-
namic tail-vein injection of plasmids at a 10:1 transposon-to-transposase 
ratio (25 μg of pT3-EF1a-KRASG12D and 25 μg of PX330-CRISPR/Cas9 
sgRNA-p53), in a volume equivalent to 10% body weight injected  

within 6–8 s. The KPT cell line was derived in vitro from this model 
and was gifted from Q. Gao (Zhongshan Hospital, Fudan University).

For ectopic implantation of murine ICC model, 1 × 106 KPT cells 
suspended in 200 μl of PBS were injected subcutaneously into the 
both flanks of C57BL/6 mice. When performing the cryoablation on 
day 7, an ablation probe (17 gauge, Hygea Medical Technology) was 
inserted into the center of tumor. The tumor was macroscopically 
frozen at −50 ± 10 °C for 120 s, while leaving healthy tissue intact. Then, 
the tumor was thawed using ethyl alcohol at 70 °C for 120 s. Anti-PD1 
and lenva treatment started at the day after cryoablation. These 
mice received intraperitoneal injection of anti-mouse PD1 antibody  
(BioXCell, BE0146; 10 mg kg−1) every 3 days, oral administration of 
lenva (Selleck, S1164, 3 mg kg−1) every day, a combination of both or 
their respective isotype controls (BioXCell, BP0089; Selleck, S6703). 
The uncryoablated lesions were assessed and measured. At the end of 
the treatment period, tumors were isolated for further experiments.

Flow cytometry
For flow cytometry, ectopic ICC tumor tissues were collected and 
processed into single-cell suspensions. Cells were first stained with a 
viability dye (BioLegend, 423105) to exclude dead cells. After washing, 
Fc receptors were blocked using anti-CD16/32 antibody (BioLegend, 
101302), followed by specific antibody staining on ice for 30 min. The 
stained cells were analyzed on a BD LSRFortessa X-20 flow cytometer 
(BD Pharmingen) and data were processed using FlowJo software (ver-
sion 10.8.1). The antibodies used for this flow cytometry are listed in 
Supplementary Table 9.

Immunofluorescence staining
Multiplex immunofluorescence staining was performed on 3-μm-thick 
FFPE tissue sections. After deparaffinization, heat-induced antigen 
retrieval was conducted using Tris–EDTA buffer (pH 9.0). Sections were 
blocked and then incubated overnight at 4 °C with primary antibodies. 
Following PBS-T (0.5%) washes, sections were incubated with appropri-
ate species-matched secondary antibodies conjugated to fluorescent 
dyes. The primary antibodies were listed in Supplementary Table 9. 
Whole-slide imaging was performed at ×40 magnification using the 
Vectra Polaris automated quantitative pathology imaging system, with 
subsequent image analysis conducted using HALO image platform 
(Indica Labs) and ImageJ software (National Institutes of Health).

Statistics and reproducibility
Sample size was calculated using a binomial exact single-stage phase 2 
design. Considering that the ORR of the standard second-line treatment 
regimen FOLFOX is 5% and the phase 2 study of lenva plus pembroli-
zumab reported an ORR of 10%, the null hypothesis was that an ORR 
rate of 10% cryoablation followed by lenva + sint would not be worthy 
of further evaluation in this population. The alternative hypothesis was 
that an ORR rate of 30% for the combination of cryoablation followed 
by lenva + sint would be promising, with 25 participants providing >80% 
power to detect this increase in ORR at a two-sided 5% significance 
level. The proportions and 95% CIs for ORR were calculated using 
the Clopper–Pearson method. The Kaplan–Meier method was used 
to summarize DOR, TTR, PFS and OS. Median values of PFS, OS, TTR 
and 95% CI were calculated using the Brookmeyer–Crowley method. 
Descriptive safety analyses are presented in a tabular format with the 
appropriate summary statistics. Efficacy endpoints were analyzed in 
the intention-to-treat population; safety analyses were conducted in 
participants who received at least one dose of sint and/or lenva. When 
performing correlation analysis on the basis of single-cell data, if two 
variables exhibited a linear relationship, normal distribution and homo-
scedasticity, the Pearson correlation test was used. If not, the Spearman 
correlation test was applied instead. Flow cytometry experiments and 
pathology assessment were conducted in a blinded fashion, whereas 
other experiments were not, as the experiments were conducted and 
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analyzed by the same researchers. Mouse tumor experiments were 
randomized such that the groups had no differences in mean body 
weight at the start of the experiment. No data were excluded from the 
analyses. Data distribution was assumed to be normal but this was not 
formally tested. All statistical analyses were conducted using R software 
version 4.3.0 and GraphPad Prism version 8.4.0.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The study protocol is available in the Supplementary Information 
file. Deidentified individual participant data reported in the paper 
will be shared under data use agreements upon reasonable request. 
The sequencing data generated in this study (scRNA, scTCR-seq, WES, 
bulk RNA-seq and bulk TCR-seq data) were deposited into the Genome 
Sequence Archive (GSA) in the National Genomics Data Center, China 
National Center for Bioinformation/Beijing Institute of Genomics, 
Chinese Academy of Sciences (https://ngdc.cncb.ac.cn/gsa/), under 
project accession numbers PRJCA025263, PRJCA025324, PRJCA025505 
and PRJCA025506. All sequencing data generated in this study are 
available under the terms of a Data Use Agreement that addresses 
the privacy and security requirements for safeguarding the data and 
may only be used for research purposes. Response to access requests 
is typically expected within 2 weeks and data will remain available to 
approved requesters for 1 month. For detailed instructions on how 
to request access, please refer to the GSA’s guidelines. Previously 
published bulk RNA-seq data of IMbrave150 and GO30140 cohorts 
(EGAC00001002314) are available upon request through the European 
Genome–Phenome Archive. The remaining data are available within the 
article and its Supplementary Information or from the corresponding 
author on request. Source data are provided with this paper.

Code availability
No new algorithms were developed for this study. All code generated 
for analysis is publicly available from Github (https://github.com/ 
SJ-GU/CASTLE-01).
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Extended Data Fig. 1 | Representative images for each patient. Representative images of 25 patients at baseline and at their best response.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Cellular overview of tumors before and after treatment. 
a, Uniform manifold approximation and projection (UMAP) embedding of 
267,018 cells in 45 scRNA-seq samples, colored and labeled by cell type (upper 
panel). Pie plot showing percentage of ten major clusters stratified by three time 
points (lower panel). b, UMAP embedding of scRNA-seq data colored and labeled 
by treatment time (upper panel) and Patient ID (lower panel). c, d, Expression of 
marker genes for each major cell type identified in scRNA-seq data using UMAP 
embedding (c) and dot plot (d). In dot plot, dot size represents the percentage  
of cells in which the gene is detected. Color indicates the mean expression.  
e, Bar plot displaying the prevalence and proportion of the major subgroups of 
45 scRNA-seq samples, stratified by three time points. f, Box plot of scRNA-seq 
data showing the dynamic changes in all cells(left), in CD45− non-immune cells 
(middle) and in CD45+ immune cells (right) of paired samples stratified by  
three time points: pre-treatment (pre), post-cryoablation (post), and post 

levatinib-sintilimab (lenva+sint). Data analyzed by the two-sided paired Wilcoxon 
test. g, Representative images of all markers from 88 IMC ROIs of 5 patients. Scale 
bar, 100μm. h, Markers in the IMC antibody panel. i, Celltype annotation based 
on IMC markers. UMAP embedding of 89,924 cells, colored and labeled by major 
celltypes (left) and heatmap of average marker expression for cell phenotypes on 
population level (right). j, Box plot showing the dynamic changes of celltypes in 
all cells stratified by three time points (pre n=32, cryo n=27, lenva+sint n=29)  
in all cells in IMC data obtained from 5 patients. Data analyzed by the unpaired 
two-sided Wilcoxon test. k, Representative images showing the distribution of 
CD8+ T cells in epithelial areas and stromal cells among three time points from  
88 IMC ROIs of 5 patients. Scale bar, 100μm. For a-f, data was obtained from  
45 scRNA-seq samples at three time points (each time point, n =15). For f, j, center 
line indicates the median value, bottom and top hinges represent the 25th and 
75th percentiles, respectively and whiskers denote 1.5 × interquartile range.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Detailed characterization of CD8+ and CD4+ T cell 
subclusters. a, Heatmap showing expression of cluster-defining gene modules 
by CD8+ T cells at single cell level in the scRNA-seq data. b, Sub-clustering of 
CD8+ T cells, colored and labeled by subclusters (left) and corresponding 
Tumor-reactive T cell signature score of each subcluster (right). c, RNA velocities 
overlaid on the UMAP of CD8+PD-1hi T cells in the scRNA-seq data. The arrow 
represents a spatial trajectory. Dots are colored by CD8+PD-1hi T cell subclusters. 
d, Pseudotime-ordered analysis of T1 and T4 clusters inferred by Monocle2 in 
the scRNA-seq data. Dots are colored by Pseudotime (left) and celltype (right). 
e, Scatterplots showing exhaustion score (left) and progenitor score (right) of 
T1 and T4 along Pseudotime. f, Box plot of scRNA-seq data showing the dynamic 
proportional changes of CD8+PD-1low T-cell subtypes in CD8+ T cells of paired 
samples stratified by three time points; each time point, n=12. g, Heatmap 
showing CD8+ T celltype annotation based on average expression of cluster-
defining gene expression at the population level in IMC data obtained from  
5 patients. h, Box plot of IMC data showing the dynamic proportional changes  
of CD8+PD-1hi Teff in CD8+ T cells of paired samples stratified by three time  
points; each time point, n=5. i, Box plot illustrating frequencies of clonal (left) 
and singlet (right) clones of CD8+PD1hiTeff stratified by three time points  
(each timepoint n=9) in scTCR data. j, Heatmap showing expression of cluster-
defining gene modules by CD4+ T cells at single cell level (upper panel) and 
standardized average expression of each subcluster at the population level 
(lower panel) in the scRNA-seq data. k, Sub-clustering of CD4+ T cells, colored and 
labeled by subclusters (left) and corresponding Tumor-reactive T cell signature 

score of each subcluster (right). l, Box plot showing the dynamic proportional 
changes of CD4+ T cell subtypes of paired samples at three time points; each 
time point n=13 in the scRNA-seq data. m, Scatterplots showing significant 
correlations in the scRNA-seq data between CD4+CXCL13+Tfh proportion in CD4+ 
T cells with percentage of CD8+PD-1hi Teff in CD8+ T cells(left); percentage of B 
cells in all cells(middle); and percentage of Plasma in all cells(right). Analyzed by 
two-sided Spearman correlation test, the shaded area indicates the 95% CI of the 
fit. n, Representative H&E-stained images depicting intratumoral and stromal 
lymphocytes from P02 (left), who achieved partial response (PR); and P03 (right), 
who achieved complete response (CR), at three distinct time points. Scale bar, 
100μm. o, p, Boxplots showing the dynamic changes in intratumoral (o) and 
stromal (p) lymphocyte densities identified in H&E-stained images at three time 
points; pre n=21, cryo n=16, lenva+sint n=11. q, Representative image of a tertiary 
lymphoid structure (TLS)-like formation observed in P02 following lenva+sint. 
Scale bar, 100μm. r, Box plot displaying the Cabrita’s signature score in bulk RNA-
seq samples among three time points; pre n=22, cryo n=13, lenva+sint n=11. For  
a-e, j, k, m, data was obtained from 45 scRNA-seq samples at three time points 
(each time point, n =15). For b, f, h, i, k, l, o, p, r, center line indicates the 
median value, bottom and top hinges represent the 25th and 75th percentiles, 
respectively and whiskers denote 1.5 × interquartile range. For f, h, i, l, paired  
two-sided Wilcoxon test was applied. For o, p, r, unpaired two-sided Wilcoxon 
test was applied. For n, q, representative images from 48 H&E-stained images  
of 20 patients.
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Extended Data Fig. 4 | Features of malignant cell clusters, especially EP1 
during treatment process. a, Heatmap showing standardized average 
expression values of cluster-defining genes in epithelial (EP) cell clusters in the 
scRNA-seq data on population level. b, Copy number variation (CNV) profile 
using InferCNV based on single-cell EP cells. c, Heatmap displaying dynamic 
changes of typical genes of immune-related modules in all EP cells in the scRNA-
seq data on population level at three time points. d,e, Volcano plots showing 
the DEGs in all EP cells, including (d) post-cryoablation versus pre-treatment 
and (e) post lenva+sint versus pre-treatment(each time point n =15). The x axis 
and y axis values were calculated by the Seurat method. All points indicate 
significantly upregulated genes (P<0.05). Immune-related DEGs are labeled.  
f, Box plot of IMC data showing the dynamic proportional changes of HLAI+EPs 
in all EP cells of paired samples stratified by three time points; each time point 
n=5; paired two-sided Wilcoxon test. g, Sub-clustering of EP cells in the scRNA-
seq data, colored and labeled by patients. h, Box plot of scRNA-seq data showing 
the dynamic changes in EP subtypes of paired samples stratified by three time 
points. i, j, Violin plot showing the quantification of PFS negative signature 
scores (left) and OS negative signature scores (right) in EP cells among various 
EP subgroups. Analyzed by One-way ANOVA test. k, RNA velocities overlaid 
on the UMAP of EP cells in the scRNA-seq data. The arrow represents a spatial 
trajectory. Dots are colored by EP subclusters. l, m, Volcano plots showing 
the DEGs in EP1 in the scRNA-seq data, including (l) post-cryoablation versus 
pre-treatment and (m) post lenva+sint versus pre-treatment(each time point, 

n =15). The x axis and y axis values were calculated by the Seurat method. All 
points indicate significantly upregulated genes (P<0.05). Immune-related DEGs 
are labeled. n, GSEA enrichment for gene sets in EP1 cells after cryoablation 
comparing with before treatment (each time point, n =15). P values were 
determined by one-tailed permutation test by GSEA. o, Violin plots showing 
the signature scores of signatures (KEGG antigen processing and presenting, 
Hallmark IFNγ response and IFNα response) of EP1 cells at three time points. 
Two-sided Wilcoxon test. p, q, Correlations of EP1 signature score with Hallmark 
pathway scores (p) and immune components scores (q) in 22 bulk RNA-seq 
samples at baseline. PCC, Pearson correlation coefficient. *p < 0.05, **p < 0.01, 
***p < 0.001. r, Heatmap showing abundance of pathways and TME components 
in 12 post-cryoablation bulk RNA-seq samples stratified by median baseline 
EP1 signature scores into high- and low-EP1 signature groups. *Significantly 
differentially expressed pathways (two-sided t-test, *p<0.05). s,t, Scatterplots 
showing significant correlations in the scRNA-seq data between EP1 cellular 
proportion in all cells with percentage of CD8+PD-1hi Teff in CD8+ T cells (s) 
and percentage of CD4+CXCL13+Tfh in CD4+ T cells (t). Two-sided Spearman 
correlation test, the shaded area indicates the 95% CI of the fit. For a-c, g-k o,  
s, t, data was obtained from 45 scRNA-seq samples at three time points  
(each time point, n =15). For f, h, i, j, o, center line indicates the median value, 
bottom and top hinges represent the 25th and 75th percentiles, respectively and 
whiskers denote 1.5 × interquartile range.
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Extended Data Fig. 5 | Features of dendritic cell clusters across treatment 
process. a, Sub-clustering of myeloid cells colored and labeled by subclusters.  
b, UMAP embeddings showing the expression of selected marker genes in 
myeloid cells. c,d, Box plot showing the dynamic proportional changes in 
myeloid cell subtypes (c) and DC subtypes (d) of paired samples stratified by 
three time points. e, Dot plots showing the expression level of selected genes 
in dendritic cell (DC) subclusters of scRNA-seq data. Dot size represents the 
percentage of cells in which the gene is detected. Color indicates the mean 
expression. f,g,i, Heatmap showing scaled mean activities of selected modules 
in DC subgroups (f), among three time points in all DCs (g) and among three time 
points in DC1 and DC2 (i) at population level. h, Violin plots showing scores of 
DC-related signatures in all DCs at three time points. j,k, Dot plots showing the 
expression levels of selected genes in DC1 and DC2 (j), and DC3 (k) of scRNA-seq 
data at the three time points. Dot size indicates the percentage of cells in which 
the gene was detected. Color indicates the mean expression. l, Receptor–ligand 
pairs of DC subclusters with CD8+PD-1hi Teffs inferred by scRNA-seq data with 
significant differences between the three time points. The larger dot size 
indicates a significant P value. Colors illustrate the communication probability 
of the indicated pathways. m, Ligand-receptor pair expression analysis between 
DC subgroups and CD8+ T cell subgroups of scRNA-seq data, with heatmap 
showing average gene expression on population level. n, Heatmap showing 

myeloid celltype annotation based on average cluster-defining gene expression 
at population level in IMC data from 5 patients. o, Box plot of IMC data showing 
the dynamic proportional changes of IDO1+ HLA-DR+APCs in myeloid cells of 
paired samples stratified by three time points; each time point, n=5. p, Volcano 
plots showing the DEGs in neutrophils post-cryoablation versus pre-treatment 
of scRNA-seq data (each time point, n =15). The x axis and y axis values were 
calculated by the Seurat method. Green points indicate upregulated genes 
pre-treatment, and blue points indicate upregulated genes post-cryoablation. 
Representative significant DEGs of interest are labeled. q, Comparative gene 
set enrichment analysis of pre-treatment and post cryoablation gene sets in 
the neutrophils of scRNA-seq (each time point, n =15). P values determined by 
two-sided Fisher exact test. r, Representative multiplex immunofluorescence 
(mIF) images showing the distributions of CD15+MPO+NE+ neutrophils patient 
P03 at the three time points. Scale bars: 100 µm. s, Quantitative analysis of mIF 
data revealing the dynamic changes in CD15+MPO+NE+ neutrophils stratified by 
the three time points; each time point n=6. For a-m, data was obtained from 45 
scRNA-seq samples at three time points (each time point, n =15). For c, d, h, o, s, 
center line indicates the median value, bottom and top hinges represent the 25th 
and 75th percentiles, respectively and whiskers denote 1.5 × interquartile range; 
For c, d, o, s, paired two-sided Wilcoxon test was applied. For h, p, unpaired two-
sided Wilcoxon test was applied.
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Extended Data Fig. 6 | Features of endothelial cell clusters during treatment 
process. a, Sub-clustering of endothelial cells (ECs) of scRNA-seq data, colored 
and labeled by subclusters. b, RNA velocities overlaid on the UMAP of EC 
subtypes of scRNA-seq data. The arrow represents a spatial trajectory. Dots are 
colored by EC subclusters. c, GSEA enrichment for gene sets in PCV cells(left), 
stalk cells(middle), tip cells(right) compared with other EC cells respectively of 
scRNA-seq data. NES, normalized enrichment score. P values were determined 
by one-tailed permutation test by GSEA. d,e, Dynamic changes in transcriptional 
characteristics of all ECs of scRNA-seq data at the three time points, as illustrated 
by a dot plot showing the expression levels of selected genes (d) and a heatmap 
showing scaled mean activities of selected modules at population level (e).  
Dot size represents the percentage of cells in which the gene was detected.  
Color indicates the mean expression. f,g, Volcano plots showing the DEGs in stalk 
and tip cells (f) and PCV cells (g) of scRNA-seq data, including post lenva+sint 
versus pre-treatment (upper panel) and post lenva+sint versus post-cryoablation 
(lower panel) (each time point, n =15). The x axis and y axis values were 
calculated by the Seurat method, two-sided unpaired Wilcoxon test was applied. 
Green points indicate upregulated genes pre-treatment, blue points indicate 
upregulated genes post-cryoablation and red points indicate upregulated  
genes post lenva+sint. Representative significant DEGs of interest are labeled.  
h, Scatterplots showing significant correlations between CD4+CXCL13+Tfh  

proportion in CD4+T cells with percentage of tip cells (upper panel), stalk cells 
(middle panel) and PCV cells (lower panel) in all ECs of scRNA-seq data. Two-sided 
Spearman correlation test, the shaded area indicates the 95% CI of the fit. i, Flow 
chart of biospecimen inclusions for the exploration of TVNS in discovery cohort  
(left) and external clinical validation (upper-right). j, Kaplan–Meier survival 
curves for PFS and OS, grouped by high and low TVNSs of pre-treatment(left, 
n=22) and post-cryoablation (right, n=13) bulk RNA-seq samples from the 
CASTLE-01 discovery cohort, analyzed by the log-rank test. k, Kaplan–Meier 
survival curves for PFS and OS, grouped by high and low TVNSs of pre-treatment 
(left, n=253) and post atezolizumab+bevacizumab (right, n=8) bulk RNA-seq 
samples from the IMbrave 150 and GO30140 validation cohort, analyzed by the 
log-rank test. l, Heatmap showing EC celltype annotation based on cluster-
defining average gene expression in IMC data obtained from 5 patients at 
population level. m, Box plot of IMC data showing the dynamic proportional 
changes of PCV, Stalk-Tip clusters in ECs of paired samples stratified by three time 
points; each time point, n=5; center line indicates the median value, bottom and 
top hinges represent the 25th and 75th percentiles, respectively and whiskers 
denote 1.5 × interquartile range; two-sided paired Wilcoxon test. n, Stromal 
area and tumor area division based on H&E staining in P03 ROIs from 5 patients 
included in IMC analysis. For a-e, h, data was obtained from 45 scRNA-seq 
samples at three time points (each time point, n =15).
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Extended Data Fig. 7 | Description of cancer associated fibroblast subclusters 
across treatment process. a, Sub-clustering of mesenchymal cell clusters  
of scRNA-seq data colored and labeled by subclusters. b, RNA velocities  
overlaid on the UMAP of mesenchymal subtypes of scRNA-seq data. The arrow 
represents a spatial trajectory. Dots are colored by mesenchymal cell subclusters. 
c,d, Dynamic changes in transcriptional characteristics of all CAF cells of scRNA-
seq at the three time points, as illustrated by a dot plot showing the expression 
levels of selected genes (c) and a heatmap showing scaled average activities 
selected modules at population level (d). Dot size indicates the percentage of 
cells in which the gene was detected. Color indicates the mean expression. 
 e, g, Volcano plots showing the DEGs in CAF1(e) and CAF3(g) of scRNA-seq data, 
including post lenva+sint versus pre-treatment (upper panel) and post lenva+sint 
versus post-cryoablation (lower panel)(each time point, n =15). The x axis and y 
axis values were calculated by the Seurat method, two-sided unpaired Wilcoxon 
test was applied. Green points indicate upregulated genes pre-treatment, blue 
points indicate upregulated genes post-cryoablation and red points indicate 
upregulated genes post lenva+sint. Representative significant DEGs of interest 
are labeled. f, Receptor–ligand pairs that differ significantly between three time 
points based on CAF1 with CD8+PD-1hi Tex and CD8+PD-1hi Teff of scRNA-seq data. 
Dot size implies p value, colored based on the communication probability of 
pathways. h, Scatterplots showing significant correlations in scRNA-seq data 
between the percentage of CAF3 in mesenchymal cells with CD8+PD-1hi Teff 

proportion in CD8+ T cells (upper panel), CD4+CXCL13+Tfh proportion in CD4+  
T cells (middle panel) and costimulatory score in CD8+PD-1hi T cells (lower panel). 
Two sided spearman correlation test. i, j, Dynamic changes in transcriptional 
characteristics of CAF2 cells of scRNA-seq data at the three time points, as 
illustrated by a dot plot showing the expression levels of selected genes (i) and a 
heatmap showing scaled average activities selected modules at population level 
(j). Dot size indicates the percentage of cells in which the gene was detected. 
Color indicates the mean expression. k, Scatterplots showing significant 
correlations of scRNA-seq data between the percentage of CAF2 in mesenchymal 
cells with CD8+PD-1hi Teff proportion in CD8+ T cells (left), CD4+CXCL13+Tfh 
proportion in CD4+ T cells (middle) and effector score in CD8+PD-1hi T cells 
(right). Two sided spearman correlation test. l, Heatmap showing mesenchymal 
celltype annotation based on cluster-defining average gene expression at 
population level in IMC data obtained from 5 patients. m, Stromal area and tumor 
area division based on H&E staining in P02 ROIs from 5 patients included in IMC 
analysis. n, Box plot of IMC data showing the dynamic proportional changes of 
three CAF clusters in mesenchymal cells of paired samples stratified by three 
time points; each time point, n=5; center line indicates the median value, bottom 
and top hinges represent the 25th and 75th percentiles, respectively and whiskers 
denote 1.5 × interquartile range; two-sided paired Wilcoxon test. For a-d, f, h-k, 
data was obtained from 45 scRNA-seq samples at three time points (each time 
point, n =15). For h, k, the shaded area indicates the 95% CI of the fit.
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