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Abstract

Introduction: Immunotherapy has resulted in pathologic
responses in hepatocellular carcinoma (HCC), but the bene-
fits and molecular mechanisms of neoadjuvant immune
checkpoint blockade are largely unknown. Methods: In
this study, we evaluated the efficacy and safety of preop-
erative nivolumab (anti-PD-1) in patients with intermediate
and locally advanced HCC and determined the molecular
markers for predicting treatment response. Results: Be-
tween July 2020 and November 2021, 20 treatment-naive
HCC patients with intermediate and locally advanced tu-
mors received preoperative nivolumab at 3 mg/kg for 3
cycles prior to surgical resection. Nineteen patients under-
went surgical resection on trial. Seven (36.8%) of the 19

patients had major pathologic tumor necrosis (>60%) in the
post-nivolumab resection specimens, with 3 having almost
complete (>90%) tumor necrosis. The tumor necrosis was
hemorrhagic and often accompanied by increased or dense
immune cell infiltrate at the border of the tumors. None of
the patients developed major adverse reactions contradict-
ing hepatectomy. RNA-sequencing analysis on both pre-
nivolumab tumor biopsies and post-nivolumab resected
specimens showed that, in cases with major pathologic
necrosis, the proportion of CD8 T cells in the HCC tissues
predominantly increased after treatment. Moreover, to in-
vestigate noninvasive biomarker for nivolumab response,
we evaluated the copy number variation (CNV) using target-
panel sequencing on plasma cell-free DNA of the patients
and derived a CNV-based anti-PD-1 score. The score
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correlated with the extent of tumor necrosis and was
validated in a Korean patient cohort with anti-PD-1 treat-
ment. Conclusion: Neoadjuvant nivolumab demonstrated
promising clinical activity in intermediate and locally ad-
vanced HCC patients. We also identified useful noninvasive
biomarker predicting responsiveness.

© 2023 The Author(s).
Published by S. Karger AG, Basel

Introduction

Hepatocellular carcinoma (HCC) is one of the com-
monest malignancies worldwide and is highly prevalent
in Asia [1]. HCC is an aggressive cancer and often
diagnosed at advanced stages and is hence not operable.
For operable HCC, surgical resection and liver trans-
plantation are regarded as the main curative treatments
for HCC. However, the use and benefit of neoadjuvant
treatment for HCC before surgery are unclear, and there
is a need for study.

HCC is notoriously highly resistant to conventional
chemotherapy. Antibodies that block the immune inhib-
itory pathway of programmed death 1 (PD-1) protein
have provided a modest treatment advance in HCC
patients. In CheckMate 040, the first trial of immune
checkpoint blockade (ICB) in patients with previously
treated advanced HCC, PD-1 inhibitor nivolumab un-
leashed antitumor immunity, resulting in tumor regres-
sion and improved survival [2]. Of the patients evaluated,
the best response rate was about 20%, and adverse events
were manageable. Nivolumab monotherapy was later
tested against sorafenib in the first-line setting for patients
with advanced HCC, and an objective response rate of
15.4% with a favorable safety profile was reported [3].
With the successful advent of ICB, the combo of atezo-
lizumab (anti-PD-L1) and bevacizumab (anti-VEGF) has
become the new standard of care and first-line drugs for
advanced HCC in 2020 [4], while the TKIs, sorafenib and
lenvatinib, are now alternative first-line drugs for ad-
vanced HCC. However, all these treatments are often
given on a “one-size-fits-all” basis, and the survival
benefits are limited. Although there have been a couple
of studies investigating the systemic use of anti-PD-1 in
advanced HCC [5, 6], there is a general lack of biomarkers
in predicting ICB response [7, 8], and the evidence
supporting neoadjuvant use of nivolumab is scarce.

To this end, we performed this study to evaluate the
efficacy and safety of the use of nivolumab as a presurgical
neoadjuvant therapy in a group of mostly (70%) hepatitis
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B virus (HBV)-positive patients with intermediate and
locally advanced HCC. To find out the determinants of
nivolumab response, we also examined the relationship
between the pathological response and cellular and mo-
lecular profiles of patients’ HCC tumors, as well as the
effects of nivolumab on the tumor immune microenvi-
ronment. Moreover, we further made use of plasma cell-
free DNA (cfDNA) to derive a noninvasive biomarker
that could predict the response toward anti-PD-1 ICB
and may be useful to guide its administration.

Materials and Methods

The Study

This was a single-arm, single-center study designed to assess the
clinical benefit of neoadjuvant treatment with nivolumab in
patients with untreated, intermediate, and locally advanced
HCC. The study was approved by the Institutional Review Board
of the University of Hong Kong/Hospital Authority Hong Kong
West Cluster and was conducted in compliance with International
Conference on Harmonization Good Clinical Practice. All patients
provided written informed consent. The study was registered on
the ClinicalTrials.gov (study identifier: NCT05471674) and HKU
Clinical Trials Registry (study identifier: HKUCTR-2807).

Patients

Eligible patients were aged >18 years with HCC, had no prior
therapy, and had tumors considered intermediate or locally ad-
vanced tumor status per the Hong Kong Liver Cancer (HKLC)
staging classification [9], Child-Pugh class A, Eastern Cooperative
Oncology Group (ECOG) performance status score of 0 or 1, and
adequate organ function. Patients were screened for comorbid
conditions, and the operation’s fitness was assessed by experienced
anesthesiologists. Patients were required to provide a pretreatment
fresh tumor biopsy sample. Exclusion criteria included extrahe-
patic metastasis, ascites requiring intervention, coinfection with
HBV and hepatitis C virus (HCV), an HBV DNA level exceeding
500 IU/mL, and significant autoimmune diseases.

Trial Design

Twenty patients were enrolled in a consecutive manner in this study
from January 2020 to December 2021. The patients’ demographic data
are shown in Table 1A. Patients were treated with intravenous
nivolumab at 3 mg/kg on day one of each two weekly cycle for three
cycles, followed by curative resection approximately 6 weeks after the
first dose (Fig. 1a). The primary endpoint was pathologic response and
safety of nivolumab. Secondary endpoints included recurrence-free
survival, overall survival, and surgical outcome parameters.

Tumors were assessed by computed tomography (CT) or
magnetic resonance imaging at baseline. Imaging assessment
was repeated prior to surgery to reassess for resectability if
feasible. Adverse events were continuously monitored and
graded per the National Cancer Institute Common Terminology
Criteria for Adverse Events, version 4.03. Resection was per-
formed according to institutional practice. All the patients were
followed up for recurrence-free survival and overall survival. The
patients received contrast CT scan 1 month after the surgery and
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Table 1. Patients’ demographic data (A) and pathologic data (B)

A - Patients’ baseline data

Neoadjuvant HCC study, n = 20

Age
Sex (male:female)
Hepatitis B carrier, %
No
Yes
Tumor stage per HKLC, %
Locally advanced
Intermediate
Child-Pugh grade A
ECOG, %
0
1

Imaging tumor size pre-neoadjuvant treatment
Imaging tumor size post-neoadjuvant treatment (n = 15)

65.2 (44.1-79.7)
164

6 (30)
14 (70)

18 (90)
2 (10)
20 (100)

12 (60.0)

8 (40.0)

13 (5.3-19.0)
13.3 (4.6-20.8)

B - Pathologic data

Neoadjuvant HCC study with
tumor resection, n = 19

No. of tumor nodules

Tumor size, cm

Resection margin involved

Shortest resection margin, cm

Liver background disease (pathologic), %

Chronic hepatitis with bridging fibrosis

Cirrhosis

Tumor cellular differentiation, %
Well differentiated
Moderately differentiated
Poorly differentiated
Microvascular invasion
Absent Present

TNM tumor staging (UICC 8), %
IB
I
A
B

BCLC staging, %
A
B
C

1 (1 = multiple)
13.0 (5.2-16.0)
None

0.5 (0.1-1.7)

13 (68.4)
6 (31.6)

6 (31.6)
13 (68.4)
0(0)

7 (36.8)
12 (63.2)

4(21 1)

3 (15.8)
8 (42.1)
4 (21.1)

1(5.3)
10 (52.6)
8 (42.1)

every 3 months afterward. Patients had follow-up at 1 month and
every 3 months at the clinics. At each attendance to the clinic,
patients were fully assessed by clinicians, and blood was taken for
complete blood picture, liver and renal function tests, prothrom-
bin level, and AFP level. Chest X-ray examination was performed
every 3 months.

Fresh pretreatment liver needle biopsies of HCC tumors were
taken by experienced radiologists under ultrasound guidance to
ensure safety and success of biopsy taking. After nivolumab
treatment, all patients received surgical resection, and fresh tissues
were taken from the resected tumors immediately in the operation

Multimodal Integrative Analysis for
Nivolumab Treatment in Liver Cancer

theaters. In addition, peripheral blood samples were taken before
and during nivolumab treatment, after surgical resection, and at
multiple time points upon follow-up.

Pathologic Analysis

Pre-nivolumab treatment liver biopsies and posttreatment
resected tumor specimens were examined and sampled thoroughly
for histological examination (by IOLN). Fresh tissues were taken
and processed for subsequent dissociation of cells. The surgical
specimens were staged according to the criteria of the American
Joint Committee on Cancer (8th edition) for evaluating tumor
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Study design

Nivolumab Regular follow-up
for 3 cycles * Blood taking
* * * * *
Liver Curative
biopsy surgical
resection
Workflow
30 cases screened for HKLC staging *ECOG 0-1, Child A-Band no EVM.
criteria for intermediate or locally Intermediate tumor: 1) 5 cm, either >3
advanced HCC* tumor nodules or with intrahepatic

venous invasion, or 2) >5 cm, 3 tumor
nodules and no intrahepatic venous
20 cases enrolled and invasion; and Locally-advanced tumor:

. . 1) 5cm, >3 tumor nodules and with
I . treated with nivolumab intrahepatic venous invasion, or 2) >5
1 case received additional T

X ) v cm, >3 tumor nodules or/and with
systemic therapy off-trial intrahepatic venous invasion, or 3)
19 cases undergone diffuse tumor.
surgical resection on-trial
|
v v
12 cases had no major 7 cases had major
pathological tumor response pathological tumor response
A4 A4

Pre-nivolumab biopsy and post-nivolumab resected tumor for RNA-seq;
Pre- and post-nivolumab plasma cell-free DNA for target-panel seq

Fig. 1. Study design and workflow and patients’ demographic data.

stage. Primary tumors were assessed for the percentage of necrosis  for formalin-fixed paraffin-embedded sections to ensure compre-
by routine hematoxylin and eosin staining. A complete cross- hensive sampling of the different areas of the tumor. All histo-
sectional slab of the tumor was embedded in multiple blocks logical sections of the tumor slabs were assessed, and the
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evaluation of the percentage of tumor necrosis by the pathologist
was assisted by computational analysis using Nanozoomer Digital
Pathology (by Hamamatsu Photonics K.K., Japan). On the digital
slide, the total area of the tumor and the viable part were outlined
by the pathologist. The total area of the tumor and the areas of the
viable tumors were calculated by the software, and the percentage
of tumor necrosis was then calculated by subtraction. The analysis
of the T-cell numbers in the pretreatment biopsies and posttreat-
ment resected specimens was based on immunohistochemical
staining with anti-CD8 and anti-CD4 antibodies. Five high-
power fields (HPFs) (x400 magnification) were counted using a
5-tier counting as follows: 0, <10/HPF; 1, 10-24/HPF; 2, 25-50/
HPF; 3, 51-100/HPF; 4, >100/HPF.

DNA and RNA Extraction, Library Construction,

Next-Generation Sequencing, and Data Preprocessing

Total RNA was isolated from the paired pre-nivolumab tumor
biopsies and their corresponding resected tumor tissues, as pre-
viously described [10-12]. Similarly, plasma and peripheral blood
mononuclear cells (PBMCs) were extracted from whole blood
collected in EDTA tubes. Genomic DNA was extracted from the
PBMC samples using our established method [13]. To extract
cfDNA, 1.5-2 mL input of plasma was subjected to extraction
using the cobas cfDNA Preparation Kit (Roche, 07247737190)
according to manufacturer’s instructions. The eluted cfDNA was
subjected to quantitation by Qubit dsDNA HS Assay Kit (Thermo
Fisher Scientific) and fragment analysis by the High-Sensitivity
NGS Fragment Analysis Kit (Agilent, DNF474).

For transcriptome sequencing (RNA-seq), cDNA libraries were
prepared by KAPA mRNA Hyper Prep Kit, with total RNA as
starting material and following manufacturer’s protocol. For
target-panel sequencing (targeted-seq), DNA libraries were
done using KAPA Hyper Prep Kit, with genomic DNA from
PBMCs and cfDNA from plasma as input. The target panel for
target-panel sequencing comprised 639 gene targets (online suppl.
Table 1; for all online suppl. material, see https://doi.org/10.1159/
000531176). Target capture was prepared based on the protocols of
Roche SeqCap EZ HyperCap Workflow. Illumina NovaSeq 6000
was used for pair-end 151 bp sequencing. Library preparation and
next-generation sequencing (NGS) were performed by Centre for
PanorOmic Sciences of the University of Hong Kong. We sub-
jected the RNA-seq and target-seq data to quality control filtering
and adapter trimming (Trimmomatic; http://www.usadellab.org/
cms/index.php?page=trimmomatic).

Bioinformatics Analyses

Transcriptome and target-panel sequencing reads were map-
ped to the reference human genome (hg38) using HISAT2 and
Burrows-Wheeler Aligner, respectively. For the transcriptome
sequencing data, raw read counts of genes were estimated by
featureCounts [14] and tested for differential gene expression by
DESeq2 [15]. Differentially expressed genes were defined as p <
0.05 and |log2(fold change)| > 0.5. Normalized read counts as
transcripts per million were calculated [16]. Immune cell type
abundance was inferred by cell deconvolution analysis using
CIBERSORTx [17]. ToppGene suite [18] was used to perform
gene set enrichment analysis for mechanistic evaluation on gene
sets of Gene Ontology: biological process and Reactome pathway.
Components of top gene sets were analyzed for protein-protein
interaction using STRING database [19].

Multimodal Integrative Analysis for
Nivolumab Treatment in Liver Cancer

Regarding the target-panel sequencing data, PCR duplicate
reads were removed, followed by indel realignment and base
quality score recalibration. We applied filtering on sequencing
reads based on fragment size to improve the sensitivity of
our subsequent copy number variation (CNV) analysis. After
calculating read depth for each exon region in the target panel,
it was normalized based on the total read depth of each sample. To
identify somatic CNV at gene intervals, we utilized CNVKkit [20] to
calculate the log2 ratio. We tested for variation on sequencing
coverage on cfDNA, with the corresponding PBMC as a reference.
We compared the log2 ratios of gene intervals between responsive
and nonresponsive patients to confine the candidate CNV inter-
vals that are associated with nivolumab response. Spearman’s
correlation between log2 ratio of gene intervals and patients’
percentage of tumor necrosis was used to shortlist putative
CNV intervals (|correlation| > 0.4 and p < 0.05) that harbor
CNV associated with nivolumab response. Regarding somatic
mutation identification, we utilized Lancet [21] and Mutect2 [22],
with default parameters. Tumor mutation burden (TMB) was
defined as the number of mutations per megabase (mut/Mb).

Circulating cfDNA, Genomic DNA, and CNV-Based Anti-PD-1

Response Score to Predict ICB Response

Blood samples were taken immediately prior to and upon
completion of nivolumab treatment. cfDNA and genomic DNA
were extracted from patients’ plasma and PBMC, respectively.
After subjecting them to target-panel sequencing, we applied
necessary quality control and preprocessing on the read alignment.
We enriched for cfDNA fragments likely to originate from malig-
nant cells [23] by extracting shorter sequencing reads with frag-
ment sizes <170 bp. Our fragment analysis result showed that
cfDNA from HCC patients peaked at around 170 bp (online suppl.
Fig. 1). With genomic DNA from the corresponding PBMC
samples of the same individual patients, we determined the
somatic copy number alterations at gene intervals.

To determine blood-based biomarker(s) that predicted anti-
PD-1 ICB response in HCC patients, a drug response score was
assessed by CNV intervals that were associated with the degree of
tumor necrosis. We first shortlisted CNV intervals that possess
statistically significant correlation between CNV status (in terms of
log2 ratio) and the patients’ degree of pathologic tumor necrosis
(online suppl. Fig. 2). To avoid the domination by certain CNV
intervals with extreme log2 ratios, we restricted the log2 ratios to
be within -1 to 1, i.e., those log2 ratios above 1 were truncated as 1
and those below —1 as —1. We also discarded those CNV intervals
having discordant correlation trends within the same gene. Next,
we determined an anti-PD-1 response score that was a weighted
average of the copy number status of those shortlisted CNV
intervals and calculated by the summation of product between
correlation coefficient and log2 ratio as follows:

Anti-PD-1 response score = z p (i)*x (i)

i=1

where p and x were the Spearman’s correlation coefficient with
percentage of pathologic tumor necrosis and log2 ratio, respec-
tively, of each CNV region. For validation of our discovery
findings, we downloaded and compared the study data of a Korean
group of HCC patients having undergone anti-PD-1 treatment

Liver Cancer 5
DOI: 10.1159/000531176


https://doi.org/10.1159/000531176
https://doi.org/10.1159/000531176
http://www.usadellab.org/cms/index.php?page=trimmomatic
http://www.usadellab.org/cms/index.php?page=trimmomatic
https://doi.org/10.1159/000531176

from Hong et al. [6]. In order to normalize the scales of the anti-
PD-1 response score between datasets (our in-house and Hong
et al. [6]), we performed additional standardization on the anti-
PD-1 response score in each dataset:

Standardized anti-PD-1 response score = (score — yt)/o

where score was the anti-PD-1 score for a patient, and p and o were
the mean and standard deviation of anti-PD-1 response scores,
respectively, for the corresponding sample cohort.

Detection of HBV Integration

We had developed a fast and memory-efficient detection tool of
viral integration sites called Virus-Clip [24, 25], which can identify
the exact positions of viral integrations and automatically annotate
the integration events with the corresponding affected human
genes. We used Virus-Clip to identify HBV integration in the
HBV-associated samples.

Statistical Analyses

The study was neither designed nor powered to test any
statistical hypothesis. Safety data were summarized descriptively
in the safety population, defined as all patients who had received
nivolumab. Pathologic tumor response and other efficacy data
were evaluated for patients in the safety population who had
undergone curative resection. Recurrence-free survival was de-
fined as the time from the date of surgery to the earlier of disease
recurrence or death from any cause. Overall survival was defined as
the time from the start of nivolumab treatment to the death from
any cause. Time-to-event data were summarized by Kaplan-Meier
method. Median duration of follow-up was summarized by reverse
Kaplan-Meier method. Reported Fisher Exact p values were one-
sided, and the significance level was set at 0.05 for all analyses
unless otherwise stated.

Results

Clinical Findings

From July 2020 to November 2021, 30 patients were
screened for eligibility. Twenty eligible patients were
treated in the study. The patient characteristics at baseline
are shown in Table 1A. The majority (90%) of patients
had locally advanced stage, 10% had intermediate stage
per Hong Kong Liver Cancer (HKLC) staging classifica-
tion [9], and 2 patients had tumor thrombosis in the
portal vein branch but without invasion to the main
portal vein. The CT scan imaging tumor size ranged
from 4.8 to 16.0 cm in the largest dimension, with a
median of 13.0 cm. 70% (n = 14) of the patients were HBV
carriers, and the remaining 5 were alcohol-associated
HCGC; none had HCV infection by serological anti-
HCYV antibody. Fifteen patients had preoperative medical
conditions which had no absolute contraindication to

surgery.
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All 20 patients completed the planned neoadjuvant
therapy regimen. One patient received additional sys-
temic therapies off trial before surgery and was thus
considered not having undergone surgery on trial in
the efficacy analyses (Fig. 1b). None of the patients
developed adverse reaction to nivolumab contradicting
from receiving hepatectomy. Treatment-related adverse
event occurred in only one (5%) of the 20 patients, which
was grade 2 hypocortisolism developed prior to surgery
and managed by corticosteroid replacement. Of those 19
patients having undergone surgery on trial, 15 (78.9%)
received major liver resection and 4 (21.1%) received
minor liver resection. The median operation time was
215 min. Three (21.1%) patients developed postoperative
complications with Clavien complication >3a. The me-
dian hospital stay was 8 days, and there was no hospital
mortality. The operation details are listed in Table 2.

Pathologic Tumor Necrosis after Nivolumab Treatment

The percentage of necrosis in the pretreatment needle-
biopsied HCC tissues ranged from 0 to 70%, with a
median of 5% and a mean of 16.4%. However, the
percentage of necrosis detected in the pretreatment nee-
dle biopsies had limitation of sampling error and small
size of the needle-biopsied tissues. The resected tumors
ranged from 5.2 to 16 cm, with a median of 13 cm
(Table 1B). Six patients (31.6%) had liver cirrhosis,
and 13 patients (68.4%) had chronic hepatitis with bridg-
ing fibrosis without formation of regenerative nodules.
Twelve (63.2%) patients demonstrated microvascular
invasion histologically, and 12 (63.2%) patients had
TNM staging IITA and IIIB disease.

The tumor necrosis of the resected specimens
ranged from 5% to 100% (Fig. 2a). Seven (36.8%)
HCCs had significant (>60%) tumor necrosis, and 3
of them had almost complete (>90%) tumor necrosis; 1
of these patients had complete pathologic response
(100% necrosis in the tumor), notwithstanding that
she had ruptured HCC after the second dose of nivo-
lumab and was treated with transarterial embolization.
In this study, those tumors with >60% tumor necrosis
were considered “nivolumab-responsive” (nivo-R) and
the others “nivolumab-nonresponsive” (nivo-NR)
(Fig. 2). Hence, 7 and 12 patients were considered
nivo-R and nivo-NR, respectively.

Outcome of Patients

The median follow-up was approximately 15 months
(range: 2-25 months) (up to November 2022). Of the

Cheung et al.
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Table 2. Operation details ]
Operation data

Received hepatectomy on
trial, n = 19

Blood loss, L

Blood replacement, L
Blood transfusion [if yes, (%)]
Total operation duration, min

1.5 (0.05-13.1)
0.32 (0.0-5.19)
10 (52.6%)

215.0 (91-548)

Magnitude of liver resection

Major resection 15 (78.9)
Minor resection 4 (21.1)
Multiple resection [yes (%)] 1(5.3)
Type of resection
Right hepatectomy 6 (31.6)
Right extended hepatectomy 3 (15.8)
Left extended hepatectomy 3 (15.8)
Left trisectionectomy 1(5.3)
Segmentectomy 3 (15.8)
Subsegmentectomy 1(5.3)
Central bisectionectomy 2 (10.5)

Complication data

Neoadjuvant HCC study
with tumor resection,

n=19

Abdominal drain inserted [yes (%)] 13 (68.4)
Overall complication 4 (21.1)
Complications (could have >1)

Pleural effusion tapping not required 1 (5.3%)

Pleural effusion tapping required 1 (5.3%)

Cardiac arrhythmia 1 (5.3%)

Bile duct obstruction 1 (5.3%)

Subphrenic collection 3 (15.8%)
Postop complication(s) — Clavien 3a or above 3 (15.8%)
Hospital stay, days 8.0 (3-45)
Hospital mortality 0 (0.0%)

7 nivo-R patients, all were alive as of November 2022,
and 3 of them (42.9%) experienced tumor recurrence.
For the 12 nivo-NR patients, 2 (16.7%) had died and 7
(58.3%) had tumor recurrence (Fig. 2a). Of these 2
patients who had died, 1 patient (57 years old) died of
recurrent disease, whereas the other 80-year-old pa-
tient without tumor recurrence died of toxic epidermal
necrolysis >3 months after surgery (most likely related
to the prolonged use of antibiotics for treatment of
postoperative collections). The 1-year overall survival
was 89.5% (nivo-R group: 100%; nivo-NR group:
83.3%; slightly higher in the nivo-R group), and the
overall 1-year tumor recurrence rate was 36.8% (nivo-R
group: 28.6%; nivo-NR group: 41.7%; slightly lower in
the nivo-R group) (Fig. 2b). Regarding the 3 nivo-R
patients with >90% tumor necrosis, they were all alive
and recurrence-free at the latest follow-up, indicating
that a high degree of tumor necrosis after neoadjuvant
nivolumab treatment might indicate durable response.

Multimodal Integrative Analysis for
Nivolumab Treatment in Liver Cancer

A total of 9 patients had increased serum alpha-
fetoprotein (AFP) levels of >20 ng/mL at baseline before
nivolumab, but the baseline AFP levels were not partic-
ularly associated with nivolumab response. All nivo-R
patients showed some degree of reduction in the AFP
level in the course of nivolumab treatment, although not
reaching statistical significance (p = 0.068) (Fig. 2c).
There was a trend that some of the nivo-R patients
experienced a decline in AFP level. On the other hand,
5 of nivo-NR patients experienced an increase in AFP
level after 3 cycles of nivolumab treatment but before
surgical resection.

Pathology and CT Imaging

Pathologic analysis of the completely resected liver
tumors showed various degrees of tumor necrosis as early
as after 3 doses of nivolumab administration. Of note, the
tumor necrosis was often hemorrhagic necrosis (Fig. 3a),
which is not commonly seen in untreated HCC tumors
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and was seen in both gross examination and histology.
The tumor necrosis was often accompanied by increased
or even dense immune cell infiltrate (mainly T cells),
particularly at the border of the tumors.

As the percentages of tumor necrosis were assessed
in the resected tumors, they should more accurately
reflect the true extent of tumor necrosis than imaging
assessment. A decrease in the percentage change of
image size was seen in some of the tumors with major
pathologic tumor necrosis (Fig. 3b, left panel), and
there was mild but significant correlation between
the percentage change of CT image size and pathologic
tumor necrosis (Spearman r = —0.559, p < 0.05, Fig. 3b,
right panel).

Whole-Transcriptome Sequencing (RNA-Seq) on

Patient-Derived Tissue and Blood Samples

We performed RNA-seq on both pre- and post-
nivolumab tumor tissues and PBMC samples in all 19
cases. The tissue and PBMC samples were largely and
widely separated from one other, indicating their ex-
pected major intrinsic differences in gene expression
(online suppl. Fig. 3). Moreover, the relatively higher
degree of variability among the tissue samples, as com-
pared to those of their PBMC counterparts (online suppl.
Fig. 3), implies that the molecular differences in gene
expression in tissue samples would serve as better bio-
markers reflecting the underlying clinical diversity among
the cases.

Changes in the Cellular Landscape of the Tumor

Immune Microenvironment in Response to Nivolumab

We utilized cellular deconvolution algorithm [26, 27]
to evaluate the cellular landscape of the tumor micro-
environment and the immunological compositions of
samples. By comparing the temporal transition of the
cellular composition before and after nivolumab treat-
ment, we observed disparate changes in certain immune
cell types that contrasted between the nivo-R and nivo-
NR cases. Notably, in those cases with major pathologic
response (>60% tumor necrosis), the proportion of CD8
T cells tended to increase after treatment, whereas those
of CD4 memory resting T cells and resting mast cells
declined (all Fisher’s exact p > 0.05) (Fig. 4a). The changes

Fig. 2. Patients’ treatment response. a The percentages of
pathologic tumor necrosis in the resected hepatectomy speci-
mens and follow-up of patients regarding disease recurrence.
b Overall and recurrence-free survival of the patients. The 1-
year overall survival rate was higher and the 1-year tumor

Multimodal Integrative Analysis for
Nivolumab Treatment in Liver Cancer

in the T cells were in line with the mode of action of
nivolumab, which mainly targets the PD-1 on the
surface of T cells (CD8 T cells in particular). Never-
theless, the increase in the CD8 T-cell proportion may
indicate the patients with significant pathologic re-
sponse had better restoration in cytotoxic T-cell in-
filtration into the tumor, which is crucial in eliciting an
effective antitumor action (Fig. 4b). Immunohisto-
chemistry (IHC) confirmed the changes in the pro-
portions of CD8 and CD4 T cells in patients’ paired
biopsies and resected tumor tissues to be substantially
consistent with the cellular deconvolution results
(both Kappa p < 0.01). Consistent with the findings
using immune deconvolution, the IHC data showed an
increase in CD8 T cells (Fisher’s exact p < 0.05) and a
trend of decrease in CD4 T cells (Fisher’s exact p >
0.05) in the nivo-R cases as compared to the nivo-NR
counterparts, implicating their functional roles in
governing nivolumab response.

Changes in Immune Checkpoint Landscape after

Nivolumab Treatment

We observed a general elevation in the expression of
PD-1-related molecules after nivolumab treatment, and
this was particularly prominent in the nivo-R cases
(Fig. 5a). This suggests that the nivo-R cases might be
more addicted to or had higher reliance on PD-1
immune checkpoint as their means of tumor escape.
On the other hand, upon nivolumab treatment, there
was a significant increase in the expression of the co-
inhibitory checkpoint molecule CTLA4 in the nivo-R
cases, suggesting a potential alternative immune escape
mechanism elicited by more responsive HCC tumors
after nivolumab treatment (Fig. 5b, upper panels). In
addition, specific to the nivo-R cases, we observed a
general upregulation of other co-inhibitory checkpoint
molecules, e.g., HAVCR2, LAIR1, and TIGIT, suggest-
ing potential additional layers of bypass mechanism
upon ICB. Moreover, there was significant upregulation
of several co-stimulatory checkpoints specific to the
nivo-R cases but not in the nivo-NR cases, suggesting
that the status of co-stimulatory checkpoint components
may also be important in determining the ultimate
nivolumab response (Fig. 5b, lower panels).

recurrence rate, respectively, was lower in the nivo-R group
than the nivo-NR group. ¢ The changes in serum AFP levels at
different time points are shown. All nivo-R patients showed no
increase in AFP level in the course of nivolumab treatment,
although not reaching statistical significance.
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Mechanistic Investigation Revealed

Immune-Related Pathways Advising

Nivolumab Responsiveness

To evaluate the mechanistic overview of ICB, we com-
pared the transcriptomic profiles of nivo-R and nivo-NR
cases before and after nivolumab treatment and subjected
them (upregulated genes: 2,691; downregulated genes:
1,640) to gene set enrichment analysis. Regarding the
samples after nivolumab treatment, consistent with our
findings in the cellular landscape, we detected an overall
upregulation of immune response, particularly lymphocyte
activation and differentiation (Fig. 6a). Besides, the differ-
entially expressed genes could also differentiate the pa-
tients according to nivolumab response (online suppl.
Fig. 4). Taken together, concordant insights from both
cellular and molecular landscapes pinpointed the impor-
tance of T-cell activation and infiltration to elicit more
effective ICB and hence their responsiveness in HCC
patients. This signifies the potential of using T-cell-based
biomarker to advise ICB outcome in advance.

More importantly, we aimed to delineate the underlying
molecular determinants that advised the responsiveness to-
ward nivolumab, particularly using the pre-nivolumab tumor
biopsy samples. To address this, we compared the transcrip-
tomic profiles of pre-nivolumab tumor biopsy samples be-
tween the nivo-R and nivo-NR cases to identify differentially
expressed genes (upregulated genes: 304; downregulated genes:
1,255) related to different processes. We identified innate
immunity-related functional enrichment to be the key factor
related to nivolumab responsiveness (Fig. 6b). Of note, phag-
ocytosis and complement activation were hallmarks identified
in nivo-R patients, as compared to the nivo-NR counterparts.
This may likely imply the intrinsic differences in the tumor
microenvironment and, more importantly, the modulating
role of innate immunity in governing ICB outcome.

Genomic Landscape and CNV-Based Biomarker

Pinpointing Differential Nivolumab

Treatment Outcome

The CNV-based anti-PD-1 response score we de-
vised using target-panel sequencing on patients’ plasma
cfDNA significantly correlated with the extent of tumor

Fig. 3. a Representative cases showing gross pathology and
histology of the resected specimens after preoperative nivolu-
mab treatment. b Serial CT scan of the tumor change of a
patient after neoadjuvant anti-PD-1 treatment (case 2 in a). A
12-cm tumor occupied the right lobe of the liver with com-
pression of the middle and right hepatic veins. After nivolumab
for 3 cycles, significant necrosis of the tumor was observed with
the CT scan showing decreased vascular uptake and reduction

Multimodal Integrative Analysis for
Nivolumab Treatment in Liver Cancer

necrosis in nivolumab-treated patients (Fig. 7a, left
panel) and was able to stratify the patients according
to their responsiveness toward nivolumab (Fig. 7a,
right panel). To complement our CNV-based bio-
marker in predicting anti-PD-1 response, we obtained
the whole-exome sequencing data from a Korean study
with anti-PD-1 treatment on HCC patients by Hong
and colleagues [6]. Using our derived algorithm, we
similarly calculated the CNV-based anti-PD-1 response
score using their data generated from tumor biopsy
tissue samples. Consistent with our discovery findings
derived from cfDNA, we could also differentiate nivo-R
and nivo-NR patients according to the CNV-based
anti-PD-1 response score on their patients (Fig. 7b).
Importantly, by applying the anti-PD-1 response score
on the combined sample cohort of ours and that of
Hong et al. [6], we achieved an AUC value of 80.2% in
distinguishing the treatment response of the patients
(Fig. 7¢).

On the other hand, the role of TMB in predicting
response to ICB remains controversial [28, 29]. We
identified somatic mutations in cfDNA extracted from
the patients’ pretreatment plasma samples. We calcu-
lated the TMB and compared it between the nivo-R and
nivo-NR cases. It was found to be not statistically
different based on our examination using the combined
sample cohort (ours and that of Hong et al. [6]) (online
suppl. Fig. 5). Moreover, we also determined the muta-
tional landscape in our cohort and compared the profile
between the nivo-R and nivo-NR cases (online suppl.
Fig. 6). Regarding various key signaling pathways or
processes, there were suggestive mutational differences
related to anti-PD-1 response. Intriguingly, the sugges-
tive trends regarding anti-PD-1 response were related
to CDKN2A mutations (detected only in some nivo-NR
cases and none in the nivo-R cases) and the enriched
mutations detected in nivo-NR cases, including epi-
thelial mesenchymal transition, p53, G2-M checkpoint,
and PI3K/AKT/mTOR signaling pathways. Due to the
previous investigations by others suggesting the asso-
ciation between CDKN2A alterations and reduced sus-
ceptibility to ICB [30, 31], we looked into CDKN2A

in size of the liver lesion. The right hepatic vein (arrow) also
became visible. A central hepatectomy was performed, and the
CT scan done 4 months after liver resection showed no tumor
recurrence. Clinically, he had no tumor recurrence 14 months
after resection at the latest follow-up. ¢ CT imaging tumor size
of the 19 patients (left panel) and correlation between % change
of CT imaging tumor size and % of pathologic tumor necrosis
in the resected liver specimens (right panel).
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mutations using the combined sample cohort, but it had
only near-to-random predictive power on anti-PD-1
response (online suppl. Fig. 7). Similarly, the mutations
in the aforementioned signaling pathways were not
predictive (online suppl. Fig. 7).

We also examined the HBV integration landscape in
the cfDNA samples and were able to detect HBV inte-
gration in some (N = 8) cases, noting, however, that the
sample size of detectable HBV-integrated cases was small.
We detected no major differences between the nivo-R and
nivo-NR cases (online suppl. Fig. 8). This may, to some
extent, lend support that our findings regarding the
exploration of nivolumab response using a cohort of
largely HBV-positive cases may unlikely be restricted
to HBV-associated HCCs.

Collectively, somatic mutations were less informative
than CNV in determining anti-PD-1 response. Taking
both somatic CNV and mutations into account, our
findings suggest that HCC patients likely have intrinsic
genomic differences, which govern their outcomes in ICB
treatment.

Discussion

While there have been promising results of ICBs in
the management of advanced HCC, the neoadjuvant
use of anti-PD-1 treatment warrants a full investiga-
tion, preferably in patients with pathologic examina-
tions. In our current study, the use of 3 doses of
nivolumab nicely filled the treatment gap for patients
from diagnosis to actual operation in a busy institute
for HCC management. It has been reported that in
patients with advanced HCC, the response rate to
single and double immune checkpoint inhibitor
(ICI) agents is around 20% and 32%, respectively
[32, 33]. In this study, we demonstrated that neo-
adjuvant nivolumab ICB had a relatively high response
rate of 36.8% in our predominantly HBV-positive HCC
patients with intermediate and locally advanced tu-
mors. Almost complete (>90%) tumor necrosis was
seen in ~16% of the cases. Of note, this neoadjuvant
nivolumab treatment was given for only 3 doses and
within a relatively short period of time prior to surgery,
implicating its potential efficacy in leading to tumor
necrosis.

It is interesting to find that the post-nivolumab re-
section specimens showed conspicuous hemorrhagic ne-
crosis both in the gross specimens and histology. Such
hemorrhagic necrosis has not been reported even in a
recent study by Simoes and colleagues, reporting for the
first time the pathology in HCC resection specimens
following nivolumab treatment [34]. On the other
hand, tumor-infiltrating lymphocytes, present both with-
in the tumors and around the tumor necrosis areas, likely
represent the immune reaction elicited by anti-PD-1
action, as seen in that and our studies [34].

To date, despite some recent reports [35-37], there is
still a scarcity of information about the neoadjuvant use
of anti-PD-1 ICB. Among them, the phase 2 trials by
Kaseb et al. [37] and Marron et al. [36] investigated the
perioperative use of anti-PD-1 ICB, i.e., the ICB was also
given after tumor resection. In this regard, this may
preclude direct comparison with them on the neoadju-
vant use of ICB. On the other hand, the study by Ho et al.
[35] investigated the neoadjuvant use of cabozantinib
plus nivolumab prior to surgical resection. With the
primary aim of evaluating the possibility of converting
locally advanced HCC into resectable disease, most
(87.6%) of the enrolled patients went ahead with surgical
resection irrespective of their status of pathologic re-
sponse. In fact, of the 12 resected patients, 5 (42%) had
major pathologic response (defined by >90% tumor
necrosis), whereas the remaining ones did not have
such major pathologic response. Another point of
note is that they used double agents for treatment,
and the treatment-related adverse events were quite
frequent (in 93.3% of the cases), with 13.3% having
grade 3 or above. Transient dose interruptions of cabo-
zantinib were needed in 40% of the cases, and 13% even
required dose reduction. In contrast, single-agent nivo-
lumab was used in our study, and the treatment-related
adverse event occurred in only 1 of the 20 patients
treated, and it was grade 2 hypocortisolism manageable
by corticosteroid replacement. Given the similar dosage
of nivolumab used (our study: 3 mg/kg and Ho et al.: 240
mg; both intravenously), the major difference in
treatment-related toxicity may likely hinge upon the
double agents used in their study.

Our findings also provided useful insight into explain-
ing the underlying differences in nivolumab treatment
response. We found disparate changes in certain immune

Fig. 4. Dynamics of cellular landscape in related to nivolumab treatment. a Changes in the proportions of major
immune cell types upon nivolumab treatment. b Immunohistochemical staining of CD8 in the resected specimen
of a representative NR patient before (in liver biopsy) and after nivolumab treatment (in resected hepatectomy
specimen). Nivo-R, nivolumab responsive; nivo-NR, nivolumab nonresponsive.
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Fig. 6. Gene set enrich-
ment analysis. Tran-
scriptome analysis of
post-nivolumab resected
liver specimens (a) and
the pre-nivolumab liver
tumor biopsy samples
(b) between the nivo-R
and nivo-NR groups. Re-
garding post-nivolumab
samples, we identified
upregulation of immune-
related processes, par-
ticularly lymphocyte
activation and differen-
tiation, in nivo-R cases,
whereas innate immunity-
related functional enrich-
ment such as phagocytosis
and complement activa-
tion was enriched in pre-
nivolumab samples.

Post-nivolumab (nivo-R vs nivo-NR)

Leukocyte migration 4

Immune response-activating signal transduction 4

Immune response-activating cell surface receptor signaling 4
Positive regulation of lymphocyte activation 4

Lymphocyte differentiation -

Small molecule catabolic process 4

Organic acid catabolic process 4

Fatty acid metabolic process -

Alcohol metabolic process 1

Organic hydroxy compound biosynthetic process 1

10 20 30
a -Log(FDR)

o

40

. Down Regulation - Up Regulation

Pre-nivolumab (nivo-R vs nivo-NR)

Phagocytosis, recognition -

Phagocytosis, engulfment

Plasma membrane invagination 4
Complement activation 1

Complement activation, classical pathway
Sterol biosynthetic process 1

Secondary alcohol biosynthetic process 4

00 25 50
b -Log(FDR)

7.5

- Down Regulation - Up Regulation

Multimodal Integrative Analysis for
Nivolumab Treatment in Liver Cancer

Liver Cancer
DOI: 10.1159/000531176



https://doi.org/10.1159/000531176

In-house discovery cohort

° 3F
N=19 ©
2 0.0027

O 1 o ——,
= ( =
8 5 | -
) 3 14 .
0 5 .
QI_ 0 - E 0 1 A
2 =
< , <

% © spearman’s o

-11 “e correlation=0.77
@0 p=0.00011 -2 4
2I5 5IO 7I5 1 OIO Nivo-NR Nivo-R

a % pathological tumor necrosis (N=12) (N=7)

Validation cohort (Hong et al.)

o
8
0.035
L |
2 o |
(0] [¢°]
= A
3 S
2 s 8
QO 01 . 2 AUC: 80.3%
o 2 o |
= o ¥
c n
< o
_2_ N
L]
o
Nivo-NR  Nivo-R SV
ivo- ivo-
— — 100 80 60 40 20
b (N=33) (N=4) Spedificity (%)
Fig. 7. CNV-based anti-PD-1 score pre- Combined cohort
dicted patients’ response toward anti- g
PD-1 blockade. a Anti-PD-1 score -
associated with tumor necrosis out- 0.00014
. . . 2 : o _|
come in nivolumab-treated patients o a ©
(left panel). Nivolumab responsive 9 <
and nonresponsive patients differed n °‘; 2 -
in terms of anti-PD-1 score using in- E 0- N s ) o
house sample cohort (2-sided t test, o ‘ §> o | AUC: 80.2%
right panel). b Validation of anti-PD- b= S N
1 score in determining anti-PD-1 < o
blockade response using a Korean -2 S
patient sample cohort by Hong
et al. ¢ ROC analysis of using anti- o -
PD-1 score as biomarker to predict N'I R ' ' ' ' '
treatment outcome using combined c (,'\IV:{” 100 80 60 40 20
sample cohort (in-house cohort and Specificity (%)
Korean cohort by Hong et al.).
16 Liver Cancer Cheung et al.

DOI: 10.1159/000531176


https://doi.org/10.1159/000531176

cell types upon nivolumab treatment between nivo-R and
nivo-NR cases. There was a greater proportion of cases
with increased CD8 T-cell infiltration after nivolumab
treatment in the nivo-R group than in the nivo-NR
group. This change in CD8 T cells was confirmed with
IHC, and the THC findings were consistent with those
using immune deconvolution. This is in line with the
finding from Ho et al. [35], whose study also identified
higher CD8 T-cell infiltration in posttreatment surgical
samples in patients responsive to combined treatment of
cabozantinib and nivolumab than nonresponsive pa-
tients. With PD-1 inhibition by nivolumab to reactivate
the CD8 T cells, it is expected that the increased
CD8 T-cell infiltration will confer positive responsiveness
of the HCC tumor toward the drug. On the other hand,
our study found a trend of decreased CD4 memory
resting T cells after nivolumab treatment in nivo-R but
not nivo-NR patients. There was a relative shift from
resting to activated CD4 memory T cells in the responsive
cases, but a trend of reversed shift from activated to
resting CD4 memory T cells in the nonresponsive cases.
In a previous study, both CD4 memory resting and
activated T cells were found to be associated with
HCC patients with poorer prognosis [38]. As memory
CD4 T cells typically represent the T-cell subsets pro-
duced during a primary immunogenic challenge and are
persistent to generate a recall response to secondary
challenge [39], whether the shift between the two acti-
vation statuses of CD4 memory T cells determines the
physiologic responsiveness to nivolumab of HCC needs
further investigation.

Although ICIs are thought to act through blocking the
immune checkpoints, the treatment response with ICI
may not be solely related to the level of the immune
checkpoint proteins. A recent study has shown that
although higher PD-L1 score was associated with more
complete/partial response, complete response was also
seen in PD-L1-negative patients [40]. It is likely that there
are fundamental factors that determine the effectiveness
of ICB as well as potential additional layers of bypass
mechanism upon ICB. For instance, we found a signifi-
cant increase in CTLA4 expression after nivolumab in all
cases, suggesting a potential alternative immune escape
mechanism elicited by HCC tumors. Intriguingly, there
was also a general upregulation of other co-inhibitory
checkpoint molecules in the nivo-R cases. Additionally,
by comparing the transcriptomic profiles of the nivo-R
and nivo-NR liver tumor biopsies (pre-nivolumab), we
identified significant overexpression of the gene signature
that governs innate immunity. The elevated antigen
presentation elicited by innate immunity may provide

Multimodal Integrative Analysis for
Nivolumab Treatment in Liver Cancer

a favorable immunogenic environment to support the
action of ICB. In line with our findings, there have been
clinical trials testing the combined administration of
agonist for innate immunity (e.g., cGAS-STING agonists,
phagocytosis check point blockade) and ICB [41-43].
Moreover, our finding on decreased resting mast cell
proportion is in accordance with a recent study demon-
strating the association of tumor-infiltrating mast cells
with anti-PD-1 resistance in a humanized mouse mela-
noma model and implicating mast cell depletion for
improving the efficacy of anti-PD-1 therapy [44].

In this study, we derived a CNV-based anti-PD-1
score using target-panel sequencing of cfDNA isolated
from plasma samples collected before nivolumab treat-
ment. This noninvasive CNV-based anti-PD-1 score in
our discovery cohort was found to robustly predict the
response of anti-PD-1 ICB. We relied on the tissue-
derived data from an independent Korean cohort in the
Hong et al. [6] study, as there is a lack of relevant
publicly available cfDNA data. Taken altogether, these
findings suggest the potential use of noninvasive blood-
based biomarker to advise nivolumab treatment re-
sponse. Further large-scale studies along these directions
are awaited.

Despite our findings that might favor the neoadjuvant
use of nivolumab in HCC patients and reveal the cellular
and molecular basis of nivolumab response, there were
limitations of this study. With this being a pilot study, the
sample size of the patients was relatively small, and a
larger sample cohort is needed for further investigation.
The study had no control arm and a relatively short
follow-up period of the patients. However, this study
focused on the pathologic response and immune micro-
environment analysis, and we could not obtain the
appropriate tissue samples from historical cohort control
arm for analysis. We aim to perform the clinical compar-
ison in another study. Furthermore, it would be useful to
evaluate the neoadjuvant use of drug combo or other
second-line drugs.

Taken together, our study demonstrates that use of
nivolumab is safe and effective in the neoadjuvant
setting for intermediate and locally advanced HCCs.
Significant immune cell-related tumor necrosis ob-
served in the post-nivolumab hepatectomy specimens
signifies that successful restoration of cytotoxic im-
munity is the key determinant for ICB response.
More importantly, a short course of neoadjuvant ther-
apy may deliver durable therapeutic outcome in a small
subset of patients. In addition, noninvasive cfDNA
biomarker could potentially predict anti-PD-1 ICB
response.
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