Hong et al. Genome Medicine (2022) 14:1

https://doi.org/10.1186/513073-021-00995-8 Ge nome M ed |C| ne

Hepatocellular carcinoma patients with ")
high circulating cytotoxic T cells and intra- ™
tumoral immune signature benefit from
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Abstract

Background: A limited number of studies have characterized genomic properties of hepatocellular carcinoma
(HCQ) patients in response to anti-PD-1 immunotherapy.

Methods: Herein, we performed comprehensive molecular characterization of immediate (D-42 to D-1) pre-
treatment tumor biopsy specimens from 60 patients with sorafenib-failed HCC in a single-arm prospective phase |l
trial of pembrolizumab. Objective response rate was the primary efficacy endpoint. We used whole-exome
sequencing, RNA sequencing, and correlative analysis. In addition, we performed single-cell RNA sequencing using
peripheral blood mononuclear cells.
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Results: The overall response rate of pembrolizumab in sorafenib-failed HCC patients was 10% ([6/60] 95% Cl, 24-17.6).
In a univariate analysis using clinicopathological features, female gender, PD-L1 positivity, and low neutrophil-to-
lymphocyte ratio (NLR) were identified as contributing factors to pembrolizumab response. Somatic mutations in
CTNNB1 and genomic amplifications in MET were found only in non-responders. Transcriptional profiles through RNA
sequencing identified that pembrolizumab responders demonstrated T cell receptor (TCR) signaling activation with
expressions of MHC genes, indicating increased levels of T cell cytotoxicity. In single-cell sequencing from 10 pre- and
post-treatment peripheral blood mononuclear cells (PBMCs), patients who achieved a partial response or stable disease
exhibited immunological shifts toward cytotoxic CD8+ T cells. Conversely, patients with progressive disease showed an
increased number of both CD14+ and CD16+ monocytes and activation of neutrophil-associated pathways.

Conclusions: Taken together, HCC patients with infiltration of cytotoxic T cells, along with increased active circulating
CD8+ T cells during pembrolizumab treatment and down-regulation of neutrophil-associated markers, significantly

benefited from pembrolizumab treatment.

Trial registration: NCT#03163992 (first posted: May 23, 2017)
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Background

Hepatocellular carcinoma (HCC) accounts for the ma-
jority of primary liver malignancy and is the fourth lead-
ing cause of cancer-related mortalities worldwide [1, 2].
Asia constitutes disproportionately high numbers of
HCC cases due to the endemic status of the hepatitis B
virus (HBV). However, the rising incidence of HCC and
associated mortality in Western countries are attributed
by the increased number of cases with non-alcoholic
fatty liver disease (NAFLD), metabolic syndrome, and
obesity [1].

Immune checkpoint inhibitors for anti-programmed
cell death 1 (PD-1), such as nivolumab and pembrolizu-
mab, demonstrated durable clinical responses and favor-
able toxicity profiles in phase II clinical trials and were
granted accelerated approval by the FDA for the second-
line treatment of HCC (CheckMate 040 and KEYNOTE-
224) [3, 4]. The overall response rates (ORR) in the
CheckMate 040 trial (dose-expansion phase) and
KEYNOTE-224 trials were 20% (95% CI, 15-26) and
17% (95% CI, 11-26), respectively [3, 4]. The identifica-
tion of predictive and reliable biomarkers to predict the
response to immune checkpoint inhibitors in HCC treat-
ment remains a major challenge. Predictive biomarkers,
such as microsatellite instability, tumor mutational bur-
den, PD-L1 expression, and tumor-infiltrating T-cells,
have been identified in other cancers in response to im-
munotherapy. Tumor mutational burden and T-cell-
inflamed gene expression profile (GEP) have been shown
to predict a favorable response to anti-PD-1 immuno-
therapy in several solid tumors [5-8]. However, there
are a limited number of studies in exploring predictive
markers for anti-PD(L)-1 treatment in HCC.

Hence, the primary objective in this study is to per-
form integrative genomics analyses of HCC patients who
received pembrolizumab after sorafenib failure in hopes

of facilitating identification of predictive biomarkers that
can distinguish responders from non-responders. Pre-
treatment tissue biopsies were obtained from the study
participants immediately before pembrolizumab treat-
ment and subjected to whole-exome sequencing (WES),
RNA sequencing, and correlative analysis. In addition,
we performed single-cell RNA sequencing (scRNA-seq)
using peripheral blood mononuclear cells (PBMCs) that
were derived from HCC patients before and after the
pembrolizumab treatment in order to explore the dy-
namic cellular evolution of immune cells under pembro-
lizumab treatment.

Methods

Trial design and eligibility criteria

The study was a prospective, open-label, single-arm,
phase 2 trial carried out at Samsung Medical Center,
Seoul, Korea. A sample size of 55 patients was calculated
according to the one-stage binomial design based on the
null hypothesis of 5% overall response rate (ORR) and
the alternative hypothesis of 18.5% ORR with 90% power
and 5% one-sided alpha. Assuming about 10% attrition
due to ineligibility and dropout, a total of 60 patients
were recruited for this study. All statistical analyses were
performed using R3.5.3.

The inclusion criteria for study participants were (1)
to have histologically confirmed diagnosis of HCC
(fibrolamellar and mixed hepatocellular/cholangiocarci-
noma subtypes were not eligible); (2) to be >19 years of
age; (3) to have an Eastern Cooperative Oncology Group
performance status of 0 or 1; (4) to have Barcelona
Clinic Liver Cancer (BCLC) Stage C disease, or BCLC
Stage B disease not responsive to locoregional therapy or
refractory to locoregional therapy, and not manageable
by a curative treatment approach; (5) to have a Child-
Pugh class A liver score; (6) with documented objective
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radiographic or clinical disease progression during first-
line sorafenib therapy; (7) to have adequate organ func-
tion per protocol; (8) to have measurable disease based
on RECIST1.1 criteria; (9) naive to anti-PD-1, anti-PD-
L1, or anti-PD-L2 antibodies; (10) willing to provide
fresh tissue for biomarker analysis, and based on the ad-
equacy of the tissue sample quality, agree for assessment
of biomarker status; (11) with a negative urine or serum
pregnancy test within 72h prior to receiving the first
dose of study medication in female subject of childbear-
ing potential; and (12) willing to use an adequate
method of contraception per protocol in female and
male subjects of childbearing potentials, for the course
of the study through 120 days after the last dose of study
medication. The exclusion criteria for study participants
were (1) to participate and receive study therapy or has
participated in a study of an investigational agent and re-
ceived study therapy or used an investigational device
within 4 weeks of the first dose of treatment; (2) to re-
ceive sorafenib within 14 days of first dose of study
medication; (3) to have esophageal or gastric variceal
bleeding within the last 6 months; (4) with a solid organ
transplant; (5) with active autoimmune disease that has
required systemic treatment in past 2 years (i.e., with the
use of disease-modifying agents, corticosteroids, or im-
munosuppressive drugs); (6) with a diagnosis of im-
munodeficiency or is receiving systemic steroid therapy
or any other form of immunosuppressive therapy within
7 days prior to the first dose of trial treatment; (7) to re-
ceive locoregional therapy to the liver (transcatheter che-
moembolization [TACE], transcatheter embolization
[TAE], radiation, radioembolization, or ablation), or
major surgery to the liver or other sites within 6 weeks
prior to the first dose of the study drug; (8) with a
known additional malignancy that is progressing or re-
quires active treatment. Exceptions include basal cell
carcinoma of the skin or squamous cell carcinoma of the
skin that has undergone potentially curative therapy or
in situ cervical cancer, (9) with active central nervous
system (CNS) metastases and/or carcinomatous menin-
gitis. Subjects with previously treated brain metastases
may participate provided they are stable (without evi-
dence of progression by imaging for at least 4 weeks
prior to the first dose of trial treatment and any neuro-
logic symptoms have returned to baseline), have no evi-
dence of new or enlarging brain metastases, and are not
using steroids for at least 7 days prior to trial treatment,
(10) with a known history of, or any evidence of, intersti-
tial lung disease or active noninfectious pneumonitis;
(11) with an active infection requiring systemic therapy;
(12) with a history or current evidence of any condition,
therapy, or laboratory abnormality that might confound
the results of the trial, interfere with the subject’s partici-
pation for the full duration of the trial, or is not in the
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best interest of the subject to participate, in the opinion of
the treating investigator; (13) has known psychiatric or sub-
stance abuse disorders that would interfere with cooper-
ation with the requirements of the trial; (14) to be pregnant
or breastfeeding, or expecting to conceive or father children
within the projected duration of the trial, starting with the
pre-screening or screening visit through 120 days after the
last dose of trial treatment; (15) to receive prior therapy
with an anti-PD-1, anti-PD-L1, or anti-PD-L2 agent; (16)
with a known history of human immunodeficiency virus
(HIV) (HIV 1/2 antibodies); (17) with an untreated active
hepatitis B (e.g., HBsAg reactive) or hepatitis C (e.g., HCV
RNA [qualitative] is detected); (18) to receive a live vaccine
within 30 days of planned start of study therapy. All pa-
tients provided written informed consent before enrollment
(ClinicalTrials.gov, NCT#03163992). The trial protocol was
approved by the Institutional Review Board at Samsung
Medical Center (Seoul, Korea) and was conducted by
following the Declaration of Helsinki and Guidelines for
Good Clinical Practice. The approved trial protocol and the
revision history of the protocol can be checked in the
additional files (Additional files 1 and 2).

Pembrolizumab 200 mg was administered as a 30-min
intravenous infusion every 3 weeks until further disease
progression or unacceptable toxicity was documented, or
up to 24 months. Computed tomography (CT) scan and/
or magnetic resonance imaging (MRI) were performed
every two cycles to evaluate the tumor response according
to the RECIST 1.1 criteria. As per the RECIST1.1, object-
ive response rate (ORR) was considered at the primary ef-
ficacy endpoint. The response evaluation was performed
every 2cycles of pembrolizumab. The progression-free
survival (PFS) was defined as the time from the start of
treatment until the date of disease progression or death
resulting from any cause. The overall survival was mea-
sured from the start of treatment to the date of death from
any cause. The response rate was calculated as the per-
centage of patients experiencing a confirmed complete re-
sponse (CR) or partial response (PR). Toxicities were
defined and graded based on the National Cancer Institute
Common Terminology Criteria for Adverse Events 4.0 [9].

Sample collection

Tumor tissues were obtained using core-needle biopsy
or excisional biopsy as clinically indicated before the ini-
tiation of pembrolizumab treatment. Only tissue samples
within 6 weeks before initiation of treatment were
allowed. If tumor content was estimated at more than
40% after a thorough pathological review, tumor DNA
and RNA were extracted from tumor tissues using
QIAamp Mini Kit (Qiagen) according to the manufac-
turer’s instructions; RNase A (Qiagen) was used during
DNA extraction. The qualitative and quantitative ana-
lysis of the extracted DNA was performed with an
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ND1000 spectrophotometer (Nanodrop Technologies,
ThermoFisher) and Qubit fluorometer (Life Technologies).

We also obtained peripheral blood samples from be-
fore and after the pembrolizumab treatment for 2 cycles.
The peripheral mononuclear cells obtained were sub-
jected to scRNA-seq using the 10x Genomics single-cell
library.

PD-L1 immunohistochemistry

Tumor tissue sections were freshly cut to 4um and
mounted on microscope glass slides (Fisherbrand Super-
frost Plus, ThermoFisher), then dried at 60°C for 1h.
IHC staining was carried out on a Dako Autostainer
Link 48 system (Agilent Technologies) using the Dako
PD-L1 IHC 22C3 pharmDx kit (Agilent Technologies)
with EnVision FLEX visualization system. Slides were
counterstained with hematoxylin according to the manu-
facturer’s instructions. PD-L1 protein expression was de-
termined using a combined positive score (CPS),
calculated by the number of PD-L1 staining cells (tumor
cells, lymphocytes, macrophages) divided by the total
number of viable tumor cells, multiplied by 100. The
specimens were considered to have PD-L1 expression if
CPS =1.

WES pipeline

WES reads were aligned to the reference human genome
(GRCh37) using BWA-MEM [10] followed by prepro-
cessing steps including duplicate marking, indel realign-
ment, and base recalibration using the Genome Analysis
Toolkit (GATK, v3.6 and v4.1.3) [11]. Resulting BAM
files were used to obtain somatic single nucleotide vari-
ants/small insertion and deletions (SNV/INDELs) and
copy number variations (CNVs) MuTect2 in GATK gen-
erated somatic SNV/INDEL calls by comparing BAM
files from tumor and matched normal samples [12].
SNV/INDELs higher than 0.0000025 population allele
fraction in gnomAD [13] were filtered out to remove
possible germline mutations. Somatic mutations were
annotated with variant effect predictors [14]. SNVs with
mutant reads of equal or less than four in tumor samples
were also eliminated. Tumor mutation burden (TMB)
for a subject was defined as the number of somatic non-
synonymous SNVs that passed all the filters described.
The mutational signature analysis was performed using
the deconstructSigs package (v1.8.0) in R, which selects
combinations of known mutational signatures that ac-
count for the observed mutational profile in each sample
[15]. WES-based CNV estimation was performed by
ngCGH (python package).

RNA-Seq pipeline
RNA-Seq reads were aligned by STAR (v2.6.1d) [16] and
the gene expression levels were quantified by fragments
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per kilobase of transcript per million (FPKM) mapped
reads. Log2-transformed FPKM values were used for fur-
ther analyses except for differentially expressed gene
(DEG) extraction. DEGs were extracted using DEseq2
[17] with read counts per gene which were generated by
DEGseq [18]. Single-sample GSEA (ssGSEA) scores were
used to estimate gene signature expression levels for
REACTOME MET receptor activation and neutrophil
markers [19] in a single sample using R package GSVA
[20]. Geneset enrichment analysis between responders
and non-responders was performed by GSEA-P [21].

Single-cell RNA-sequencing data process and analysis
Single-cell RNA-sequencing reads were aligned to the
GRCh38 human genome reference and quantified using
cellranger (version 3.1.0). Further analyses were con-
ducted using Seurat (version 3.1.4). Unique feature or
gene counts that were greater than 3000 or less than 200
were excluded to account for potential doublets, multi-
plets, low-quality cells, or empty droplets. Afterwards,
cells with greater than 10% mitochondrial genome con-
tent were further excluded from the analysis. As a result,
a total of 26,541 cells passed the QC filters. Raw feature
counts were then log-normalized and scaled and sub-
jected to linear dimensional reduction using principal
component analysis (PCA). Cell clusters were then iden-
tified using the K-nearest neighbor (KNN) graph model
based on the Euclidean distance in PCA space and ¢-sto-
chastic neighbor embedding (tSNE) algorithm for
visualization. Different cell type clusters were identified
through performing differentially expressed gene analysis
for each cluster and annotated based on the expression
of representative markers.

Results

Patient characteristics

The baseline characteristics of the study participants are
summarized in Table 1. All 60 patients were pathologic-
ally confirmed as HCC and received sorafenib as first-
line systemic treatment but showed tumor progression
prior to the enrollment of this study. The first patient
enrollment date was 26 Dec 2017 and the last patient
enrollment date was 11 Jun 2019. Forty-eight patients
(80.0%) received pembrolizumab as the second-line
treatment, while 12 patients (20.0%) received it as a
third- or greater-line systemic treatment. Forty-eight
(80.0%) were male, and the median age was 60 (range,
37-84). There were 46 patients (76.7%) with HBV infec-
tion, 6 (10.0%) with hepatitis C virus (HCV) infection, 1
(1.7%) with alcoholic cirrhosis, 1 (1.7%) with primary bil-
iary cirrhosis, and 6 (10.0%) with unknown etiology.
Alpha-fetoprotein (AFP) levels of 30 patients (50%) were
higher than 400ng/ml at baseline, and 52 (86.7%)
showed extrahepatic metastasis.
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Table 1 Baseline characteristic of patients

n =60 (%)
Age <60 28 (46.7%)
=60 32 (53.3%)
Sex Female 12 (20.0%)
Male 48 (80.0%)
ECOG performance status 0 9 (15.0%)
1 51 (85.0%)
Pathologic confirmation No 0 (0.0%)
Yes 60 (100%)
Child-Pugh classification A5 41 (68.3%)
A6 19 (31.7%)
Etiology Hepatitis B 46 (76.7%)
Hepatitis C 6 (10.0%)
Alcohol 1 (1.7%)
Primary biliary cirrhosis 1 (1.7%)
Others 6 (10.0%)
Alpha-fetoprotein > 400 30 (50.0%)
<400 30 (50.0%)
Extrahepatic disease No 8 (13.3%)
Yes 52 (86.7%)
Prior treatment Transplantation 0 (0.0%)
Surgery 17 (28.3%)
Locoregional therapy 41 (68.3%)
(RFA, TACE)
Radiotherapy 31 (51.7%)
Prior chemotherapy 1 48 (80.0%)
22 12 (20.0%)
Prior sorafenib No 0 (0.0%)
Yes 60 (100%)

ECOG, Eastern Cooperative Oncology Group; RFA, radiofrequency ablation;
TACE, transarterial chemoembolization

Clinicopathological profiles and response to
pembrolizumab

As of July 20, 2019, the median follow-up duration was
5.1 (range 0.8—18.5) and the median number of treat-
ment cycles completed was four (range, 1-22) (Fig. 1A
and Additional file 3: Table S1). The percentage of max-
imum tumor reduction after pembrolizumab treatment
for each patient was assessed according to RECIST 1.1
criteria (Fig. 1B). An overall response rate (ORR) was
10.0% (0 complete response (CR), 6 partial responses
(PRs) (6/60 [95% CI, 2.4-17.6])), 50% of patients
achieved stable disease (SD) (30/60, 50% [95% CI, 18.4—
41.6]), and 28.3% of patients had progressive disease
(PD) (17/60, 28.3% [95% CI, 7.5-26.5]). Seven patients
(11.7%) were not assessed due to loss of follow-up
(Fig. 1A, B). When we evaluated the association
between response to pembrolizumab and clinicopathological
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profiles, patients with low neutrophil-to-lymphocyte
ratio (NLR) (p = 0.027), positive PD-L1 expression
(combined positive score (CPS) = 1) (p = 0.042), and
female patients (p = 0.019) were significantly preva-
lent in pembrolizumab responders (Fig. 1C and
Additional file 4: Table S2). When we evaluated the
association between disease control (PR + SD) to
pembrolizumab and clinicopathological profiles, low
AFP (p = 0.002) and low PIVKA-II (p = 0.038) were
significantly prevalent in patients who achieve disease
control from pembrolizumab (Additional file 4: Table S2).
Toxicities were manageable and safety profiles were dem-
onstrated in Additional file 4: Table S3. Representative CT
scans and microscopic findings of patients (H&E staining
and PD-L1 expression) who achieved PR to pembrolizu-
mab are illustrated in Fig. 1D-F.

The median progression-free survival (PFS) and overall
survival (OS) of the entire study cohort (n = 60) were
2.8 months (95% CI, 2.6—4.7) and 8.3 months (95% CI,
5.4-10.9), respectively (Additional file 4: Fig. S1A and B).
Survival analyses between patients with pembrolizumab-
refractory HCC and patients who achieved PR or SD
to pembrolizumab are described in Additional file 4:
Fig. S1C-F.

Genomic landscape and molecular profiles associated
with response to pembrolizumab

To identify genomic and transcriptomic predictors for
pembrolizumab in HCC, we performed whole-exome
sequencing (WES) and RNA sequencing on 47 (re-
sponders, # = 5; non-responders, n = 37; not evaluable,
n = 5) and 40 pre-treatment HCC samples (responders,
n = 6; non-responders, n = 29; not evaluable, n = 5),
respectively. Based on WES data, a similar prevalence of
non-synonymous mutations was found in TP53,
CTNNBI, and ARIDIA, as reported by other HCC gen-
omic studies (Fig. 2A) [1, 22]. We did not observe any
mutual exclusivity pattern between CTNNBI mutations
(nm = 10, 21.3%) and TPS53 mutations (n = 20, 48.9%)
(odds ratio = 1.05) [23]. Although there were no signifi-
cant genomic factors associated with response to pem-
brolizumab due to the small sample size of responders,
interestingly, all patients with CTNNBI mutations were
non-responders to pembrolizumab (Additional file 5:
Table S4). The samples with CTNNBI mutations
showed up-regulated CTNNB1-HCC class pathway
compared with CTNNBI wild-type tumor samples, sug-
gesting that the discovered CTNNB1 mutations in this
cohort induced the activation of WNT/[B-catenin path-
way (Additional file 4: Fig. S5C and D). Consistent with
CTNNB1 mutational status, CTNNB1-HCC subclass
pathway was enriched in non-responders while
responders showed up-regulated proliferation-HCC sub-
class pathway according to geneset enrichment analysis
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(GSEA) analysis [24] (Fig. 2B, C). Furthermore, we have
pathologically evaluated the prevalence of tumor-
infiltrating lymphocytes (TILs) and PD-L1 expression
level based on CTNNBI somatic mutation. There were

no statistically significant differences in terms of both
TILs and PD-L1 expression according to CTNNBI som-
atic mutation (Additional file 4: Fig. S2A and B). Muta-
tional status of TP53 or ARIDIA was not significantly
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CHIANG_LIVER_CANCER_SUBCLASS_CTNNB1_UP pathway was significantly enriched in non-responders (SD/PD) (FDR = 0 and NES = —2.76). D ssGSEA
scores of Reactome MET receptor activation geneset were significantly higher in non-responders (SD/PD) than responders (PR) (Wilcoxon rank-sum p-value
= 0.016). sSGSEA scores were calculated using GSVA package in R. BOR, best overall response; CPS, combined positive score; AFP, alpha-fetoprotein; NLR,
neutrophil-to-lymphocyte ratio; PR, partial response; SD, stable disease; PD, progressive disease

SD/PD

associated with response to pembrolizumab in HCC (p =
0.34 and 0.063, respectively), but mutations in 7P53 and
ARIDIA genes were more frequent in responders than
non-responders (odd ratios = 4.55 and 10.4, respect-
ively). The prevalence of tumor mutation burden
(TMB)-high at the clinically validated cutoff of 175
missense mutations/exome was very low (2.4% [1/42]),
and high TMB could not be evaluated for a potential
predictive biomarker of pembrolizumab in this study
(Additional file 4: Fig. S3) [7, 25]. We also estimated
copy number variations in the genes which were previ-
ously reported as frequently amplified or deleted genes

(Fig. 2A). Although there were no significant associa-
tions between responses to pembrolizumab and gene
copy number alterations, we found that copy gains in
MET were unique to the non-responder group (0/5 vs.
7/37), and accordingly, non-responders exhibited in-
creased expression levels for MET receptor activation
markers compared to responders (Fig. 2A, D).

Next, we analyzed immunological features of pembro-
lizumab responders using 40 RNA-sequencing data.
First, DESeq2 identified differentially expressed genes
(DEGs) between responders and non-responders
(log2FC >1 and adjusted p <0.05) (Fig. 3A). To



Hong et al. Genome Medicine

(2022) 14:1

Page 8 of 15

Rank in ordered gene list

Fig. 3 (See legend on next page.)

\

-log(FDR)
ELVIDGE_HYPOXIA_BY.DUOG_ P I ——
ELVIOGE_HYPOXIA_UP [ ———
ELVIOGE_HIFIA_AND_MF 2A_TARGETS O\ I —
KRIEG_MYPOXA_NOT_ViA_KOMIA I

ELVIOGE_HIF1A_TARGETS_ON [E—
° MENSE_HYPOXIA_UP I
Differentailly expressed genes SMDAIAST PO S —
" POOLA_INVASIVE_BREAST CANCER U [
© Up-regulated genes in SD/PD T AT R
2 ® Up-regulated genes in PR mwu_niu_esu_cum::_:‘:::t_ :—
VANTVEER_SREAST_CANCER_ €541 ON EE—
Gene class VESSNR_AP 4GS T XaNE_ANO_ v I
9 Immune checkpoints Y, S—
MHC class /Il genes o R
GEORGES_TARGETS_OF _MIR 192 AND_MR21S I
SMIRNOV_RESPONSE_TO_M_SHR_ON IE—
= VANDESLUNS_COMMO!_TARGETS_GROUP_2 UP I .
RSSO —
T 230 TANGETS_» e—
% Overlap (k/K)
B
% .
2 . s C -Iog(FDR)
E o o &« 3 & 8 % 8 8
o . ACEVECO_LVER_CANCER_ON | —
) cxcLe ¢ ; . oy iperiet S —
- . MJMI_M‘_I:‘M_ o
‘CHIANG LIVER_CANCER_SUBCLASS_CTNNE ! LP [—
e o ™ REACTOME_B)0LOGICAL_OXIDATIONS I
2 SE%B"Q 3 _Feta i KEGG RETNOLMETASCUSM I— .
3 : g e o cevonl ST ‘mum_l_rww&m::;t::f;__ 3
$ ol o -’ P KEGG_DRUG_METABOUISM_CYTOCHROME. P4sh I .
HEPACAM ,.«fs ox it s o ks rToc e ot 37 " .
ceL - P! mo TR ARV Lot ase E—
) G"‘ HLA B3 1 CAIRO_HEPATOBLASTOMA_CLASSES_ON IEEESG_—_—_—
CHIBL1/COL14A1  H —A PDCDILG2 TR —
HLA-CN, PDCD1 e Mo oY IO s .
HLA-DPB1 HAVCRZ £ o m:i_.::&ti:f;:::—o
0 HLA= ICOS AL A SR OOV ¢
HLA-DPA1 HLA-DRANCTLA4 s g 2 2z 8 g @
-10 -5 0 5
log2FoldChange Qveriap (1K)
PID_CD8_TCR_DOWNSTREAM_PATHWAY KEGG_T_CELL_RECEPTOR_SIGNALING_PATHWAY P=9.25x 102
=9.25x 10°
@ 0.6 & os
e 05 ® 04 g
3 03 g 03 £ 10000 |
§ o2 - J £
£ 041 5 £
2 2 o0 3
S AN 111 L
‘ ' s a
g 0 g 05 . | G
Z 00 §° 0.0 g 5000 (=% ) Y
§, -0.51 Nominal p-value: 0 °g’,'°~5 Nominal p-value: 0 2] a
@ -1,0{FDR:0. @ -1.0 | FDR: 0.0124 %
Normalized ES: 1.8055 Normalized ES: 1.6868 2500
0 5000 10000 15000 20000 25000 30000 0 5000 10000 15000 20000 25000 30000 PR  SD/PD

Rank in ordered gene list




Hong et al. Genome Medicine (2022) 14:1 Page 9 of 15

(See figure on previous page.)

Fig. 3 Gene expression profiles in association with response to pembrolizumab. A A volcano plot showing the differentially expressed genes (DEGs)
between responders and non-responders. Red and green dots indicate the up-regulated genes in responders (adjusted p-value < 0.05 and log?2 fold
change > 1) and the up-regulated genes in non-responders (adjusted p-value < 0.05 and log?2 fold change < — 1). The X-axis represents the log2-fold
changes in expression levels, and the Y-axis represents the statistical significances (-log10-adjusted p-value) between responders and non-responders. Each
dot represents one gene. B, C A barplot illustrating the top 20 significantly overlapped MSigDB gene sets (FDR < 0.05) with the DEGs generated in A.
Hypoxia was associated with up-regulated genes in responders (B), and liver/HCC-associated genesets were overlapped with up-regulated genes in non-
responders (C). Red bar represents statistical significances (-log10 scale) and black dot indicates the proportion of overlapped genes in genesets. D, E GSEA
plots representing PID_CD8_TCR_DOWNSTREAM pathway (FDR = 0.0028, NES = 1.81) (D) and KEGG_T_CELL_RECEPTOR_SIGNALING pathway (FDR = 0.012,
NES = 1.69) (E) were significantly enriched in responders (PR). F ssGSEA scores of gene markers for neutrophil were up-regulated in non-responders (SD/
PD) (Wilcoxon rank-sum p value = 0.093). DEG, differentially expressed gene; FDR, false discovery rate; GSEA, geneset enrichment analysis; NES, normalized

enrichment score; PR, partial response; SD, stable disease; PD, progressive disease

biologically characterize the DEGs, we examined which
molecular pathways were overlapped with DEGs using
MSigDB curated gene sets (C2) [26] and revealed that
hypoxia-associated genesets were enriched in up-
regulated genes in responders (Fig. 3B). Previous stud-
ies demonstrated that hypoxia conditions enhanced ef-
fector function of CD8 T cells and cytotoxicity of
cytotoxic T lymphocytes (CTLs) [27, 28]. GSEA showed
that T cell receptor (TCR) signaling pathways were sig-
nificantly enriched in responders, and also, immune
checkpoints and MHC genes showed higher expression
levels in responders compared to non-responders (Fig.
3A, D, E). In sum, studies using mRNA expression pro-
files demonstrated that increased cytotoxic T cell func-
tion under hypoxia circumstances in the tumor
microenvironment of responders results in more
powerful PD-1 blockade effects on sorafenib-failed HCC
patients. On the other hand, liver- and HCC-specific
genes were up-regulated in non-responders, and extra-
cellular matrix (ECM)-associated genes were also in-
cluded in non-responder DEGs (Fig. 3A, C). According
to clinical-pathological profiles, low NLR was one of
the prognostic markers (Fig. 1C). We evaluated whether
neutrophil markers were transcriptomically down-
regulated in responders and confirmed that neutrophil
gene markers were relatively lower expressed in
responders compared to non-responders (Fig. 3F). The
NLR showed the significant positive correlation with
the expression of neutrophil gene markers (p = 0.037).
Also, the patients with high-NLR had the higher
expression levels of neutrophil gene markers than the
patients with low NLR (Wilcoxon rank-sum p-value =
0.039) (Additional file 4: Fig. S4A and B). An inte-
grated analysis of the molecular features showed that
the 6 responders to pembrolizumab in our study were
characterized by lower levels of immunosuppressive
tumor endogenous or microenvironment elements
(CTNNB1 mutations, neutrophils, ECM, and stroma
signatures), and increased levels of T-cell cytotoxicity
and cell proliferation, delineating a particular class of
HCC that is most likely to benefit from
pembrolizumab.

Single-cell RNA sequencing reveals cellular composition
and immunological changes in response to
pembrolizumab

Single-cell RNA sequencing (scRNA-seq) provides in-
novative opportunities to dissect and delineate complex
cellular hierarchy at single cell resolution. To decipher
the complexity of cellular diversity and evolutionary tra-
jectory in immune cell composition in response to pem-
brolizumab, we obtained peripheral blood mononuclear
cells from before and after the pembrolizumab treat-
ment. Ten paired pre-treatment (baseline) and post-
treatment (6-week pembrolizumab) samples of PMBC
from ten patients with BLCL stage C disease were sub-
jected to scRNA-seq using the 10x Genomics single-cell
library. A total of 54,017 single cells were detected with
an average of 2700 cells per case, and after the alignment
on the hgl9 reference genome, 32,738 features or unique
genes were detected. Various quality-controlled (QC)
criteria were implemented to account for potential dou-
blets and mitochondrial gene content. Overall, 26,541
single cells and 18,221 unique genes passed the QC fil-
ter. Dimensional reduction analysis via ¢-distributed sto-
chastic neighbor embedding (tSNE) revealed 18 distinct
cell type clusters that are enriched for specific immune
cell populations, including five myeloid clusters, seven T
cell clusters, one B cell cluster, and three natural killer
(NK) cell clusters (Fig. 4A). Each individual cellular
compartment demonstrated uniquely expressed tran-
scriptomes, including SI100A8 for CD14+ monocytes,
KLRF1 for NK cells, CD8A for CD8+ activated T cells,
TCLIA for B cells, PF4 for megakaryocytes, etc. (Fig. 4B,
C). We discovered that this heterogeneous mixture of
immune cell populations clustered together regardless of
patient origin, suggesting consistency of immune cell
types across individual patients (Fig. 4D). Interestingly,
each patient manifested distinct immune cell distribu-
tions, some demonstrating enrichments of activated
cytotoxic CD8+ T cells (S50, S47) and CD4+ naive T
cells (S41), while others were marked by notable accu-
mulation of NK cells (S43, S45, S42, S49) and CD14+/
CD16+ monocytes (S44, S46, S42) (Fig. 4E). We suspect
that such dynamic cellular architecture within peripheral
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blood potentially contributes to overall pembrolizumab
response within a clinical framework.

We next focused on immunological changes in re-
sponse to checkpoint blockade. When we differentiated
immune cell type clusters based on pre- and post-
treatment time points, we observed an overall increased
frequency of activated CD4+ and CD8+ T cells and

reduction of both CD4+ and CD8+ naive T cells, further
advocating the notion that immune checkpoint therapy
primarily affects CD8+ T cells [29-31] (Fig. 5A, B). We
further categorized immune cell populations based on
clinical response to pembrolizumab and discovered that
such immunological shifts toward cytotoxic CD8+ T cell
were more prevalent in patients who achieve PR or SD



Hong et al. Genome Medicine (2022) 14:1

Page 11 of 15

Pre-treatment

Post-pembrolizumab

P=327x102
100%
® CD14* Monocyte
@ CD16* Monocyte
® NK cell
©® CD8* Naive T cell
© CD8* Activated T cell
® CD4* Naive T cell
©® CD4* Activated T cell
@ CD4+ Memory T cell
® Bcell
Megakaryocyte
© Dendritic cell
Plasmacytoid dendritic cell

Cell percentage
a ~
o o
2 2

»
2

Pre- Post-

P=187x104

H

P=243x102

100%

Cell percentage
8 3
Ed K

2
K
Cytotoxic T cells (%)

P=4.20x10?

= Unassigned S
treatment pembrolizumab

Responder Non-Responder

® S44
® S41
® S51
® S50
® S47
® S49

® S46
® S43
® S45
® S42

u

P=1.51x10"

Cytotoxic T cells (%)

Pre Post '
Responder

Pre Post
Non-Responder

0%
Pembrolizumab:

E ©HLA-C

i
|
|
|
i
o

3
8

PPBP :
(€] ' GNAI2
FTH1__ §
§
;

Pre-
treatment pembrolizumab

Lck and Fyn tyrosine kinases in initiation of TCR Activation

The Co-Stimulatory Signal During T-cell Activation [

'

'

'

i

' Activation of Csk by cAMP-dependent Protein Kinase Inhibits. . I
'

'

'

i

g IL12 and Stat4 Dependent Signaling Pathway in Th1.. |IEmm

Pre- Post-
treatment pembrolizumab

Post-

0 2 4 6 8 10 12

T Cytotoxic Cell Surface Molecules
Epstein-Barr virus infection [ —

B Lymphocyte Cell Surface Molecules |MEm
T Helper Cell Surface Molecules [
IL 17 Signaling Pathway |SE

SDPR
(©) RP826@ o

-Logyo P-value

a
3

MAP3K7CLO '
8 o .

o

°
°

°
o

s

z
o
?
Py
@
L2
°
]
3
o
@
=
o
>

positive regulation of tumor necrosis factor production

involved in it y
neutrophil chemotaxis
platelet degranulation

inflammatory response
neutrophil aggregation
innate immune response
chemokine production

neutrophil activation involved in immune response
ion of NF-kappaB iption factor activity
positive regulation of leukocyte chemotaxis
negative regulation of angiogenesis

positive

Log2 Fold Change

Fig. 5 Immunological changes of immune cells in response to pembrolizumab. A tSNE analysis of immune cells colored by inferred cell type and

separated by pembrolizumab treatment time point. Pre-treatment (left panel) and post-treatment (right panel). B Bar graph representation of
immune cell composition based on pembrolizumab treatment time point. The p-value has been calculated using the chi-squared test. C Bar
graph representation of immune cell composition based on pembrolizumab treatment time point and response. The p-values have been
calculated using chi-squared tests. D Violin plot representation of cytotoxic T cells between pre- and post-pembrolizumab treatment in patients
who achieve PR or SD (left panel) and patients with PD (right panel). The p values are calculated by a two-sided Wilcoxon rank-sum test. E
Volcano plot representation of differentially expressed gene analysis in cytotoxic T cells between patients who achieve PR or SD and patients
with PD. Genes with > 0.5 or < — 0.5 log, fold change and < 0.05 p-value are colored in red and blue, respectively. F Gene Ontology (GO) analysis
of differentially expressed genes in E. tSNE, t-stochastic neighbor embedding; PR, partial response; SD, stable disease; PD, progressive disease

(Fig. 5C). Notably, we also found that patients with PD
demonstrated an increased number of both CD14+ and
CD16+ monocytes, consistent with previous studies that
have shown potential association between infiltration of
monocytes with impediment of natural T cell functions
[32-34]. Overall increased frequency of cytotoxic T cells
was significantly more evident in the patients who
achieve PR or SD to pembrolizumab (Fig. 5D). To
elucidate global transcriptional regulatory networks that
govern cytotoxic T cells in clinical response to pembroli-
zumab, we performed genome-wide differentially
expressed gene analysis. Notably, cytotoxic T cells that

were derived from the patients who achieved PR or SD
exhibited initiation of T-cell receptor activation via Lck
and Fyn tyrosine kinases. Conversely, patients with PD
mainly showed enrichments of molecules that were
associated with neutrophil activation. We suspect that
potential interaction between cytotoxic T cells with
neutrophils in T cell-inflamed microenvironment could
contribute to the acquisition of immunosuppressive
properties. Collectively, scRNA-seq revealed overall im-
munological shifts of cytotoxic T cells that potentially
attribute the overall clinical benefit of pembrolizumab in
HCC patients.
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Discussion

Clinical trials, such as CheckMate 459, KEYNOTE-240,
and IMbravel50, have demonstrated that a substantial
proportion of HCC patients significantly benefitted from
anti-PD-1 treatment [35-37], and clinical application of
anti-PD-1 immunotherapy in HCC is expected to widen
in the future. To the best of our knowledge, this is the
first study to perform comprehensive molecular
characterization of HCC patients in response to pembro-
lizumab treatment following progression on sorafenib in
a phase II clinical trial. Somatic mutation in CTNNBI,
accompanied by activation of CTNNBI signaling path-
way, was prevalent in non-responders. Furthermore, fre-
quent genomic amplification of MET was also evident in
non-responders. Conversely, through genome-wide tran-
scriptome analysis, we observed activation of the TCR
signaling pathway in responsive patients. Lastly, we dem-
onstrated that HCC patients with increased highly acti-
vated circulating CD8+ T cells in their peripheral blood
during pembrolizumab treatment achieved significant
clinical benefit to pembrolizumab, while refractory pa-
tients demonstrated enrichments of CD14+/CD16+
monocytes and NK cells.

Previous studies have identified distinct molecular sub-
types within HCC with different prognoses [1, 24, 38, 39].
Transcriptional analysis indicated that responders resem-
bled transcriptomic features of proliferation class HCC
while non-responders exhibited activation of CTNNBI1
class HCC-like GEP. We suspect that non-proliferation
class HCC presents a higher incidence of CTNNBI
mutation [1, 40, 41], which promotes activation of the
WNT/B-catenin pathway, resulting in immune evasion
and resistance to anti-PD-1 immunotherapy [42]. Hence,
HCC patients with CTNNBI1 somatic mutation and/or
non-proliferation class remained less responsive to anti-
PD-1 treatment. Since there is more recent evidence
showing that activating WNT/B-catenin signaling is asso-
ciated with innate resistance to immune checkpoint inhib-
itors, further research is needed in terms of CTNNBI
mutation and subsequent activation of WNT/B-catenin
signaling in association with immunotherapy resistance in
HCC [23, 43].

GEP of HCC with cellular annotation of matched
PBMCs at pre- and post-treatment of pembrolizumab
via scRNA-seq revealed that enhanced cytotoxic T cells
constitute a major immunological niche within the
tumor microenvironment (TME) in responders. On the
other hand, immunosuppressive TME was evident in
non-responders during anti-PD-1 treatment course,
characterized by an increased number of CD14+/CD16+
monocytes and enrichment of neutrophil-activation
markers. Consistently, low NLR was a significant pre-
dictor of response to pembrolizumab based on clinico-
pathological factor analysis. A previous study reported
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that neutrophils could acquire immunosuppressive char-
acteristics in T cell-inflamed cancers, and the efficacy of
cancer immunotherapies was improved via ¢c-MET in-
hibition by impairing neutrophil mobilization and re-
cruitment into tumors [44]. Besides, aberrant c-Met
activity has been implicated in the development of HCC,
and c-Met is still a therapeutically relevant target in
HCC [45, 46]. In this study, genomic profiles revealed
that MET copy number gain was unique to non-
responders, and this suggests that consolidating co-
inhibition of PD-1 with MET could enhance the clinical
benefit of immunotherapies in HCC patients. Addition-
ally, recent studies have shown empirical evidences on
the role of pro-tumorigenic monocytes and macrophages
during immunotherapy through modulation of immune-
suppressive environment, subsequently inhibiting T cell
recruitment and functions [47-49]. They present specific
cell-surface antigens that are therapeutically exploitable
and can be potentially employed synergistically with im-
mune checkpoint inhibitors [50].

Screening of PD-L1 expression via immunohistochem-
ical analysis is considered a cost-effective and efficient
tool for selecting the potential candidates who may
benefit from anti-PD-1 therapy across several tumor
types [51]. A recent report showed that PD-L1 expres-
sion could predict the overall response to pembrolizu-
mab up to 20 different cancer types [52]. However,
clinical application of PD-L1 expression, measured
through IHC staining has remained controversial in pa-
tients with advanced HCC [3, 4]. Interestingly, our re-
sults confirmed that high expression of PD-L1 score
(CPS = 1) significantly predicted overall response to
pembrolizumab (p = 0.042). It is noteworthy that we ac-
quired and analyzed tumor biopsies immediately prior to
the initiation of the treatment, preventing potential
clonal selection of tumor cell subpopulations in respect
to PD-L1 status. In summary, we performed a compre-
hensive characterization of HCC patients in response to
pembrolizumab and identified potential immune-genomic
correlates. We discovered that tumor cellular state as well
as adjacent TME and circulating CD8+ T cells signifi-
cantly contributed to the overall clinical response to
pembrolizumab. HCC is a complex disease with diverse
host-tumor interactions, often caused by chronic viral in-
fection. Hence, we present empirical evidences to consider
both tumor and host immune status to optimize immuno-
therapeutic treatment for HCC patients.

Conclusions

Comprehensive genomic characterization of HCC
identified a subset of patients with distinct molecular
and immune profiles that respond to pembrolizumab,
advocating the clinical feasibility of precision medical
treatment in HCC.
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