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Statement of translational relevance 

PETAL is the first early-phase clinical trial testing the hypothesis of synergy between 

transarterial chemoembolization (TACE) and sequential PD-1 targeted immunotherapy for liver-

confined hepatocellular carcinoma (HCC). With the growing interest in the use of immune 

checkpoint inhibitors in the early stages for HCC, PETAL confirms the feasibility of the combined 

approach between ICI and locoregional treatments, supporting their ongoing investigation in 

larger, randomised phase III trials.  

Abstract. 

Background. TACE may prime adaptive immunity and enhance immunotherapy efficacy. 

PETAL evaluated safety, preliminary activity of TACE plus pembrolizumab and explored 

mechanisms of efficacy. 

Methods. Patients with liver-confined HCC were planned to receive up to 2 rounds of TACE 

followed by pembrolizumab 200 mg every 21 days commencing 30-days post-TACE until 

disease progression or unacceptable toxicity for up to 1 year. Primary endpoint was safety, 21-

days dose-limiting toxicities (DLT) from pembrolizumab initiation. Secondary endpoints included 

progression-free survival (PFS) and evaluation of tumour and host determinants of response. 

Results. Fifteen patients were included in the safety and efficacy population: 73% had non-viral 

cirrhosis, median age was 72 years. Child-Pugh (CP) class was A in 14 patients. Median tumour 

size was 4 cm. Ten patients (67%) received pembrolizumab after 1 TACE, 5 patients after 2 

(33%). Pembrolizumab yielded no synergistic toxicity nor DLTs post-TACE. Treatment-related 

adverse events occurred in 93% of patients most commonly skin rash (40%), fatigue and 

diarrhoea (27%). After a median follow-up of 38.5 months, objective response rate (ORR) 12 

weeks post-TACE was 53%. PFS rate at 12 weeks was 93% and median PFS was 8.95 months 

(95%CI 7.30-NA). Median duration of response was 7.3 months (95%CI: 6.3-8.3). Median OS 
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was 33.5 months (95%CI: 11.6-NA). Dynamic changes in peripheral T-cell subsets, circulating 

tumour DNA, serum metabolites and in stool bacterial profiles highlight potential mechanisms of 

action of multi-modal therapy. 

Conclusions. TACE plus pembrolizumab was tolerable with no evidence of synergistic toxicity, 

encouraging further clinical development of immunotherapy alongside TACE. 
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Introduction. 

Patients presenting with liver-confined HCC, preserved liver function and good performance 

status cluster into “intermediate stage” or Barcelona Clinic Liver Cancer (BCLC) B stage(1). In 

this patient subgroup, where overall survival (OS) often extends beyond 2 years, guidelines 

recommend trans-arterial chemoembolization (TACE) with the intent of prolonging OS by 

achieving local tumour control and prevent systemic spread of the disease(2). 

The efficacy of TACE relies on the dual ischemic and cytotoxic effect stemming from the 

sequential intra-arterial delivery of cytotoxic chemotherapy followed by direct occlusion of the 

arterial neo-vascular supply to the tumour. Clinically, this translates into radiologically measured 

responses in 35% of patients, which associates with a 14% improvement of patients’ survival at 

2-years(3).  Whilst the therapeutic landscape of advanced HCC has recognized a number of 

advancements, management of BCLC B HCC has marginally shifted since demonstration of 

benefit of TACE over placebo in the early 2000s(4). Whilst combination of TACE with sorafenib 

might counteract tumour progression in selected patients(5), the lack of a convincing OS 

benefit(6, 7) in association with synergistic toxicity seen from combination of certain anti-

angiogenics with TACE(8) calls for the development novel therapeutic combinations to improve 

patient outcomes in this highly heterogeneous stage of HCC. Immune checkpoint inhibitors (ICI) 

targeting the programmed-cell death 1 (PD-1) pathway are effective in a proportion of patients 

with HCC and now constitute a global standard of care for the treatment of 

unresectable/advanced HCC, having been demonstrated non inferior to sorafenib as 

monotherapy in certain trials or superior when administered in association with Vascular 

Endothelial Growth Factor (VEGF) targeting antibodies or with Cytotoxic T-Lymphocyte Antigen-

4 (CTLA-4)(9). 

The demonstrated efficacy of ICI in advanced HCC has placed increasing emphasis on the 
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immune-modulatory role of loco-regional therapies for HCC(10) (11, 12) (13).  Innate and 

adaptive immune activation are key prognostic determinants in patients undergoing loco-

regional therapies including TACE, with chronic modulation of the T-helper-2 lymphocyte 

response(10, 14-16) and regulatory T-cells(17) being associated with clinical outcome after 

successful local treatment.  

The clinical hypothesis underlying this early-phase clinical study is that TACE may act as a loco-

regional inducer of immunogenic cell death, enabling sequential treatment with the anti-PD-1 

antibody pembrolizumab to promote effective immune reconstitution and improve anti-tumour 

control. This study aims to characterize safety, preliminary efficacy of TACE plus 

pembrolizumab and to explore mechanisms of efficacy using multiple validated readouts of host 

immunity. 

Methods. 

Study design and participants. 

PETAL is a prospective, open-label, single arm phase Ib trial of pembrolizumab in combination 

with TACE in patients with liver-confined HCC. The study protocol has been previously 

published(18). This trial was conducted at tertiary referral centres for the care of HCC (Imperial 

College, King’s College and St. George’s Hospital) in London, United Kingdom. Eligible patients 

were aged >18 years, had confirmed radiologic diagnosis of HCC based on the American 

Association for the Study of Liver Diseases (AASLD) criteria(19), were ineligible to liver 

resection, transplantation and naïve to systemic therapy. At screening, patients were required to 

have at least one previously untreated lesion (i.e., the TACE-amenable lesion) measurable 

disease by Response Evaluation Criteria in Solid Tumours (RECIST) v1.1, an Eastern 

Cooperative Oncology Group (ECOG) performance status of 0-1; adequate organ function 

(haematology, coagulation, blood chemistry and hepato-renal function) and a Child Pugh (CP) 
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Class score <7. Patients with extrahepatic metastases, hepatic encephalopathy, diuretic-

refractory ascites or history of bleedingwere excluded. Full inclusion/exclusion criteria and 

representativeness of study population are listed in Supplementary Table S1-2.  

The study was conducted in accordance with Good Clinical Practice and the Declarations of 

Helsinki and Istanbul. Study protocol and subsequent amendments were approved by the 

London Westminster Research Ethics Committee (Reference 17/LO/1180, EudraCT 2017-

000471-85, NCT03397654) and the UK Health Research Authority. All patients provided written 

informed consent prior to participation. 

Study Procedures. 

PETAL was conducted in 2 parts. Study part 1 consisted of a safety run-in of up to 6 participants 

treated with pembrolizumab administered intravenously over 30 minutes at the dose of 200 mg 

every 3 weeks (Q3W) at the pre-defined interval of 30 days (+3 days) post-TACE. Subjects in 

part 1 were observed for determination of dose-limiting toxicities (DLT), with a particular focus 

on the emergence of any liver-related AEs defined as per system-organ class (SOC) 

designation occurring over a 21-days’ time window from Cycle 1 of pembrolizumab, with weekly 

laboratory assessments in Cycle 1 only. All patients in study part 1 received conventional super-

selective TACE, consisting in intra-arterial injection of lipiodol plus doxorubicin (60 mg fixed 

dose) followed by injection of an embolic agent (gelfoam) to arrest blood flow to the tumour. 

Following completion of Part 1 and upon confirmation of safety of the conventional 

(c)TACE/pembrolizumab combination, patients in Part 2 were allowed to have either cTACE or 

drug eluting beads (DEB) TACE with up to 300-500μ LC Beads™ mixed with 150 mg of 

doxorubicin. Patients achieving incomplete de-vascularisation 4 weeks after initial TACE were 

considered for a second procedure by treating investigators. Patients requiring >1 TACE were 

mandated to receive the same type of procedure (either cTACE or cTACE / DEB-TACE if in Part 
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2) and be reassessed for response beginning 4 weeks after second TACE and commence 

pembrolizumab thereafter. However, after completion of 2 TACE procedures all patients who 

remained eligible by clinical and laboratory features were dosed with pembrolizumab not earlier 

than 30 (+3) from the second procedure irrespective of radiologic response to TACE. Tumour 

reassessments were planned with dynamic CT or MRI 4 weeks after each TACE procedure and 

subsequently after 4 cycles of pembrolizumab and continuing every 12 weeks thereafter until 

end of study. Pembrolizumab was continued until oncological disease progression, 

unacceptable toxicity or completion of 1 year of treatment. Fig.1A highlights the study flow 

chart. 

Outcomes. 

The primary study endpoint was to assess safety and tolerability of pembrolizumab following 

TACE and to determine whether pembrolizumab following TACE could lead to DLT events. 

Safety assessments included physical and laboratory findings and adverse events (AEs) were 

defined according to the National Cancer Institute (NCI) Common Toxicity Criteria for Adverse 

Events (CTCAE) version 4.0. Patients were assessed for the emergence of AEs before starting 

immunotherapy (within 30 days post TACE for the first part and within 45 days post TACE in part 

2) and then every week for the first 21 days and every 3 weeks thereafter for part 1; every 3 

weeks from cycle 1 for part 2. The causality between AEs and treatment was assigned by the 

investigators. Patients were assessed for the emergence of AEs up to 30 days after end of 

treatment. A DLT was defined as a treatment-related >grade 3 AE occurring during the 

assessment window of 21 days from the first administration of pembrolizumab. With safety 

being primary study endpoint, no power calculation for hypothesis testing was required to 

formally power the study and the upper 95% confidence interval for toxicity events was used to 

inform decision to proceed to a subsequent efficacy study. Alongside primary safety analyses, 

an exploratory analysis was performed to obtain preliminary data on the efficacy of the TACE 
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plus pembrolizumab combination. Tumour response was assessed using RECIST v1.1 criteria 

at screening, 4 weeks after each TACE procedure and 12-weekly during pembrolizumab 

treatment. To capture the combined efficacy ot TACE plus pembrolizumab we elected as 

primary efficacy outcomes the evaluating radiological overall response rates (ORR) at 12 weeks 

after last TACE, alongside progression-free survival (PFS) and overall survival (OS).  

ORR was defined as the percentage of patients reporting either partial response (PR) or 

complete response (CR) at the first scan at 12 weeks after the last TACE. Median duration of 

response was defined as the time from first complete response (CR) or pathological response 

(PR) to death or progression in those achieving an objective response.   

PFS was defined by the time from last TACE to the first occurrence of documented disease 

progression based on RECIST v1.1 criteria or death from any cause, whichever occurred first, 

and it was calculated using Kaplan-Meier. A PFS rate at 12 weeks was calculated as the 

percentage of patients free from death or progression at 12 weeks from last TACE using the 

Kaplan-Meier method. OS was defined from the time of last TACE until death from any cause. 

PFS was censored at the time of last tumour assessment in those patients who had not 

progressed by the time of database lock, whereas OS was censored at the time of last patient 

contact. Survival follow-up was carried out every 8 weeks after end of treatment. Median follow-

up was calculated using reverse Kaplan-Meier method from screening to last follow-up. All 

patients who received at least one dose of pembrolizumab were included in the safety and 

efficacy analyses. 

Quality of Life (QoL) Measures. 

Health-related quality of life (HRQoL) was evaluated using the European Organisation for 

Research and Treatment of Cancer (EORTC) Quality-of-life Questionnaire Core 30 (QLQ-C30) 

and the EORTC Quality-of-life Questionnaire-Hepatocellular Carcinoma 18 (QLQ-HCC18)(20). 
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Further details are reported in Supplementary Method S1.  

Biomarker Assessments. 

The comprehensive translational program included analyses on circulating tumour DNA (ctDNA) 

(Supplementary Figures S1-2), peripheral T-cell repertoire, peripheral immune population 

phenotyping with mass cytometry (Supplementary Figure S3 and Tables S3-4), targeted 

transcriptomics on bulk RNA extracted from screening biopsies, stool metataxonomics and 

serum metabolomic profiling (Supplementary Table S5). The detailed methods can be found in 

Supplementary Methods S2-9.  

Data Availability Statement. 

The data generated in this study are available upon request from the corresponding author. The 

sequencing data are not publicly available due to patient privacy requirements but are available 

upon reasonable request from the corresponding author.  

Statistical Analyses. 

Statistical analyses were performed using SPSS version 25.0 (IBM Inc., Chicago, IL, USA) and 

GraphPad PRISM (GraphPad software inc., La Jolla, CA, USA) unless stated otherwise, with all 

estimates being reported with corresponding 95% confidence intervals and a two-tailed level of 

significance of p<0.05. 
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Results. 

Patient Characteristics. 

Patient allocation is highlighted in Fig.1A. From February 2018 to September 2022, 26 patients 

provided consent and were screened for the study. At the time of database lock (28th February 

2023), 15 patients had received at least one dose of pembrolizumab and completed the DLT 

period. Patient features at screening are presented in Table 1. Median age of the safety-

evaluable population was 72 years (IQR: 63.5-75.5), most of the patients were male (73.3%), 

had liver cirrhosis (73.3%) of non-viral origin (73.4%) and an ECOG performance status of 0 

(60.0%). One patient with CP B liver class was enrolled in the safety run-in-phase, and the 

remaining scored A (66.6% CP 5 and 26.6% CP 6). All patients had liver-confined HCC: the 

majority had 1 single neoplastic nodule (53.3%), with a median maximum tumour diameter of 4 

cm (IQR: 3.4-4.5). Most patients were treatment-naïve for HCC, with only 1 patient (9%) having 

received prior radiofrequency ablation to an unrelated lesion. 

Safety and Quality of Life. 

In the 6 patients enrolled in study part 1, no DLTs were observed from the combination of TACE 

with pembrolizumab in the 21-days following first pembrolizumab administration. One patient 

who commenced treatment with CP B7 functional class discontinued treatment after completion 

of DLT window due to treatment-unrelated worsening of liver functional reserve (grade 1 bilirubin 

increase from baseline and grade 2 ascites). Following the independent data safety monitoring 

committee review, the protocol was amended to continue recruitment to CP A disease patients 

only.  

Throughout the observation period, 14 patients (93.3%) developed at least 1 adverse event 

(AE) of any grade, and 7 (46.7%) grade 3 or higher. No grade 4 or 5 AEs were reported. As 

described in Table 2, fatigue and anorexia were the most reported AEs, occurring in 10 
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participants (66.7%), followed by skin rash (60.0%) and diarrhoea (53.3%). Fourteen patients 

(93.3%) experienced at least one treatment-related toxicity (TRAE) of any grade. Skin rash was 

the most common TRAE (40.0%), followed by diarrhoea, pruritus, and fatigue occurring in 4 

participants each (26.7%, Supplementary Table S6). The only grade 3 TRAE reported, skin 

rash (6.7%) required oral corticosteroid treatment and subsequently resolved allowing treatment 

resumption. Sequential administration of pembrolizumab after TACE did not result in 

unexpected hepatic toxicity as supported by longitudinal liver function tests (Supplementary 

Figure S4).  

Mean scores for global health status (GHS)/Quality of Life (QOL) and functioning domains on 

EORTC QLQ-C30 questionnaire and for symptom scales on EORTC QLQ-C30 and QLQ-

HCC18 questionnaires at baseline and at the end of treatment are reported in Supplementary 

Table S7 and Supplementary Figures S5 and S6, showing a favourable trend in most 

domains. Mean changes from baseline in GHS/QoL and functioning domains are showed in 

Supplementary Figure S7. 

Efficacy. 

At data cut-off, 15 patients were evaluable for efficacy: 10 (66.7%) had received one round of 

TACE, whereas and 5 (33.3%) had required 2 procedures prior to starting immunotherapy. 

Tumour assessment performed 4 weeks after TACE and before pembrolizumab initiation 

demonstrated that 6 patients achieved complete response to TACE (40%), 2 had a partial 

response (13.3%) and 7 patients (46.7%) achieved radiological stable disease as best response 

to TACE. 

Pembrolizumab was commenced in all patients at least 30 (+3) days after TACE (median 1.05 

months, IQR 1.00-1.35). Median duration of pembrolizumab treatment was 3.1 months (IQR 

1.5-5.1) and median number of administered cycles was 5 (IQR 3.0-7.5).  
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After a median follow up of 38.5 months (95%CI, 24.7-52.5), all 15 patients had stopped 

immunotherapy. Radiologically proven disease progression was the most common cause of 

pembrolizumab cessation occurring in 7 (46.7%) subjects, after a median of 5 cycles (IQR 3.0-

6.8). Other causes for premature pembrolizumab discontinuation included treatment-unrelated 

progression of liver dysfunction (n=2), grade 3 diarrhoea secondary to Clostridium difficile 

infection (n=1), treatment-related persisting grade 2 peripheral neuropathy (n=1), COVID-19 

pandemic (n=2) and withdrawal of consent (n=1). A Swimmer’s plot summarizing these events 

and their timing is showed in Fig.1B.  

At the time of data cut-off, the PFS rate at 12 weeks from the last TACE was 93.3% (95%CI: 

0.82-1.00), and median PFS from last TACE was 8.95 months (95%CI: 7.30-NA, Fig.1C). ORR 

at 12 weeks from last TACE was 53.3% and included 2 PR and 6 CR. Median duration of 

response was 7.3 months (95%CI: 6.3-8.3). By the time of data cut-off, 10 patients had died, 

with a median OS of 33.5 months (95%CI: 11.5-NA) from enrollment. The 6-months and 1 year 

OS rates were 93.3% (95%CI: 0.82-1.00) and 70% (0.49-0.99), respectively (Fig.1D). 

Circulating Tumour DNA and T-cell receptor repertoire. 

We performed a tumour-informed ctDNA analysis using a bespoke panel validated by our group 

(21) in all patients with quantifiable cell-free (cfDNA) in peripheral plasma in at least one 

timepoint. We sequenced the cfDNA extracted from a total of 28 timepoints, and 10 patients 

were considered eligible, of whom four achieved a radiological response at 12 weeks (40%). 

Baseline characteristics are summarised in Supplementary Table S8. At screening, cfDNA was 

detectable at the median concentration of 0.57 ng/µL (IQR, 0.46-0.72), of which ctDNA 

accounted for a median of 8.5% (IQR 4.2-17.6). While cfDNA at screening did not differ across 

responders and non-responders (median 0.73 vs 0.57 ng/ µL, p=0.25), baseline ctDNA was 

significantly higher in responders (median 0.15 vs 0.06 ng/ µL, p=0.01; Fig.2A). 
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When longitudinally analysing ctDNA across timepoints, we observed that the radiological 

response was recapitulated by the evolution of ctDNA concentration. In fact, ctDNA 

concentration significantly decreased during ICI treatment in responders (median 0.15 vs 0.07 

ng/ µL at screening and on treatment respectively, p=0.0048), while a significant increase was 

observed in non-responders from screening to EOT (median 0.06 vs 0.08 ng/ µL, p=0.003 

(Fig.2A). 

Most frequent mutated gene was ARID1A (41% of samples), followed by PI3KCA (33%) and 

HNF1A (22%, Fig.2B-C). For patients with an available paired assessment, the VAF of ARID1A 

appeared to dynamically follow the course of the treatment, with a decrease on-treatment and 

an increase upon treatment failure (Supplementary Figure S8A). Both in samples of 

responders and non-responders, the VAF of specific variants mirrored the evolution of the 

treatment, with a clearance after TACE and an increase at treatment failure (Supplementary 

Figure S8B-C).  

We investigated whether the TCR-b repertoire underwent any modifications across the different 

timepoints, and whether it was associated with the achievement of radiological response at 12 

weeks. We found that TACE did not significantly impact on clonality, even after subdividing per 

response (Supplementary Figure S9 A-C), and we did not find any significant change in 

clonality induced by ICI administration (Supplementary Figure S9 D-F). However, when 

looking at the TCR-b repertoire prior to ICI commencement, we observed a significantly higher 

productive Simpson clonality in responders, as also shown by the frequency of the top 10 

rearrangements (Fig.2 D-E), with no difference in entropy (Supplementary Figure S10 A-B). 

 

Peripheral Immune Phenotyping. 

We used highly multiplexed mass cytometry (CyTOF) for immune monitoring and longitudinal 

phenotyping of peripheral blood mononuclear cells isolated at multiple timepoints: screening 
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(i.e. pre-TACE), pre-pembrolizumab, at cycle 5 of pembrolizumab and at the EOT. In total, 13 

out of 15 patients were evaluable for analysis. Data analysis was performed based on gating of 

n=30 predefined immune cell populations (Supplementary Figure S3) and via an unbiased 

data-driven clustering pipeline. 

We investigated dynamic changes of immune cell subpopulations along the study, and we 

correlated the findings with the achievement of radiological response after 12 weeks, in keeping 

with the secondary clinical endpoint. Interestingly, when comparing the immune subpopulations 

at screening and at treatment discontinuation, we observed a significant enrichment in CD8+ 

CXCR5-CCR4+CXCR3-CCR6-Tc2 at EOT compared to baseline (Fig.3 A-B). Screening for 

possible predictors of immunotherapy response, we observed that CD8+ CXCR5-CCR4-

CXCR3+CCR6- Tc1 cells were significantly more represented in non-responders compared to 

responders prior to ICI initiation (Fig.3C). At the EOT, a significant increase in CD3-CD19+ B 

cells was observed in non-responders (Fig.3D). In sum, while overall the data indicate limited 

variation in the broad immune profile, individual immune cell subsets were linked to treatment 

efficacy. 

We thus focused our analysis on the heterogeneity of T cell responses using a data-driven high-

dimensional clustering approach. CD45+CD3+CD19- T cells were sampled from non-responder 

and responder patients and the T cell landscape was visualized using tSNE dimension 

reduction (Fig.4A). As expected, Tc1 and Tc2 cells identified as differentially expressed in our 

prior predefined analysis also differed in their localization on the T cell map in areas associated 

with different outcomes (Fig.4B-C). Our data-driven clustering approach further revealed 12 

distinct subsets of T cells in the patient cohort (Fig.4D). Notably, two T cell subsets prior to ICI 

therapy, cluster c07 and cluster c08, were associated with differential patient outcomes: cluster 

c08 was enriched in patients who responded to therapy, while cluster c07 was enriched in non-

responders (Fig.4E). Phenotypic analysis informed c07 as an early differentiated memory CD4+ 
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T cell cluster, whereas c08 represented a Th1-like CD4 T cell cluster with high levels of T-bet, 

CX3CR1, KLRG1 and CD57 (Fig.4F). These data suggest that presence of a Th1-polarised T 

cell response prior to anti-PD-1 checkpoint therapy is associated with the achievement of 

response to treatment.  

 

Targeted Transcriptomics of baseline tumour biopsies. 

We performed bulk targeted transcriptomic analyses on total RNA purified from 10 pre-treatment 

biopsies obtained at screening that satisfied quality control criteria. In exploratory analyses, we 

compared differences in the expression of 770 genes related to adaptive and innate immunity 

(Nanostring Pancancer Immune panel) in 4 responders and 6 non-responders (Supplementary 

Figure S11A). Samples from patients achieving a response to TACE plus pembrolizumab were 

enriched for gene expression signatures reflective of innate immunity including cytokine and 

chemokine secretion and regulation of macrophage function (Supplementary Figure S11B). 

Differential gene expression analysis highlighted transcripts involved in the inflammatory 

process such as FN1, SPP1 and LBP (Supplementary Figure S12A-B). 

Stool Bacterial Profiles and Metabolic phenotyping. 

The microbiota-evaluable population (MEP) consisted of 9 patients, with available paired stool 

samples. After filtering for the presence of adequate count of sequencing reads, we included 6 

patients, whose baseline characteristics can be found in Supplementary Table S9. Most 

prevalent genus at baseline was Bacteroides (Supplementary Figure S13), with no significant 

changes in alpha and beta diversity measures across screening and EOT timepoints 

(Supplementary Figure S14A-D). We identified a significant enrichment in the Clostridium 

genus in stool samples at screening, while Alistipes was found to be significantly increased at 

treatment discontinuation (Supplementary Figure S14E).  

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/d

o
i/1

0
.1

1
5
8
/1

0
7
8
-0

4
3
2
.C

C
R

-2
4
-0

1
7
7
/3

4
4
0
8
3
3
/c

c
r-2

4
-0

1
7
7
.p

d
f b

y
 C

a
rd

iff U
n
iv

e
rs

ity
 u

s
e
r o

n
 0

7
 M

a
y
 2

0
2
4



TACE and pembrolizumab in HCC 

 16 

We included in the metabolomics analysis 23 serum samples, collected from 11 patients at three 

different timepoints: at screening (prior to TACE), prior to pembrolizumab commencement 

(C1W0), and at the end of treatment (EOT). Baseline characteristics of these patients can be 

found in Supplementary Table S10. When comparing samples collected at screening and at 

EOT, we found a significant higher abundance of several acyl-carnitines at screening, while the 

ratio of tyrosine/phenylalanine was significantly increased at the EOT (Supplementary Figure 

S15A). 

Data on response to treatment at 12 weeks were available for 8 patients. Sera of responders 

was found to be significantly enriched in two acyl-carnitines and four phosphatidylcholine lipids 

(PCaa), while the ratio of methionine-sulfoxide/methionine and the ratio of total acylcarnitine 

derivatives of dicarboxylic acids (AC-DC)/total acyl-carnitines were significantly increased in 

non-responders (Supplementary Figure S15B). 
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Discussion. 

It has been recognized for a long time that local therapy may evoke significant immunologic 

consequences in patients with HCC. Local and systemic secretion of pro-inflammatory cytokines 

and danger-associated molecular patterns (DAMPs) following successful tumour 

chemoembolization has a priming effect on adaptive immunity(22). Patients who mount a 

spontaneous CD4 and CD8 response following TACE exhibit improved survival outcomes, 

underscoring immune modulation as a fundamental mechanism underlying the efficacy of 

TACE(10, 14-16). Therapeutic combinations between loco-regional and systemic 

immunotherapies are at the focus of intense research efforts(23). 

In this phase Ib study, the combination of TACE plus pembrolizumab was well tolerated and did 

not lead to synergistic toxicity or unexpected safety concerns. Most TRAEs were grade 1 or 2 

and entirely attributable to pembrolizumab exposure with rates and intensity of AEs that are 

comparable with anti-PD-1/PD-L1 monotherapy use in advanced HCC (14% in KEYNOTE-394 

for pembrolizumab, 15% in RATIONALE-208 for tislelizumab, and 6.4% in HIMALAYA for 

durvalumab)(24-26). Within our study, particular scrutiny was placed on hepatic TRAEs as 

events of clinical interest in the context of this multi-modal therapeutic approach. Reassuringly, 

serial evaluation of liver function tests demonstrated no evidence of treatment-related worsening 

liver dysfunction in the context of the TACE plus pembrolizumab sequential combination.  

Establishing a tolerable multimodal therapy is of paramount importance in patients with HCC. 

Earlier clinical experience in the combination of TACE with the VEGF inhibitor bevacizumab had 

shown evidence of life threatening adverse events, justifying interruption of clinical 

development(8). The choice of sequential introduction of pembrolizumab 30 days after TACE, 

justified by evidence suggesting optimal recovery of liver function tests within 4 weeks from the 

loco-regional therapy, allowed us to optimally delineate acutely emerging toxicities from the two 
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therapies and evaluate the relative contribution of each component of multimodal therapy to the 

overall treatment efficacy. To complement safety data, our analysis of patient reported outcomes 

portrays substantial stability across multiple validated indices describing of patients’ QoL. As 

demonstrated in advanced HCC, QoL preservation plays an important role in the definition of an 

appropriate benefit/risk profile from initiation of systemic therapy(27). Our findings, although 

limited by small sample size, are informative to the onward clinical development of 

immunotherapy alongside TACE by showing that integration of PD-1 inhibition does not lead to 

worsening of patients’ QoL: a concept that should be further tested in randomized phase III 

studies. 

Anti-tumour activity of pembrolizumab following TACE appeared encouraging in our study, with 

over 93% of patients remaining progression-free 12-weeks post treatment and for a median 

duration of 10.3 months. Despite the lack of a control arm, patients achieving a response to the 

TACE plus pembrolizumab combination achieved durable responses, lasting for a median 

interval of 7.3 months. By the time of data cut-off, the median OS of our cohort was 33.9 

months. Whether sequential exposure to pembrolizumab following TACE may lead to a 

significant survival advantage in patients with intermediate-stage HCC is a research question 

beyond the scope of our study. However, the OS estimates reached in our study population are 

encouraging and compare favourably with recently published case series of patients treated 

with loco-regional therapy(28), further strengthening the case for future research in this segment 

of the HCC population. Recently, the EMERALD-1 trial has demonstrated durvalumab plus 

bevacizumab to improve PFS after 16 weeks of TACE + durvalumab concomitant therapy, with 

no benefit demonstrated from the addition durvalumab monotherapy over placebo(29). Whilst 

OS data from EMERALD-1 are eagerly awaited, the PFS and OS figures emerging from our 

study are provocative in suggesting that a proportion of patients may derive benefit from TACE 

plus PD-1 monotherapy without suffering excessive adverse events. Whether concomitant 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/d

o
i/1

0
.1

1
5
8
/1

0
7
8
-0

4
3
2
.C

C
R

-2
4
-0

1
7
7
/3

4
4
0
8
3
3
/c

c
r-2

4
-0

1
7
7
.p

d
f b

y
 C

a
rd

iff U
n
iv

e
rs

ity
 u

s
e
r o

n
 0

7
 M

a
y
 2

0
2
4



TACE and pembrolizumab in HCC 

 19 

versus sequential immunotherapy is preferred in intermediate-HCC is unknown and reporting of 

the multiple phase III studies in this field will provide clarity as to the best treatment schedule 

and choice of agents in this field(30). 

Understanding the mechanism of action of PD-1 inhibitors in HCC is an area of high unmet 

need(31), especially given the lack of predictive value for standard biomarker such as PD-L1 

immunostaining(32) or tumour mutational burden in HCC(33). 

In this study, phenotypic characterisation of the tumoral immune infiltrate in a subset of patients 

with pre-treatment tumour biopsies available for analysis shows evidence of an association 

between gene signatures reflective of tumour cell adhesion, matrix remodelling and immune 

regulation and response to TACE plus pembrolizumab. Amongst the noted up-regulation of 

selected acute phase reactants such as LBP, FN1 in responders, we found evidence of SPP1 

overexpression, an adverse prognostic marker in HCC also known as osteopontin, which 

contributes to shape an immune tolerogenic microenvironment in HCC(34) through myeloid 

cell/macrophage polarisation(35) and adversely influences immunotherapy response(36). The 

positive association between baseline SPP1 expression and response to TACE plus 

pembrolizumab is particularly interesting as it resonates with retrospective evidence suggesting 

improved outcomes from TACE in patients harbouring a pro-inflammatory TME(11). Whether 

TACE plus pembrolizumab efficiently disrupt the myeloid-enriched “tumour immune barrier” 

associated with immunotherapy resistance(34) should be the focus of pairwise comparison of 

pre-TACE biopsy material obtained prospectively in randomised cohorts with or without 

immunotherapy exposure. 

Data-driven high-dimensional analysis further identified a Th1-like CD4 T cell subset that was 

positively associated with response to treatment, while early differentiated memory CD4+ T cell 

subset was negatively associated with response. Interestingly, the difference in T-cell subsets 
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was observed prior to ICI commencement, while no significant change induced by TACE was 

identified. 

Of note, a pre-existing CD8 T-cell response is a considered a central pre-requisite for optimal 

response to PD-1-based immunotherapy(37, 38). Our detailed phenotypic analysis of peripheral 

blood immune cells further dissected the different CD8 T cell subsets, and we described an 

opposite association of Tc1 and Tc2 subsets with therapy outcome. The Tc1 subset frequency 

prior to ICI therapy was negatively associated with outcome. Phenotypic analysis of the Tc1 

subset further revealed expression of many severe exhaustion-associated molecules, such as 

Tox, Eomes, PD-1, suggesting severe exhaustion of this population. In contrast, the Tc2 subset 

was identified as a positive correlate of overall treatment success, with a reduced expression of 

exhaustion markers. Interestingly, the Tc2 subset  expressed Tcf-1, and Tcf-1+ CD8+ T cells 

were found to be associated with response to ICI in other malignancies(39).  

Effective anti-tumour rejection relies on the complimentary role of IFN-g secreting Tc1 cells and 

IL-4 and IL-5 secreting Tc2 cell(39). IL-4 and IL-5 are central to both Th2 and Tc2 cell maturation 

and Th2/Tc2 polarisation has been observed in tumour infiltrating lymphocytes(37) in a positive 

correlation that mirrors the one found in responding patients to TACE plus pembrolizumab. 

Interestingly, previous evidence in lung cancer has shown that local anti-tumour therapy with 

cyberknife or intensity-modulated radiotherapy enhances Th2 and Tc2 responses, drawing an 

interesting parallel to the immunogenic effect of the TACE plus pembrolizumab observed in our 

study(40). Whilst preliminary in nature, evidence of a preferential Tc2 following locoregional 

therapy emphasise the role of T-cell effector function as a mechanism of action of multi-modal 

therapy in HCC: an original finding that should constitute the basis of the biomarker 

development plan in larger studies of this kind. 

Further insight into the disease-modulating effect of TACE plus pembrolizumab emerge from the 
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serial analysis of circulating tumour DNA concentration across timepoints. Using targeted next 

generation sequencing approach, which recapitulates the most common mutational events in 

HCC(21), we were able to show that the ctDNA evolution in plasma reproduces the radiological 

response to treatment, with a significant decrease in ctDNA levels in responders, and a 

significant rise  in patients who did not respond to TACE plus pembrolizumab. Whilst our 

analysis is limited by the lack of a tumour informed approach, longitudinal changes in the variant 

allelic frequency of key mutational drivers of HCC highlights the potential of ctDNA as a non-

invasive biomarker for the therapeutic monitoring of HCC during multi-modal therapy.   

Inspired by the growing interest in the gut microbiome and its perturbation as a mechanism of 

response to immunotherapy in HCC(41-43), our stool bacterial metagenomics and plasma 

metabolomics revealed significant changes in the abundance of Clostridium and Alistipes 

throughout treatment. Alistipes is an increasingly characterised genus of the Bacteroidetes 

phylum that has been associated with positive response to immunotherapy in lung cancer(44). 

Modification in its abundance throughout multi-modal TACE plus pembrolizumab treatment may 

highlight a positive bi-directional modulation between the gut microbiome and local plus 

systemic therapy which would be important to validate as mechanism of therapeutic efficacy in 

larger studies. Unfortunately, the unfolding of the COVID-19 pandemic(45) prevented a 

systematic collection of serial stool samples in all patients, limiting our ability to explore whether 

measures of gut microbial diversity could scale with the extent and duration of response in our 

patients. However, we were able to investigate the peripheral metabolic state of patients with a 

comprehensive serial phenotyping. Acyl-carnitines are known to be associated with cirrhosis 

evolution and HCC development(46) and we observed a significant decrease after TACE, as 

expected(47). Their increased concentration at baseline in responders could be correlated with 

a different nutritional status, and their association with tolerance to systemic therapy(48) should 

be explored further in the context of combined treatment strategies with TACE and 
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immunotherapy. 

There are limitations of this study, including limited sample size, lack of a control arm and the 

deleterious impact of the COVID-19 pandemic, which made recruitment and retention of 

participants to this investigator-led clinical trial particularly difficult, leading to a reduction in the 

number of samples available for translational analyses. Despite these limitations, our study has 

met its primary objective, having demonstrated that the combination of TACE plus 

pembrolizumab is tolerable, deliverable and characterized by preliminary but convincing 

evidence of efficacy in patients with intermediate-stage HCC. Our findings represent an 

important benchmark for the subsequent development of therapeutic combinations in 

intermediate-stage HCC. 
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Figure Legends. 

Figure 1. A. Study flow chart. B. Swimmer’s plot of study participants receiving TACE plus 

pembrolizumab. Each bar represents one subject in the study. Depth, duration of response, 

dates of radiologic response or progressive disease, and presence of ongoing response are 

indicated accordingly. C. Kaplan-Meier curve illustrating the progression-free survival of the 

study population. D. Kaplan-Meier curve illustrating the overall survival of the study population. 

Figure 2. A. Dynamic changes of circulating tumour DNA (ctDNA) concentration at various 

study timepoints and relationship with response to treatment. B. Distribution of individual 

mutations across pre-treatment samples (n=28). C. Oncoplot illustrating the distribution and 

type of mutations identified in pre-treatment plasma samples of patients recruited to the study. 

Each column represents a sample and each row a different gene. The left barplot illustrates the 

variant allelic frequency pertaining to each sample, while the right barplot has the frequency of 

mutations in each gene. The top bar plot estimates the tumour mutational burden (TMB) 

calculated based on number of mutations per Megabase of sequenced genome. Samples 

ordered by the most mutated genes. D. Distribution of the top 10 T-cell receptor rearrangements 

as measured by productive frequency prior to pembrolizumab start in responders (n=6) and non 

responders (n=7) (n=2 not available). E. Productive Simpson clonality was significantly higher in 

responders before commencement of systemic therapy. Abbreviations: ctDNA, circulating-

tumour DNA; C1, cycle 1; EOT, end of treatment; VAF, variant allele frequency; ICI, immune 

checkpoint inhibitors. An asterisk (*) marks a statistically significant difference at p<0.05 

threshold, two asterisks (**) correspond to p>0.01. 

Figure 3. A. Heatmap illustrating relative representation of individual cell types as assayed 

using CyToF across the various study timepoints (Screening, Cycle 1 Week 0 i.e. post-TACE, 

and end of treatment) stratified on the basis of the achievement of response 12 weeks following 

TACE plus pembrolizumab combination. Hierarchically clustered heatmap displays mean 
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frequencies of lymphocyte subsets per timepoint and response to therapy, visualized by z-score 

based colouring after column normalization. B. Tc2 cell frequency differed between screening 

and EOT (n=8, paired samples) C.  Tc1 cell frequency before ICI therapy was different between 

responders (n=6) and non-responders (n=7). D. B-cell frequency differed at end of therapy 

between responders (n=6) and non-responders (n=7). An asterisk (*) marks a statistically 

significant difference at p<0.05 threshold. 

Figure 4. A. tSNE visualization of CD45+CD3+CD19- T lymphocytes pooled (top), divided by 

response to therapy (middle) and in addition by timepoint (bottom). Each dot corresponds to a 

single cell. Representative data of 4 patients, subsampled up to 15.000 per sample, analysis of 

157.543 cells in total. B. Overlay plot indicating the localization of Tc1 and Tc2 cells on the 

tSNE map. C. T cell marker expression is visualized on the tSNE map by colour heatmap. D. T 

cells were clustered based on their high-dimensional expression profile using FlowSOM. 

Clusters are visualized by the indicated colours on the tSNE map. E. Cluster abundance of c07 

and c08 in responder and non-responder patients. Data are represented as mean with SD and 

analysed by paired t-test. F. Hierarchically clustered heatmap indicating mean marker 

expression of T cell differentiation, activation and exhaustion markers by each cluster and 

including manually gated Tc1 and Tc2 subsets as in Figure 3. Expression is visualized by z-

score as indicated, data was scaled per column. *p < 0.05. **p < 0.01.  
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Table 1. Baseline characteristic of the safety-evaluable population. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

 
 
 

Age 
 

Median (IQR) 
72 (63.5-75.5) 

Gender 
Male 
Female 

N (%) 
11 (73.3%) 
4 (26.7%) 

Ethnicity 
White 
Asian 
Other (Not stated) 

N (%) 
8 (53.3%) 
2 (13.3%) 
5 (33.4%) 

ECOG PS 
0 
1 

N (%) 
9 (60.0%) 
6 (40.0%) 

AFP (ng/ml) 
  

Median (IQR) 
16 (6.5-37.5) 

Child Pugh 
5 
6 
7 

N (%) 
10 (66.6%) 
4 (26.6%) 
1 (6.8%) 

ALBI 
1 
2 

N (%) 
6 (40.0%) 
9 (60.0%) 

Cirrhosis 
Present 
Absent 

N (%) 
11 (73.3%) 
4 (26.7%) 

Etiology 
Viral 
Non-viral 
HBV 
HCV 

N (%) 
4 (26.6%) 
11 (73.4%) 
2 (13.3%) 
2 (13.3%) 

BCLC 
A 
B 

N (%) 
7 (46.6%) 
8 (53.4%) 

Number of nodules 
1 
2 
3 

N (%) 
8 (53.3%) 
3 (20%) 
4 (26.7%) 

Maximum diameter 
(cm) 
 

Median (IQR) 
4 (3.4-4.5) 

Previous surgery 
Yes 
No 

N (%) 
0  
0  

Previous RFA 
Yes 
No 

N (%) 
2 (13.3%) 
13 (86.7%) 

Previous TACE 
Yes 
No 

N (%) 
1 (6.6%) 
14 (93.4%) 
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Table 2. All cause Adverse Events occurring in 15% of the safety evaluable population. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Adverse Event 

 

Any grade 
N (%) 

Grade >3  
N (%) 

All 

 

14 (93.3%) 7 (46.7%) 

Fatigue 10 (66.7%) 1 (6.7%) 

Anorexia 10 (66.7%) 1 (6.7%) 

Skin-rash 9 (60.0%) 1 (6.7%) 

Diarrhoea 

 

8 (53.3%) 1 (6.7%) 

Dyspnoea  6 (40.0%) None 

Back pain 6 (40.0%) None 

Pruritus 

 

5 (33.3%) None 

 

Lethargy 5 (33.3%) None 

Abdominal 

distension 

5 (33.3%) None 

Dry mouth 5 (33.3%) None 

Peripheral 

oedema  

5 (33.3%) None 

Peripheral 

neuropathy  

5 (33.3%) None 

Abdominal pain 4 (26.67%) 1 (6.7%) 

Flu-like 

symptoms 

4 (26.67%) 1 (6.7%) 

Cough 4 (26.7%) None 

Nausea 4 (26.7%) None 

Bilirubin 

increase  

3 (20.0%) 1 (6.7%) 

Mucositis 3 (20.0%) None 

Dysgeusia  3 (20.0%) None 

Hypothyroidism  3 (20.0%) None 

Upper 

respiratory 

infection 

3 (20.0%) 

 

 

None 
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