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Immune checkpoint inhibitor (ICI) resistance in hepatocellular carcinoma
(HCC) poses a major therapeutic challenge. Here we present a Phase 2 trial
evaluating stereotactic body radiotherapy (SBRT) combined with sintilimab
and bevacizumab biosimilar (PD-1/VEGF blockade) to overcome resistance in
ICI-refractory HCC. Twenty-one patients with progressive HCC after ICI ther-
apy receive SBRT followed by sintilimab 200 mg and bevacizumab biosimilar
15 mg/kg every 3 weeks. The primary outcome, objective response rate in non-
irradiated lesions is 33.3%, with a disease control rate of 66.7%. Median
progression-free survival is 6.2 months, and estimated median overall survival
is 24.4 months. SBRT achieves 100% local control, with 33.3% experiencing
grade 3 or higher adverse events. Proteomic profiling reveals that responders
exhibit lower baseline IFN-y and elevated IL-6, while post-SBRT increases in
IFN-y, IL-2, and IL-6 correlate with improved outcomes. These results indicate
that combination of SBRT in ICl-refractory HCC is effective, well-tolerated, and
may be guided by cytokine assessment.

Hepatocellular carcinoma (HCC) accounts for 90% of all primary
liver cancers; it ranks as the third leading cause of cancer-related
death globally’, with an estimated 5-year survival rate of less than 4%
for advanced-stage patients®’. Immune checkpoint inhibitors (ICs),
particularly anti-PD-1/PD-L1 agents, have revolutionised systemic
therapy, enabling durable responses in a subset of patients®. However,
monotherapy yields limited objective response rates (ORRs) of 13-20%
(e.g., durvalumab* and tislelizumab®). Consequently, combination

strategies integrating ICIs with antiangiogenic agents (anti-VEGF
agents, e.g., bevacizumab), tyrosine kinase inhibitors (TKIs), or anti-
CTLA-4 antibodies have emerged as first-line standards. Landmark
phase 3 trials, including IMbravel50 (atezolizumab plus bevacizumab;
ORR 27.3%°), ORIENT-32 (sintilimab plus bevacizumab biosimilar;
ORR 21.0%’), CARES-310 (camrelizumab plus rivoceranib; ORR 26.8%°),
HIMALAYA (tremelimumab plus durvalumab; ORR 20.1%%), and
CheckMate-9DW (nivolumab plus ipilimumab; ORR 36%’), have
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demonstrated significantly improved outcomes over sorafenib or
lenvatinib.

Despite these advances, at least 60% of patients receive no benefit
from combination immunotherapy (I0), and the inevitable immu-
noresistance remains a formidable constraint to implementing ICIs*%,
These patients then become candidates for next-line treatment.
Treatment options after progression on front-line ICI regimens remain
poorly defined, as most approved second-line agents (e.g., regor-
afenib) have been validated in sorafenib-pretreated populations'.
Currently, the choice for late-line therapy after front- or second-line ICI
treatment is primarily empirical, with the shift between ICIs and anti-
angiogenic agents largely dependent on drug safety, patient comor-
bidities, physician and patient preferences, and local reimbursement
policies.

Currently, data are available from several retrospective studies
exploring the feasibility and efficacy of rechallenging with ICIs in the
context of prior exposure’™. However, the protocols have mainly
focused on the use of different ICI combinations and the replacement of
previously unused ICl-based regimens. The main rationale is that inhi-
biting non-cross-resistance might promote antitumour responses in
patients who did not respond to previous ICI therapy" . These types of
regimens are reported to have tolerable toxicity, with ORRs ranging from
16-30% and disease control rates (DCRs) ranging from 40%-55%"". The
therapeutic effectiveness of a simply substituted immunotherapy cate-
gory remains unsatisfactory, yet prospective data are scarce.

In addition to systemic therapy, locoregional therapies, such as
radioembolization and radiotherapy, have been explored and are
promising, with favourable results”’. Radiotherapy has rapidly
become a crucial component of multidisciplinary treatment for liver
cancer due to advances in technology, resulting in the transition to
stereotactic body radiotherapy (SBRT)Y. SBRT allows high doses of
radiation to be applied to the targeted tumour area in a limited number
of fractions with less damage to the surrounding healthy tissues.
Recent prospective and retrospective studies have reported that SBRT
can achieve high rates of local tumour control at 2 years, ranging from
68-95%"%, and is an effective local treatment for inoperable early-,
intermediate-, and advanced-stage HCCs'. However, many patients
experience out-of-field progression, highlighting the need for con-
current systemic disease control®.

Accumulating evidence has demonstrated that radiotherapy
rewires the tumour microenvironment (TME) to enhance immu-
notherapeutic sensitivity through dual mechanisms: stimulating
tumour cells to upregulate immune-recognition molecules that
potentiate cancer cell detection and antitumour immune
activation” %" while concurrently inducing pro-inflammatory cytokines
and chemokines that recruit effector immune cells into the TME***%,
Consequently, SBRT is being actively investigated in combination with
systemic agents, particularly ICIs, for the treatment of metastatic
lesions across multiple malignancies, including HCC*. Antiangiogenic
therapies such as VEGF inhibitors further augment this approach by
demonstrating radiosensitizing properties in tumours such as glioma*®
and potentiating radiation-induced abscopal effects when combined
with ICIs in HCC®. Nevertheless, whether SBRT-mediated tumoral or
circulating immune microenvironment in reprogramming can resen-
sitise patients with immunotherapy-refractory HCC to subsequent ICI
regimens remains an unanswered clinical question.

Herein, we report the results of the ReUNION-1 study, a phase 2
trial of sintilimab (IBI308) and a bevacizumab biosimilar (IBI305)
combined with SBRT after failure of anti-PD-1 treatment in patients
with unresectable HCC. In light of the need to identify potential bio-
markers and clarify the basis of the tumour response, we analysed
serial blood samples obtained before treatment and at time points
during treatment and identified many SBRT-induced and efficacy-
correlated cytokines. This study will provide evidence for the efficacy
of combining SBRT with ICI in patients with ICI-refractory HCC.

Results

Patient characteristics

The trial schema is summarised in Fig. 1A and Supplementary Fig. S1A.
Between March 2022 and April 2024, a total of 25 patients were
screened for eligibility. Among them, one patient had no target lesion
other than the proposed radiotherapy lesion; two patients underwent
gastroscopy, suggesting untreated or incompletely treated oesopha-
geal or gastric varices with bleeding or a high risk of bleeding; and one
patient declined enrolment for personal reasons. Ultimately, 21
patients were enroled (Fig. 1B). The baseline demographics of the
patients are summarised in Supplementary Dataset 1 and Supple-
mentary Dataset 2. All 21 patients were included in the intention-to-
treat (ITT) analysis, with a cut-off date of 31 August 2024 (Fig. 1B). The
median duration of the latest line immunotherapy before enrolment
was 7.4 months (interquartile range [IQR], 5.9-18.4 months). The
median age was 55 years, and 81.0% of the patients were men. Nine
patients had an Eastern Cooperative Oncology Group (ECOG) perfor-
mance status (PS) of 0, and 12 had a PS of 1. All 21 patients had a Child-
Pugh grade of A at baseline. According to the Chinese Society of
Clinical Oncology (CSCO) guidelines, the front-line TKI/PD-1 combi-
nation was selected based on availability and data from contemporary
trials in China, despite differences in international guidelines. Nineteen
patients were treated with at least one line of TKI plus PD-1. Specifi-
cally, 73.7% (14/19) of these patients received a combination of lenva-
tinib and camrelizumab or sintilimab, 21.1% (4/19) received apatinib
and camrelizumab, and 5.3% (1/19) received both regimens. Addition-
ally, one patient received anti-VEGF (bevacizumab) plus anti-PD-L1
(atezolizumab) treatment, and another received anti-CTLA-4 plus anti-
PD-1 treatment. Details of the fractionation regimen for each patient
receiving SBRT treatment (median dose 8 Gy/fraction, range 5-8 Gy in
5 fractions) and the target lesion dose-volume metrics used to assess
efficacy, including the median volume receiving =5 Gy (V5, which was
0%), can be found in the Source data. Chronic HBV infection was the
leading cause of liver disease (n=18, 85.7%). Most patients were
characterised by the following: prior one-line systemic therapy (n=13,
61.9%), high baseline serum AFP levels (n=12, 57.1%), multiple intra-
hepatic lesions (n=18, 85.7%), and extrahepatic metastasis
(n=15, 71.5%).

Treatment efficacy

With a median follow-up of 9.1 months (IQR, 7.6-16.1), 21 (100%) of the
21 patients were evaluable for the best overall response (BOR). A
confirmed partial response (PR) was observed in 7 patients without
complete response (CR), contributing to an ORR of 33.3%. Stable dis-
ease (SD) was observed in 7 patients, with a DCR of 66.7% (Fig. 2A and
Table 1). Notably, reductions in the sizes of irradiated lesions after
treatment compared with those at baseline were observed in 20
(95.2%) of the 21 enrolled patients (Fig. 2B). The local-regional control
(LRC) rate was 100% (21/21, Fig. 2B), indicating excellent local control
of SBRT treatment. Excitingly, lesions outside the irradiation field can
also achieve very effective results (Supplementary Fig. S2A, S2B).
Durable disease control, defined as continuous tumour control lasting
>6 months, was observed in patients with both a PR and SD. One
patient with a PR according to RECIST v1.1 maintained disease control
for more than two years after IBI cessation. Three of the seven patients
who experienced a PR remained alive, with no alternative systemic
therapy required. Seven patients had progressive disease as their best
response.

By the data cut-off date for the final analysis, 18 patients experi-
enced disease progression, the median progression-free survival (PFS)
was 6.2 months (Fig. 2C, D, 95% CI: 3.7-15.1 months), and 2 patients
were still under treatment (Fig. 2C). The 6-month and 12-month PFS
rates were 57.1% (95% Cl, 36.5%-75.5%) and 14.3% (95% Cl, 5.0%-34.6%),
respectively (Fig. 2D). Additionally, eight patients died, and the esti-
mated median overall survival (OS) was 24.4 months (Fig. 2C, D, 95% Cl:
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B [Assessed for eligibility]
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radiotherapy lesion (n = 1)
-Gastroscopy suggesting high risk of bleeding (n = 2)
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{
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—

Analyzed for progression free survival n = 21

Analyzed for overall survival and toxicity n = 21

[ 13 survived at data cutoff ]

8 died

7 died of disease progression
1 died of pneumonia

Fig. 1| Trial protocol. A and profile (B). A total of 21 patients were enroled in the study and included in our analysis. Source data were provided as a Source Data file. ORR,
objective response rate. DCR, disease control rate. PFS, progression-free survival. OS, overall survival. ECOG, Eastern Cooperative Oncology Group.

9.2 months - NA). Kaplan-Meier estimates of the 6-month and 12-month
OS rates were 95.2% (95% Cl 77.3%-99.8%) and 33.3% (95% CI
17.2%-54.6%), respectively. The median duration of response (mDOR)
was 5.70 months (95% Cl, 2.0-12.4). Overall, local responses were
strong and durable (Fig. 2E, F, Supplementary Fig. S2B). Moreover,
neither the location of the metastases nor the response to prior ICI
therapy nor PFS to prior ICI therapy was significantly associated with
treatment response or clinical benefit (Supplementary Fig. S2C, S2D,
Supplementary Table S1), indicating the generalisability of this regi-
men among HCC patients who were refractory to immunotherapy.

Safety
All patients included in the ITT analysis completed radiotherapy and at
least one cycle of sequential treatment with sintilimab plus a

bevacizumab biosimilar. Treatment-related adverse events (TRAESs)
and treatment-emergent AEs (TEAEs) are listed in Table 2 and Sup-
plementary Table S2, respectively. During the therapy period, TRAEs of
any grade occurred in 17 of 21 patients (81.0%; see details in Table 2).
No unexpected adverse events or treatment-related deaths occurred.
Commonly observed TRAEs included decreased lymphocyte count
(n=8, 38.1%), decreased platelet count (n=8, 38.1%), and increased
alanine aminotransferase (n = 8, 38.1%) and aspartate aminotransferase
(n=8, 38.1%). Grade 3 or higher TRAEs (serious TRAEs) occurred in 7
(33.3%) patients, commonly including decreased platelet count (n=2,
9.5%), decreased white blood cell count, neutropenia (n=2, 9.5%),
decreased platelet count (n=2, 9.5%), and gastrointestinal haemor-
rhage (n=2, 9.5%). Discontinuation of therapy occurred in 3 patients
(14.3%) due to serious TRAEs. Two cases (9.5%) of grade 4
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Fig. 2 | Tumour response was assessed by the investigator per RECIST v1.1.
Maximal change in tumour size from baseline in target (A) non-irradiated lesion(s)
and (B) irradiated lesion(s) (n =21, patients with baseline and at least one post-
treatment radiographic evaluation). Pentagrams denoted patients with PD based
on new lesion(s) or progression of non-target lesion(s). Each bar represents an
individual patient’s response, with colours indicating the response group. C Event-
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of the SBRT treatment. D Kaplan-Meier curves of (upper) progression-free survival
(PFS) and (lower) overall survival (OS) in patients (n =21). Change of individual
tumour burden regarding the non-irradiated lesion(s) (E) and irradiated lesion(s)
(F) over time from baseline. BOR, best overall response. PR, partial response. CR,
complete response. SD, stable disease. PD, progressive disease. Source data were
provided as a Source Data file.
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Table 1| Disease Responses in the Intention-to-Treat
Population

Outcome Irradiated Tumours Overall Tumours
Best overall response, no. (%, 95%Cl)
2(9.5,1.69-28.91)

14 (66.7, 45.37-82.81)
5 (23.8, 10.63-45.09)
0 (0, 0-15.46)

16 (76.2, 54.91-89.37)

21 (100, 84.54-10.00)

Complete response 0 (0, 0-15.46)

7 (33.3,17.20-54.63)
7 (33.3,17.20-54.63)
7(33.3,17.20-54.63)
7 (33.3,17.20-54.63)

14 (66.7, 45.37-82.80)

Partial response

Stable disease

Progressive disease

Objective response rate

Disease control rate

Table 2 | Treatment-related adverse events in all participants

Event Any Grade Num- Grade 3 Grade 4
ber (%)
Any treatment-related 17 (81.0) 5(23.8) 2(9.5)
adverse event
Lead to treatment 3(14.3) 1(4.8) 2(9.5)
discontinuation
Increased alanine 8(38.1) 1(4.8) 0(0)
aminotransferase
Increased aspartate 8 (38.1) 1(4.8) 0 (0)
aminotransferase
Decreased platelet count 8(38.1) 2(9.5) 0(0)
Decreased lymphocyte count 8(38.1) 2(9.5) 0(0)
Decreased white blood 5(23.8) 2(9.5) 0(0)
cell count
Increased blood bilirubin 5(23.8) 1(4.8) 0 (0)
Abdominal distension 5(23.8) 0(0) 0(0)
Nausea 4 (19.0) 1(4.8) 0 (0)
Hypertension 4 (19.0) 0(0) 0(0)
Decreased neutrophil count 3(14.3) 0 (0) 0(0)
Hypoalbuminemia 3(14.3) 1(4.8) 0(0)
Abdominal pain 3(14.3) 0 (0) 0 (0)
Hypothyroidism 3(14.3) 0 (0) 0(0)
Proteinuria 2(9.5) 1(4.8) 0 (0)
Hyponatremia 2(9.5) 0 (0) 0 (0)
Rash 2(9.5) 0 (0) 0(0)
Gastrointestinal haemorrhage 2(9.5) 0 (0) 2(9.5)
Anaphylaxis 1(4.8) 1(4.8) 0 (0)
Jaundice 1(4.8) 1(4.8) 0(0)
Ascites 1(4.8) 1(4.8) 0 (0)
Hypokalaemia 1(4.8) 0 (0) 0(0)
Anaemia 1(4.8) 0 (0) 0 (0)
Diarrheal 1(4.8) 0 (0) 0 (0)

gastrointestinal haemorrhage were observed (Patient 4 after 12 cycles;
Patient 5 after 10 cycles of sintilimab and bevacizumab biosimilar).
Both patients stabilised after endoscopic haemostasis. One participant
(4.8%) with grade 3 anaphylaxis was documented (Patient 11 during
cycle 2 of sintilimab and bevacizumab biosimilar). The patient gradu-
ally recovered after treatment with corticosteroids, and sintilimab was
permanently discontinued. One patient (4.8%) withdrew from the trial
due to personal preference.

Biomarkers for treatment response and outcomes
Serial Olink proteomics assays for Immuno-Oncology in plasma (see
details in Supplementary Dataset 3 and Supplementary Dataset 4), in

parallel with flow cytometry analysis for immune lineages in PBMCs,
were performed to compare responders and non-responders to
identify possible biomarkers that could predict efficacy. A total of 52
samples were obtained and tested at the time points indicated in
Supplementary Fig. S1. All samples passed quality control and were
included in the analysis (Supplementary Fig. S3A).

At the T1 time point, responders (Rs, defined as patients with PR)
exhibited significantly lower enrichment of IFN-y (p=0.025) and
serum globulin (GLB, p = 0.047) and higher levels of CXCL1 (p = 0.036),
TNF-a (p=0.048), and IL-6 (p=0.002) than non-responders (NRs,
defined as patients with SD and PD; Fig. 3A, D, Supplementary Fig. S3B-
C and S3G). Additionally, responders had a significantly higher per-
centage of CD4" T cells (p=0.019), white blood cell (WBC) count
(p=0.038), albumin-to-globulin ratios (A/G, p = 0.025), and neutrophil
count (p=0.046) than non-responders  (Supplementary
Fig. S3D and S3G). When the duration of response was considered, IFN-
y expression (p=0.014) and AFP levels (p=0.007) were lower in
patients with clinical benefit response (CBR, patients with SD longer
than 6 months and patients with PR) than in nonclinical benefit (NCB)
patients (patients with SD less than 6 months and patients with pro-
gression disease [PD]), whereas VEGFA (p = 0.033), TWEAK (p = 0.026),
CD4 (p=0.049), IL-6 (p=0.043), and TNF-a (p =0.0031) levels were
higher (Fig. 3B, D, Supplementary Fig. S3B and S3H). Additional bio-
markers or characteristics, including age, sex, ECOG score, China liver
cancer (CNLC) staging, enrichment of immune lineages, and serum
AFP levels, were analysed for correlation with clinical efficacy (Sup-
plementary Fig. S31). Unsurprisingly, the levels of the classical tumour
biomarker AFP were consistently lower in patients with CBR and long
PFS at baseline.

Intriguingly, levels of plasma IFN-y were also decreased in patients
with longer PFS than in those with shorter PFS (p = 0.0058, Fig. 3C, D).
Survival analysis also showed that patients with a higher level of IFN-y
had poorer PFS and estimated OS (Fig. 3F). The median estimated OS
was 24.4 months in the low-IFN-y group and 9.3 months in the high-
IFN-y group (hazard ratio [HR], 4.12; 95% Cl, 1.36-12.46; p = 0.009). The
median PFS was 7.8 months in the low-IFN-y group and 3.7 months in
the high-IFN-y group (HR, 3.19; 95% Cl, 1.5-6.78; p = 0.025). Moreover,
the existence of extrahepatic metastases (EHS) was correlated with
shorter PFS (HR, 5.62; 95% CI: 1.23-25.62) but was not significantly
correlated with a lower ORR (EHS vs. non-EHS: 26.7% vs. 50%,
p=0.354), and AFP <400 pg/L was correlated with better PFS (HR,
0.09; 95% CI: 0.02-0.41) (Fig. 3E, F, Supplementary Fig. S3] and S3L).

We further investigated the dynamics of plasma proteins in
patients at the time of BOR and disease progression. The results
demonstrated a downward trend in the expression of PDCD1 (p = 0.02)
and VEGFA (p=0.0003), as well as in the ratio of CD4" T cells to CD8*
T cells (Th/Ts, p=0.002). In contrast, an increase in the abundance of
CD8" T cells (p=0.006) and the ratio of terminal effector T cells
(defined as CD45RA'CCR7 CD8" T cells) to CD8" T cells (p = 0.031) was
observed when the patients achieved BOR (Fig. 3I), irrespective of
response. Impressively, when the disease progressed, the expression
levels of arginase 1 (ARGI1) and placental growth factor (PGF) and the
neutrophil-lymphocyte ratio (NLR) significantly increased compared
with those at baseline, whereas the levels of the T-cell activation
marker OX-40 and the T-cell chemotactic factor CX3CL1 significantly
decreased (Fig. 3)).

Dynamics of cytokines and immune cells in the circulation
during SBRT

Subsequently, we enumerated the differences in the levels of circu-
lating immune cells and immuno-oncology-related proteins before
and after SBRT (Fig. 4). A significant SBRT-induced increase in IL15, IL6,
and CD70 and a decline of VEGFA, B cells, and total lymphocytes were
detected. After SBRT, the median frequency of B cell and lymphocyte
counts in unirradiated PBMCs decreased from 12.01% (IQR
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8.92-15.72%) to 7.46% (IQR 4.35-11.11%) (p = 0.0017) and from 1.26 (IQR
0.96-1.75) G/L to 0.73 (IQR 0.46-1.14) G/L (p = 0.016), respectively, and
the circulating abundance of VEGFA decreased from 9.68 (IQR
9.26-9.94) to 9.28 (IQR 9.04-9.59) (p =0.0057). In contrast, the con-
centrations of circulating IL6 (3.756 versus 3.278, p=0.0442), CD70
(4.090 versus 3.872, p=0.0088), and IL15 (4.413 versus 4.030,
p=0.0091) and two other specific inflammatory markers, the NLR

(3.644 versus 2.090, p=0.0043) and the PLR (202.7 versus 111.2,
p=0.0058), were significantly elevated after SBRT (Fig. 4A, C, Sup-
plementary Fig. S4A).

While our findings indicated that radiotherapy-induced pertur-
bations in plasma cytokine profiles and immune cell subsets were
associated with therapeutic response and PFS, only variations dis-
playing consistent statistical significance across subgroup analyses
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Fig. 3 | Biomarkers for treatment response and outcomes. Volcano plots illus-
trating the baseline expression of differentially expressed proteins from Olink
analysis between the (A) Rs and NRs, (B) CBR and NCB groups, and (C) patients with
long- and short-PFS. D The NPX values of IFN-y for pre-treatment samples between
the R (n=5) and NR (n=12) groups, CBR (n=9) and NCB (n = 8) groups, and
patients with long- (n=7) and short- (n =10) PFS. E The univariate logistic regres-
sion analysis of each baseline variable with PFS with a two-sided Wald test; hazard
ratios (HR) and 95% confidence intervals (ClI) were shown. F Kaplan-Meier curves
for PFS and OS by baseline IFN-y level (High, n=9; Low, n=8; log-rank test).

G Correlation heatmap between protein markers and immune cell subsets. Distance
measurement was performed using Euclidean distance. P values were computed
using a two-sided t distribution approximation under the null hypothesis of no
association. H Volcano plots illustrating the levels of differentially expressed pro-
teins from Olink analysis and different clinical parameters tested by the central

laboratory between different timepoints and baseline. I Longitudinal changes in
circulating biomarkers from T1 to T3 for PDCD1 and VEGFA (n =13), Th/Ts, CD8*
T-cell percentage, and TNF-a (n =17 for T1, n =15 for T3), and Terminal effector
CD8* T/Ts (n=8).J Longitudinal changes from T1 to T4 for ARG1, PGF, TNFRSF4,
CX3CL1 and VEGFA (n=8), TNF-a (n=17 for T1, n=10 for T4), lymphocyte count
and NLR (n =21 for T1, n=18 for T4). R, responders. ALB, albumin. AST, aspartate
aminotransferase. A/G, ratio of serum albumin to globulin. Th/Ts, counts of CD4"
T cells/counts of CD8" T cells. Terminal effector CD8'T/Ts, ratio of
CD45RA*CCR7CDS8'T cells to total CD8" T cells. Statistical significance was defined
as p<0.05. P values in volcano plots, box plots were derived from the two-sided
Wilcoxon signed-rank test, uncorrected. Box plots indicated the interquartile
range, with horizontal lines indicating the median and whiskers extending to the
maxima and minima. Source data were provided as a Supplementary Datasets.

were deemed to hold substantive relevance to clinical efficacy (Fig. 4A,
C). Specifically, SBRT triggered a more prominent augmentation in
plasma concentrations of IFN-y, IL-6, and IL-17A in the CBR group and
long-term survival patients (Fig. 4D, E, G) than in the NCB group and
patients with short PFS. Additionally, a higher expression of IL-2 in
post-SBRT plasma was associated with a better response to the ICI-
combined treatment (Fig. 4D, F, G). Moreover, a more pronounced
decrease in circulating MMP12 in pre-SBRT and post-SBRT blood
samples was associated with improved PFS and clinical benefit (Fig. 4D,
E, G). Taken together, inflammation signalling, such as via IFN-y, IL-6,
and IL-2, might be particularly essential in mediating SBRT-triggered
immune responses.

Other biomarkers and subgroup analysis

Additional biomarkers or characteristics, including age, sex, ECOG
score, prior lines of treatment, expression of PD-L1, infiltration by CD8"
T and CD4" T cells at diagnosis, existence of liver metastasis, and serum
PIVKA-II levels, were analysed for correlation with clinical efficacy
(Figure S4B, S4C, Supplementary Table S1, and Supplementary Data-
set 1), and no significant differences were observed.

Discussion

Hepatocellular carcinoma exhibits marked tumour heterogeneity and
typically progresses after first-line therapies. Current guidelines
recommend several second-line regimens based on phase 3 trials,
most of which target resistance to sorafenib or lenvatinib mono-
therapy. Therefore, a critical evidence gap remains regarding the
management of advanced HCC that is refractory to ICI-based combi-
nations, representing a pivotal unmet need in contemporary HCC
research.

Our literature review revealed that few studies have systematically
evaluated radiotherapy-ICI combinations in ICl-refractory or recurrent
HCC. Recent investigations focusing predominantly on alternative ICIs
combined with TKIs (NCT04985136, rivoceranib +camrelizumab;
NCT04696055, regorafenib + pembrolizumab), other targeted thera-
pies (NCT05178043, anti-ALK-1+ nivolumab; NCT03695250, Indolea-
mine-2,3-dioxygenase (IDO) inhibitor + nivolumab), or TACE
combined with regorafenib plus cadonilimab (ChiCTR2400085759)
are still ongoing.

Beyond systemic therapies, locoregional interventions remain a
cornerstone of HCC management. Globally, an estimated 50-60% of
HCC patients receive such interventions during their disease course.
For those who develop locoregional progression after systemic ther-
apy, the integration of localised treatments (e.g., SBRT, TACE, or
radiofrequency ablation) with ongoing or subsequent systemic regi-
mens may be an alternative strategy to immediate transition to later-
line agents**. Our phase 2 trial introduces the evidence for SBRT
combined with anti-VEGF/PD-1 in anti-PD-1-resistant HCC, yielding
three key findings. First, the triplet regimen demonstrated feasibility,
with no grade 4-5 radiotherapy-related AEs and grade >3 TRAEs in

33.3% of patients—a safety profile comparable to or superior to that of
PD-(L)1 inhibitor-SBRT combinations'”***. Second, despite limitations
in cross-trial comparisons, this regimen demonstrated promising
efficacy with an ORR of 33.3% and a DCR of 66.7%, exceeding the
5.9%-11.1% ORR observed for regorafenib plus pembrolizumab in ICI-
resistant hepatocellular carcinoma within a prospective trial**. Median
progression-free survival (6.2 months) and the estimated overall sur-
vival (24.4 months) further support its clinical efficacy. Moreover, the
combination conferred consistent benefit in second- or later-line set-
tings for patients with either primary or secondary ICI resistance.
Third, SBRT-engaged systemic therapy elicited durable clinical benefit,
with three patients sustaining disease control post-treatment—a phe-
nomenon possibly linked to radiation plus ICl-induced immunogenic
modulation. Mechanistically, SBRT may enhance tumour antigen
exposure and reinvigorate exhausted T-cell populations, synergising
with VEGF blockade to normalise immunosuppressive microenviron-
ments. These observations position the SBRT-anti-VEGF/PD1 combi-
nation as a well-tolerated, biologically rational strategy for treating
anti-PD-1-refractory HCC®".

Although the precise mechanisms underlying innate or acquired
resistance to ICls have not yet been fully elucidated, several hypoth-
eses have emerged based on their known mechanisms of action and
preclinical evidence®. These encompass deficient neoantigen proces-
sing and recognition®®, suboptimal priming/activation of tumour-
specific T cells***°, impaired trafficking of effector T cells to tumour
sites”, and the presence of T-cell inhibitory molecules or immuno-
suppressive cells within the TME*. Our findings align with preclinical
evidence demonstrating radiotherapy’s ability to overcome immune
exclusion through enhanced antigen presentation and systemic
immunomodulation®**, Radiation preserves native tumour antigen
architecture while inducing polyclonal T-cell repertoire diversification
and neoantigen release—a dual mechanism enabling abscopal
responses®**. The current study demonstrated that when combined
with ICl-based systemic therapy, SBRT achieves a 100% local control
rate for irradiated lesions. Notably, the ORR of non-irradiated lesions
exceeded both the second-line ORR (7.4%) reported for regorafenib
plus pembrolizumab in ICI-resistant populations® and the historically
observed probability of abscopal effects (<30%)*, clinically support-
ing a synergistic interaction between radiotherapy and
immunotherapy.

Most clinically validated biomarkers require analysis of tumour
tissue samples (e.g., MSI-H colorectal cancer, which is a biomarker of
immunotherapy responsiveness*). A major translational challenge in
HCC biomarker development is the scarcity of tumour tissue, as most
diagnoses rely on non-invasive criteria*®, especially in patients after
heavy treatment. To address this, we implemented longitudinal liquid
biomarker profiling via Olink proteomics assay and flow cytometric
immune monitoring. We identified remarkable circulating shifts in
numerous inflammatory markers after SBRT, as well as markers related
to treatment efficacy. Dynamic cytokine changes post-SBRT,
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particularly increased levels of IFN-y, IL-2, and IL-6, correlated with
prolonged PFS and better responses to combination therapy, indicat-
ing a pivotal role of radiotherapy in augmenting acute inflammation
and T-cell-mediated immune responses and offering a practical alter-
native to tissue-based biomarkers.

As a central regulator of antitumour immunity, IFN-y mediates
T-cell infiltration, MHC/PD-L1 upregulation, and immunosuppressive

microenvironment remodelling"’. While preclinical models implicate
radiotherapy-induced IFN-y surges in systemic tumour control*®*’,
clinical validation in human cohorts remains limited. Our study bridges
this gap by showing that baseline suppression of plasma IFN-y was
significantly associated with improved clinical outcomes in heavily
pretreated HCC patients, including increased ORRs, improved disease
control, and prolonged PFS. Paradoxically, elevated baseline TNF-a, a
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Fig. 4 | Dynamics of cytokines and immune cells in the circulation during SBRT.
Level of (A) differentially expressed proteins from Olink analysis and (B) immune
subsets and cytokines tested by the central laboratory before and after SBRT.

C Levels of indicated biomarkers before and after SBRT: IL-15, MUC16, IL-6, VEGFA,
CD27, and CD70 (n =15 paired samples); lymphocyte count (n =20); B-cell pro-
portion in PBMC (n=14). Volcano plots of SBRT-induced changes (A = pre-post)
between (D) CBR and NCB groups, (E) long- and short-PFS, and (F) Rs and NRs
groups; left: Olink proteins, right: immune subsets/cytokines. G For biomarkers
showing consistent and significant divergence in volcano plots, violin plots were
compared for their levels across patient subgroups before and after SBRT. Data
were presented for IFN-y, IL-2, and IL-6 (R group, n =5 paired samples. NR group,

n=5.CBRgroup, n=8.NCB group, n="7. LPFS group, n = 6. SPFS group, n=9), the
IL-17 (R group, n=3. NR group, n=10. CBR group, n=7. NCB group, n= 6. LPFS
group, n=6. SPFS group, n=7). Statistical significance was defined as p <0.05. P
values in volcano plots, box plots, and violin plots were derived from the two-sided
Wilcoxon signed-rank test, uncorrected. Box plots indicated the interquartile
range, with horizontal lines indicating the median and whiskers extending to the
maxima and minima. For violin plots, the white box represented the interquartile
range, the horizontal line inside the box denoted the median, and the whiskers
extended to the minimum and maximum values. Source data were provided as a
Supplementary Datasets.

cytokine typically linked to tumour progression*, has emerged as a
positive predictor of therapeutic response, with a post-treatment
slump correlating with sustained clinical benefit. We postulated that
the patients enrolled in this study had an immunosuppressive micro-
environment resilient to ICI therapy, which may have evinced impair-
ment or exhaustion of IFN-y as well as the accumulation of TNF-¢; thus,
it is reasonable that the therapy abated TNF-a, and patients who had
lower IFN-y at baseline, as well as those whose IFNs can be provoked by
SBRT, are more likely to experience abscopal effects and have a better
prognosis after subsequent IBI treatment. These findings suggest that
baseline IFN-y exhaustion and TNF-a enrichment may characterise ICI-
resistant HCC, where SBRT-mediated cytokine resetting might restore
therapeutic susceptibility.

IL-2 dynamics further corroborated the immunostimulatory role
of radiation, with post-SBRT elevation in responders and the CBR
group aligning with its established function in T-cell activation*’. Our
datarevealed that SBRT-induced IL-2 increases were more pronounced
in treatment-responsive patients, reinforcing the premise that SBRT
augments immunotherapeutic antitumour effects via T-cell activation.
Interestingly, our findings concerning IL-6 conflict with those of pre-
vious reports, indicating that inhibiting IL-6 improves the prognosis of
patients with HCC treated with radiotherapy and teslizumab plus
anlotinib®. In our study, patients with elevated baseline IL-6 or post-
radiation increases demonstrated superior survival, which is con-
sistent with the null survival benefit of the TRIPLE-R trial from IL-6R
blockade® and the preclinical evidence of IL-6 dependency in
radiotherapy-immunotherapy synergy in patients with cervical®* and
pancreatic® cancer. These divergent observations underscore the dual
and heterogeneous nature of IL-6-dependent immunoregulation,
necessitating disease-specific biomarker frameworks®. Taken toge-
ther, our exploration of plasma biomarkers indicated a potential
mechanism by which radiotherapy combined with immunotherapy
could increase the abscopal response rate and confer a probable
benefit.

While non-invasive biomarkers like the widely applicable CRAFTY
score® and inflammatory markers such as the neutrophil-to-
lymphocyte ratio (NLR)*® and platelet-to-lymphocyte ratio (PLR)*"*®
have been reported to predict immunotherapy responses in
treatment-naive HCC patients, our study failed to validate these find-
ings in heavily pretreated patients. Intriguingly, the NLR and PLR
spiked after SBRT, yet this pattern did not differ among the subgroups
with distinct responses. These results indicated that predictive mar-
kers for efficacy are distinguishable between ICl-resistant and
untreated populations, and the incorporation of SBRT may alter the
predictive efficacy of the established biomarkers for immunotherapy.

Our findings should be interpreted in the context of several lim-
itations. The single-arm phase 2 design with a cohort of 21 patients,
while statistically predefined, limits subgroup analyses and general-
izability. Critically, the absence of paired tumour biopsies prevents
direct investigation of SBRT-induced immune remodelling within the
tumour microenvironment. Furthermore, the regional preference for
TKI/PD-1 combinations over atezolizumab/bevacizumab in the first-
line setting may affect the applicability of our results to other

healthcare systems. These gaps highlight the need for future rando-
mized trials and translational studies with sequential tissue sampling
to confirm and build upon our findings.

Nevertheless, the inclusion of high-risk patients—those with pri-
mary ICl resistance, multisite metastases, and extreme AFP elevation—
enhances real-world applicability. These populations are generally
more debilitated than those in most clinical studies, making the
demonstration of safety and efficacy in this setting particularly
meaningful. Anti-PD-1 refractory hepatocellular carcinoma still repre-
sents an area of unmet need, as treatment options are restricted to
registered clinical trials or salvage options, such as anti-PD-1/PD-L1/
CTLA4 antibodies, antiangiogenic drugs, or both combined. There-
fore, the therapeutic options presented in this study retain consider-
able potential for populations that lack effective alternatives.

Although the primary endpoint (ORR =40%) was not achieved,
the 33.3% response rate substantially exceeds historical controls for
anti-PD-1-refractory HCC, signalling potential clinical utility that war-
rants validation in larger cohorts, especially given the limited options
available in this setting. Together, these results substantiate the clinical
efficacy of this combined treatment in HCC patients and link its effects
to complex systemic immune responses, the latter requiring further
confirmation. Key questions remain regarding optimal radiotherapy
parameters (dose, target volume), selection and timing of immu-
notherapy, and biomarker-driven patient selection. Mechanistic stu-
dies dissecting radiation-induced inflammatory responses and
antitumour immune reactions are warranted. Collaborative trials
integrating multiomics biomarker platforms will be essential to vali-
date these findings and refine combinatorial strategies.

Methods

Study design and participants

The open-label, single-arm, phase 2 study was conducted in accor-
dance with the Declaration of Helsinki and all patients provided written
informed consent before enrolment. The institutional review boards of
Wuhan Union Hospital approved the study (Ethics number: [2022]
0136-01). The trial was registered with chictr.org.cn
(ChiCTR2200056068) on 31 January 2022, and the published study
protocol’® was provided in the Supplementary Information. Analyses
were conducted as planned in the preregistration. Patients did not
receive financial compensation for participation in the study.

Patients aged 18 years or over with an ECOG performance status of
<1 and clinically or pathologically diagnosed hepatocellular carcinoma
(HCC) that had failed to respond to previous anti-PD-1 immunotherapy
were eligible for enrolment. According to the Response Evaluation
Criteria in Solid Tumour version 1.1 (RECIST v1.1), measurable disease
was required if at least one tumour was amenable to SBRT treatment at
a dose of 25-50 Gy in 5 fractions, and another measurable tumour
lesion was present that did not undergo radiotherapy for efficacy
assessment.

Other inclusion criteria included having an A Child-Pugh grade, a
life expectancy of >3 months, and sufficient bone marrow and organ
function. The exclusion criteria included a history of any other
malignancy, metastases to the central nervous system, previous
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radiotherapy, autoimmune or interstitial lung disease, or serious
comorbidities, such as congestive heart failure or uncontrolled
diabetes.

Procedures

Patients underwent SBRT once daily for five consecutive days, tar-
geting a single tumour lesion. Sintilimab (200 mg, Innovent Biologics,
Suzhou, China) combined with bevacizumab biosimilar (15 mg/kg,
Innovent Biologics, Suzhou, China) was administered intravenously
every 3 weeks, starting 1-2 weeks after completion of SBRT. Treatment
continued until disease progression, the occurrence of intolerable
toxicity, patient withdrawal, death, or for a maximum duration of
24 months. All patients included in the ITT analysis had finished
radiotherapy and at least one cycle of sequential treatment with sin-
tilimab plus a bevacizumab biosimilar. Complete follow-up, including
physical examination, information on adverse events, and radio-
graphic evaluation, was performed every 9 weeks. Key laboratory tests
and flow cytometry analysis of immune lineages in PBMCs were per-
formed in the clinical laboratory of Wuhan Union Hospital.

Outcomes

The primary endpoint was the ORR, defined as the percentage of
patients who had a RECIST vl.1-defined CR or PR; only non-irradiated
(abscopal) lesions were RECIST eligible®®. The secondary endpoints
included DCR, PFS (time from the date of enrolment to the date of
disease progression or death), OS (time from the date of enrolment to
the date of death), and LRC rates. The PFS or OS times of patients who
were still progression-free or alive at the time of the last follow-up were
censored. Responders (Rs) were defined as patients with BOR of PR.
Non-responders (NRs) were defined as patients with BOR of SD or PD.
Clinical benefit responders (CBR) were defined as patients who
achieved a BOR of PR or SD lasting longer than 6 months. Non-clinical
benefit (NCB) was defined as patients with a BOR of PD or SD lasting
less than 6 months. Long progression-free survival (LPFS) and short
progression-free survival (SPFS) were defined as patients with PFS
longer or shorter than the median PFS, respectively. LRC rates were
defined as the proportion of patients without local progression of all
irradiated target lesions from the baseline value according to the
RECIST 1.1 assessment. Outfield lesions were defined as lesions outside
the 500 cGy dosimetric line. The safety assessment spanned from
informed consent through follow-up. Investigators evaluated adverse
event (AE) incidence and severity per the National Cancer Institute
Common Terminology Criteria for Adverse Events (CTCAE) version
5.0. AEs, including TEAEs, TRAEs and serious TRAEs, were monitored
during treatment and up to 30 days after the last dose according to the
study protocol. TRAEs were meticulously evaluated by investigators
through a safety assessment protocol aligned with China NMPA’s
Technical Guideline for Causality Assessment of Adverse Events in
Drug Clinical Trials (2024 edition, https://www.cde.org.cn/main/news/
viewInfoCommon/0a5ae4924881321c07ccel00e99f2a5c). Three core
criteria had to be fulfilled: temporal plausibility (onset/duration pat-
terns matching known toxicity kinetics), biological gradient (dose/
exposure-dependent changes confirmed via pharmacokinetic mon-
itoring), and the exclusion of confounders (active ruling out disease
progression, portal hypertension, and concurrent infections through
serial imaging and laboratory profiling). The specific criteria are pre-
sented in Supplementary Dataset 5.

Plasma immune proteomics

Plasma samples were collected at the indicated time points according
to the timeline described in Supplementary Fig. 1A, 1B. The main time
points include baseline (T1)after SBRT and before IBIs treatment (T2),
at best overall response (T3), and at disease progression (T4). All
samples were tested in a single run in the same batch. Proteins in the
plasma samples were measured using the Olink® Target Immuno-

Oncology Panel (Olink Proteomics, Sweden) according to the manu-
facturer’s instructions, which includes the detection of 92 proteins by
the proximity expansion assay (PEA) with 1 pL of each sample. In brief,
pairs of oligonucleotide-labelled antibody probes bind to their target
proteins. If the two probes come into proximity, their oligonucleotides
hybridise in a pairwise manner.

The introduction of DNA polymerase initiates a proximity-
dependent DNA polymerisation event, generating a unique PCR tar-
get sequence. This sequence is subsequently detected and quantified
using a microfluidic real-time PCR instrument (Biomark HD, Fluidigm).
The resulting Ct data undergo quality control and normalisation
against a set of internal and external controls. The final assay output
is reported as normalised protein expression (NPX) values, which
are arbitrary units on a log2 scale, where higher values indicate greater
protein expression. The four internal controls are designed to
emulate and monitor the distinct stages of the PEA process. These
include two incubation/immuno controls, an extension control, and a
detection control. The internal controls are added to all samples as
well as to the external controls, serving for quality assurance and
data normalisation. The external controls comprise a negative
control, which is utilised for determining the limit of detection (LOD),
and triplicate interplate controls (IPCs), which are used for data
normalisation.

Quality control of the data occurs in two stages. First, the run’s
quality is assessed by calculating the standard deviation for both the
detection control and the incubation/immuno controls. For a run to
pass quality control, this standard deviation must be less than 0.2.
Second, each sample undergoes quality control by comparing its
detection control and one of the incubation control results against the
run median. All assay validation data, including detection limits and
intra- and inter-assay precision data, are available on the manu-
facturer’s website (www.olink.com). The complete dataset for the
Olink analysis has been uploaded as Supplementary Dataset 4.

Immunohistochemical (IHC) analysis of the tumour immune
microenvironment

We analysed 11 FFPE samples from pre-enrolled HCC primary or
metastatic lesions: (a) 9 primary HCCs (8 surgical resections, 1
ultrasound-guided biopsy) and (b) 2 lung metastases (1 metasta-
sectomy, 1 CT-guided biopsy). Tissues were collected at Union Hos-
pital, Tongji Medical College, Huazhong University of Science and
Technology (from 2019-2023; see details in Source data) with histo-
pathological confirmation. IHC analysis was performed on 4-um FFPE
sections using antibodies against CD4 (Clone 4B12, Dako #M7310),
CD8 (Clone C8/144B, Dako #M7103), and PD-L1 (Clone 22C3, Dako
#SK006). Following EDTA-based antigen retrieval (pH 9.0, 95°C,
20 min) and overnight primary antibody incubation at 4 °C, the sec-
tions were stained with EnVision FLEX/HRP (Dako) and DAB, and
haematoxylin was used for counterstaining. The quantitative assess-
ment included the following: 1) CD4*/CD8* T-cell density (cells/mm?2)
counted in five random 400x HPFs spanning intratumoural and inva-
sive margin regions and 2) PD-L1 combined positive score (CPS) = PD-
L1*  cells (tumour/lymphocytes/macrophages)/viable  tumour
cellsx100 (CPS =1=positive, per the FDA 22C3 pharmDx criteria).
Experienced pathologists performed all assessments.

Statistical analysis

This trial adopted Simon’s two-stage optimal design to evaluate the
primary endpoint of ORR. Historical benchmarks defined the null
(o =15%)” and alternative (1r; =40%) response hypotheses. Early ter-
mination criteria stipulated trial discontinuation if <1 response
occurred among the initial 9 evaluable participants (stage I). Progres-
sion to stage Il disease required >2 responses, with final efficacy
declared if >5/19 patients achieved responses (a = 0.05, power=80%).
To account for 10% attrition, 21 patients were enrolled.
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The efficacy-evaluable population comprised participants who
received >1 treatment cycle with post-baseline imaging. The safety
analysis included all patients who were administered >1 dose with
follow-up toxicity assessments. Survival endpoints (PFS/OS) were
analysed via Kaplan-Meier estimates with log-rank tests, whereas
response rates (ORRs/DCRs) were calculated using Clopper-Pearson
exact 95% Cls—Cox proportional hazard models generated HRs for
survival comparisons.

For further analysis, subgroup comparisons between responders
and non-responders were conducted using the exact Wilcoxon rank-
sum test. The relationship between potential biomarkers and the
radiographic response was assessed via Spearman’s rank correlation
coefficient. Additionally, biomarker levels before and after treatment
were compared using the paired Wilcoxon signed-rank test to evaluate
treatment effects. The Wilcoxon rank-sum test was used for intergroup
comparisons. Correlations between biomarkers were quantified via
Spearman’s p, with longitudinal changes assessed using the paired
Wilcoxon signed-rank test. All analyses were conducted bidirectionally
(SPSS Statistics 26; R, version 4.3.1) at p<0.05, with visualisation
implemented in R and GraphPad Prism 9. The following R packages
were employed: stats package for statistical testing; ggplot2 package
for generating box plots, volcano plots and violin plots; swimplot
package for patient-time trajectory plots; linkET package for correla-
tion analysis; forestploter package for univariable forest plots; and the
survminer and survival packages for Kaplan-Meier survival analysis and
visualization. Data analysis of proteomics was conducted using the
Olink NPX Signature Software (version 1.16.0) for quality control (QC)
of Olink data.

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

Data availability

Individual deidentified participant data (including data dictionaries)
that underlie the results reported in this article are available from the
corresponding author at junxue_xh@hust.edu.cn. A response to data
access requests will be provided within 30 days from the date of the
request. Restrictions on the use of controlled data, including data
sharing and publication, will be governed by the terms of the data use
agreements. The data supporting the findings of this study are avail-
able in the accompanying Supplementary Information. Raw data on
plasma immune proteomics are provided in the PRoteomics IDEntifi-
cations (PRIDE) server under the accession code PADO00004. The
study protocol has already been published”. Source data are provided
with this paper.
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