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Abstract 

Background: The remarkable clinical activity of PD-1 antibody in advanced hepatocellular 
carcinoma (HCC) highlights the importance of PD-1/PD-L1-mediated immune escape as therapeutic 
target in HCC. However, the frequency and prognostic significance of PD-Ls genetic alterations in 
HCC remain unknown.  
Methods: Fluorescence in situ hybridization were used to determine PD-Ls genetic alterations, and 
qPCR data coupled with immunofluorescence were used to measure the mRNA and protein levels 
of PD-Ls. Clinical relevance and prognostic value of 9p24.1 genetic alterations were investigated on 
tissue microarray containing three independent cohorts of 578 HCC patients. The results were 
further validated in an independent cohort of 442 HCC patients from The Cancer Genome Atlas 
(TCGA) database. 
Results: In total, 7.1%-15.0% for amplification and 15.8%-31.3% for polysomy of 9p24.1 were 
revealed in three cohorts of HCC patients, similar to the objective response rate of PD-1 antibody 
in HCC. Patients with 9p24.1 genetic alterations significantly and independently correlated with 
unfavorable outcomes than those without. FISH and qPCR data coupled with immunofluorescence 
revealed that genetic alterations of 9p24.1 robustly contributed to PD-L1 and PD-L2 upregulation. 
In addition, increased expression of PD-L1 instead of PD-L2 also predicted poor survival by 
multivariate analyses. Meanwhile, high infiltration of PD-1+ immune cells also indicated dismal 
survival in HCC. 
Conclusions: Amplification or higher expression of PD-L1 significantly and independently 
correlated with unfavorable survival in HCC patients, authenticating the PD-1/PD-L1 axis as rational 
immunotherapeutic targets for HCC. 
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Introduction 
Hepatocellular carcinoma (HCC) is the sixth 

most common cancer and the second leading cause of 
cancer mortality globally [1]. Limited treatment 
options and high recurrence rate pose an imminent 
need for the discovery of new therapeutic 
interventions [2]. Targeted therapy has so far been 
deplorable in HCC, with limited objective response 
rates in first-line sorafenib (2–3%) and second-line 
regorafenib (7%) [3]. Recent breakthroughs in cancer 
immunotherapy have revolutionized the way of 
cancer treatment, including HCC, in the era of 
precision medicine [4].  

Indeed, immune-checkpoint inhibitor targeting 
PD-1 and PD-L1 has been a promising therapeutic 
approach in the treatment of various human cancers, 
resulting in durable objective responses and 
prolonged survival [5-7]. PD-1 engages its ligands, 
PD-L1 and PD-L2, delivers inhibitory signals that 
regulate the balance between T-cell exhaustion, 
tolerance, and immunopathology [8]. Tumor cells 
expressing PD-1 ligands on their surface use the PD-1 
pathway to attenuate tumor immunity and facilitate 
tumor progression [9]. The critical importance of 
PD-1/PD-L1-mediated immune escape was 
acknowledged in HCC after the successful treatment 
of nivolumab in advanced HCC patients, achieving an 
objective response rate of 15–20% [10]. Nevertheless, 
the off-target effect and relatively low response rate 
remains a major obstacle. Therefore, identification of 
predictors of response is a priority for personalized 
anti-PD-1/PD-L1 therapy in HCC. 

Among others, PD-L1 expression by 
immunohistochemistry has been advocated as a 
predictor to response of anti-PD-1 therapy and 
incorporated as a biomarker in clinical trials [9]. We 
and others have previously shown that elevated 
PD-L1 expression in HCC significantly correlated 
dismal survival and tumor aggressiveness [11-14]. 
However, conflicting data also existed, reporting high 
expression of PD-L1 in HCC as a prognosticator for 
better survival [15, 16]. This discrepancy may be 
ascribed to differences in patient cohorts, antibodies 
used, IHC platforms and scoring systems. Moreover, 
elevated PD-L1 expression within tumor cells or 
tumor microenvironment is dynamic result of cell 
intrinsic and extrinsic events [17]. For example, 
amplification of chromosome 9p24.1 containing 
PD‑L1 and PD-L2 genes positively correlated with 
PD-L1 expression and predicted clinical outcome in 
both hematological and solid tumors [18, 19]. 
However, the prevalence and clinical significance of 
genetic alterations of PD-1 ligands loci in HCC have 
yet to be clarified.  

To give a comprehensive view of 9p24.1/PD- 
L1/PD-L2 alterations in HCC, herein, we combined 
fluorescent in situ hybridization (FISH), multiplex 
immunofluorescence and real-time RT-PCR (qPCR) in 
three independent cohorts comprising 578 resected 
HCC patients. We assessed the consistency and 
reproducibility of genetic, transcriptomic and 
proteomic analyses of PD-1 ligands and their 
association with patients’ clinical outcomes. This 
strategy provides a novel orientation for the discovery 
and validation of targeted immunotherapy for HCC. 

Methods 
Study population 

Two independent cohorts of HCC patients 
underwent primary resection at Zhongshan Hospital 
of Fudan University in 2006 (training cohort, n = 240) 
and 2010 (validation cohort, n = 258) respectively 
were retrospectively analyzed and enrolled in this 
study (Table S1). The inclusion and exclusion criteria 
of patients, postoperative surveillance, and treatment 
modalities have been described previously [20]. 
Overall survival (OS) and time to recurrence (TTR) 
were defined as the interval from the date of surgery 
to death and tumor recurrence, respectively. Patients 
without recurrence or death were censored at the last 
follow-up. No significant differences in the 
clinic-pathologic features were found between the 
training and validation cohorts. No significant 
differences were found between 9p24.1 
amplification and any post-operative treatments. 
The study was approved by the Research Ethics 
Committee of Zhongshan Hospital, with written 
informed consent obtained from each patient. For 
further validation in an external independent cohort, 
a series of 80 HCC patients treated from Jan 2007 to 
Mar 2008 at Eastern Hepatobiliary Surgery Hospital, 
Naval Military Medical University was enrolled, with 
a median follow-up of 32 months (range, 1.0-105.0; 
SD, 27.6). Clinical data sets in 442 HCC patients were 
publicly obtained from The Cancer Genome Atlas 
(TCGA) project: http://www.cbioportal.org. 

Tissue microarray construction 
Tissue microarrays (TMA) were produced as 

previously described [11]. All HCC cases enrolled 
were histologically inspected by H&E staining and 
representative areas were premarked on the paraffin 
blocks, away from necrotic and hemorrhagic regions. 
Duplicates of 1-mm-diameter cylinders from two 
different areas, tumor center and noncancerous liver 
(designated as intratumor and peritumor, 
respectively; a total of four cores) were included in 
each case, along with different controls, to ensure 
reproducibility and homogenous staining of the 
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slides. Sections of 4 μm thickness were placed on 
3-aminopropyltriethoxysilane-coated slides (Shanghai 
Biochip). 

Fluorescence in situ hybridization (FISH) 
FISH was performed according to the 

manufacturer’s protocols. The Red-labeled 
CD274/PD-L1, Green-labeled CD273/PD-L2, and 
Aqua-labeled CEN9q, a control centromeric probe 
that maps to 9q21 (CD274/CD273/CEN9q FISH 
Probe, FG0191, Abnova), were applied as locus 
specific FISH probes. 4’,6-diamidino-2-phenylindole 
DAPI (FG0191, Abnova) was used for nuclear 
staining. All probes were validated by hybridization 
to the chromosomal metaphase of lymphocytes to 
confirm chromosomal numbers and loci. Briefly, after 
deparaffinization and hydration, sections were 
immersed in 1× paraffin pretreatment solution (FFPE 
FISH Pretreatment kit1, KA2375, Abnova) at 95°C for 
30 minutes, 2 × saline-sodium citrate buffer (SSC) for 5 
minutes two times, and then underwent proteolytic 
digestion by protease solution (FFPE FISH 
Pretreatment kit1, KA2375, Abnova) at 37°C for 15 
minutes. After gradient immersion in 2 × SSC, 70% 
ethanol and 100% ethanol, slides were co-denatured 
at 75°C for 5 minutes, hybridized 48 hours at 37°C in a 
darkened humid chamber. Finally, slides were 
mounted and counterstained with DAPI before being 
analyzed with an Olympus BX51 fluorescence 
microscope. Individual images were captured using 
an Applied Imaging system running CytoVision 
Genus version 4.6. Nuclei with a PD-L1 or PD-L2: 
CEN9q ratio of 1:1 was defined as normal copy 
number (disomy), 2-3:1 as polysomy, and >=3:1 as 
amplification. At least 100 nuclei were evaluated for 
each case, and cases were classified by the highest 
level of 9p24.1 alterations, which were called when 
exceeding a 20% threshold in the number of nuclei 
[21]. 

Multiplexed immunofluorescence staining 
Multiplex immunofluorescence staining was 

performed according to the manufacturer’s protocol. 
Triple staining of PD-1 (clone NAT105, Biolegend), 
PD-L1 (clone SP142, Genetech) and PD-L2 (clone 
D7U8C™, Cell Signaling Technology) was performed 
by the Vectra Automated Quantitative Pathology 
Imaging and Analysis platform through multispectral 
imaging system and inForm™ image analysis 
software from PerkinElmer’s phenoptics research 
solution. Slides were first deparaffinized and 
rehydrated, followed by microwave antigen retrieval 
(pH = 9.0, ADI-950-274-0500, ENZO). After blocking 
endogenous peroxidase and nonspecific binding sites 
(ZAE-ICT-6295-L100, ENZO), primary Abs and 
secondary HRP-conjugated polymers (MPX-2402, 

Vectorlabs) were applied. Each HRP-conjugated 
polymer covalently binds a distinct fluorophore using 
tyramide signal amplification (Opal 7-color 
Fluorophore TSA plus Fluorescence Kit (NEL 
797001KT; PerkinElmer)). This covalent reaction was 
followed by additional antigen retrieval (pH = 6.0, 
ADI-950-270-0500, ENZO) to remove background 
signal before next step. The process was conducted for 
the following antibodies/fluorescent dyes, in order: 
anti-PD-L1/Opal-570, anti-PD-1/Opal-690, anti-PD- 
L2/Opal-520. After three sequential reactions, slides 
were counterstained with DAPI (D9542, Sigma) and 
mounted with fluorescence mounting medium 
(S3023, Dako). 

Multispectral imaging, spectral unmixing and 
analysis 

A workflow enabling simultaneous evaluation of 
multiple biomarkers on TMA was established. Slides 
from full HCC FFPE blocks were utilized in the initial 
optimization of the multiplex tissues, using the spleen 
and tonsil as positive controls (Figure S1). Schematic 
overview of 4-colors sequential immunofluorescence 
and image visualization protocol was summarized in 
Figure S2. Briefly, multiplex stained TMA slides were 
scanned using the Vectra multispectral automated 
microscope (PerkinElmer), where original images 
comprising four combined 200 multispectral image 
cubes. Multispectral images for each TMA core was 
created by stitching images captured every 10 nm 
across the range of five filter cubes comprising DAPI 
(440–680 nm), FITC (520 nm-680 nm), Cy3 (570–690 
nm), Texas Red (580–700 nm) and Cy5 (670–720 nm). 
A spectral library was produced by the supervised 
machine learning algorithms within Inform 2.1 
(PerkinElmer). Individual components were 
separated from each multispectral image by this 
spectral library (spectral unmixing). The spectrally 
unmixed and segmented images were subjected to a 
distinctive phenotyping algorithm for identification of 
each DAPI-stained cell according to each fluorophore 
expression and nuclear/cell morphological features. 
For each marker (PD-1/PD-L1/PD-L2), the cutoff for 
positivity was decided according to the staining 
pattern and intensities on all images. All 
quantifications were evaluated blinded to patient 
clinical outcomes. The modified H-scores for PD1, 
PD-L1 and PD-L2 (percentage of tumor cells with 
positive staining multiplied by the average intensity 
of positive staining) were divided into four equally 
sized groups (quartiles). 

RNA isolation and real-time reverse transcription 
polymerase chain reaction 

Total RNA was extracted and purified from fresh 
frozen tissues (n=192) using the Trizol reagent 
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(15596026; Invitrogen) and reverse transcribed to 
cDNA with PrimeScript RT reagent kit (DRR037A; 
Takara). For q-RT-PCR, SYBR Premix ExTaq (DRR081; 
Takara) was used according to the manufacturer’s 
instructions with Applied Biosystems 7900HT 
Sequence Detection System, and triplicate reactions 
were performed. Sequence of primers for qPCR are 
designed as: PD-1 forward primer: 5’-CCCAAGGCG 
CAGATCAA-3’, reverse primer: 5’-GCACTTCTGC 
CCTTCTCTCTGT-3’; PD-L1 forward primer: 5’-GGT 
GCCGACTACAAGCGAAT-3’, reverse primer: 5’-AG 
CCCTCAGCCTGACATGTC-3’; PD-L2 forward 
primer: 5’-TGGCATTTGCTGACGCATTT-3’, reverse 
primer: 5’-TGCAGCCAGGTCTAATTGTTTT-3’; 
GAPDH forward primer: 5’-ACAACTTTGGTATCG 

TGGAAGG-3’, reverse 
primer: 5’-GCCATCACG 
CCACAGTTTC-3’. 

Statistical analysis 
Data were expressed as 

the means ± SEM, and error 
bars refer to SEM in figures. 
The association between 
variables was analyzed using 
Spearman’s rank correlation, 
Student’s t test, chi-square 
test, Fisher exact test, 
Kruskal-Wallis test, or 
one-way ANOVA when 
appropriate. Two-sided P < 
0.05 was considered 
statistically significant. The 
survival curves were 
estimated by the 
Kaplan-Meier method and 
compared by the log-rank 
test. Multivariable Cox 
proportional hazards models 
were performed to analyze 
the independent prognostic 
factors. Statistical analyses 
were conducted with SPSS 
version 20.0 (IBM), 
Matlab_R2015b and 
GraphPad Prism 6.0. 

Results 
Genetic Analyses of the 
CD274 (PD-L1) and CD273 
(PD-L2) Loci in HCC 

We first sought for 
mutations affecting the 
CD274 or CD273 gene from 
The Cancer Genome Atlas 
(TCGA) database. However, 

no somatic mutations in CD274 were found among 
442 HCC samples (Figure 1A), and only one mutation 
in CD273 was detected (Figure 1B). To further 
characterize genetic alterations of PD-L1/PD-L2 in 
HCC, we examined copy number variations of CD274 
and CD273 (Figure 1C). Tumor cells were checked 
and classified by the highest observed level of 9p24.1 
alterations, and then scored as disomy, polysomy and 
amplification. Representative FISH images were 
shown in Figure 1D, with corresponding 
multispectral immunofluorescence images of 
PD-L1/PD-L2/PD1 in the bottom panel, which had 
concordant alterations with the PD-L1 and PD-L2 loci. 

 
Figure 1. Genetic and immunofluorescence analyses of the PD-L1 and PD-L2 loci and PD-1 ligand 
expression in HCC. (A-B) Distribution of mutation identified in three-dimensional structures on the protein 
sequence and domain structure of PD-L1 and PD-L2, is detected and depicted from 442 HCC tumor tissues in TCGA 
database. Hotspot mutation of W110R in PD-L2 is shown in red. (C) Location and color labeling of the 
CD274/CD273/CEN9q probe on 9p24.1 used for fluorescent in situ hybridization (FISH). The red-labeled 
CD274/PD-L1, green-labeled CD273/PD-L2 and aqua-labeled CEN9q, a control centromeric probe that maps to 
9q21. (D) The top panel shows representative images of FISH results for the various categories, scored as disomy, 
polysomy, amplification in tumor tissue and disomy in peritumor tissue. PD-L1 in red, PD-L2 in green, fused signals in 
yellow, and centromeric probe (CEP9q) in aqua. The bottom panel shows corresponding multispectral 
immunofluorescence (mIF) of PD-L1 (red)/PD-L2 (green)/PD-1(aqua) in the HCC cases with 9p24.1 disomy, 
polysomy and amplification from top panel. Scale bar=100 μm. 



 Theranostics 2018, Vol. 8, Issue 20 
 

 
http://www.thno.org 

5694 

Frequency of the 9p24.1 alterations in HCC 
A total of 578 HCC patients, derived from three 

independent cohorts, were analyzed. 9p24.1 
alterations were not evenly scattered in HCC cells 
throughout vast majority of cases, similar to their 
variation fashion in gastric cancer [22] and 
glioblastoma [23]. However, 9p24.1 amplification was 
only detected in tumor cells, but not in infiltrating 
immune cells. Among all 240 cases in the training 
cohort, 153 patients (63.7%) had normal 9p24.1 copy 
number (disomy), 70 patients (29.2%) had polysomy 
of 9p24.1, and 7.1% (17 patients) had 9p24.1 
amplification. In the validation cohort (n=258), the 
case numbers were 24 (9.3%) for amplification, 41 
(15.8%) for polysomy, and 193 (74.9%) for disomy 
regarding the status of 9p24.1 alterations. In the 
external independent cohort (n = 80), similar 
frequencies of disomy (53.7%), polysomy (31.3%), and 
amplification (15.0%) in 9p24.1 were observed. These 
findings were also validated by genomic sequencing 
data from 442 HCC patients in TCGA database, 
confirming the presence of 9p24.1 alterations and its 
potential value in HCC (Figure 2A). 

Prognostic significance of 9p24.1 alterations in 
HCC 

Next, we assessed potential associations of 
9p24.1 alterations with clinical risk factors and patient 
outcomes. First, postoperative outcomes were 
compared between patients with and without 9p24.1 
alterations. In training cohort, patients with 9p24.1 
alterations had significantly poorer OS (48.5 months 
versus 71.6 months, P < 0.001; Figure 2B), but not TTR 
(55.9 months versus 63.1 months, P = 0.392; Table S2), 
than those without 9p24.1 alterations. Similarly, in 
validation cohort, patients with 9p24.1 alterations 
showed both increased recurrence and dismal 
survival (OS, 34.4 months; TTR, 38.5 months) than 
those without 9p24.1 alterations (OS, 46.7 months, P = 
0.0009; TTR, 72.0 months, P = 0.024). Likewise, in 
external validation cohort, patients with 9p24.1 

alterations showed shorter median OS and TTR than 
those without 9p24.1 alterations in OS (22.9 months 
versus 54.9 months, P = 0.019), but not in TTR (15.2 
months versus 32.7 months, P = 0.843). Furthermore, 
using median as the cutoff value, we investigated the 
prognostic significance of PD-Ls’ relative linear copy 
number values in 129 HCC cases from TCGA 
database, and difference in OS was revealed but not 
reached statistical significance (63.1 months versus 
78.9 months, P = 0.273, log-rank test; data not shown), 
possibly owing to different specimen sources and 
therapeutic schedules. 

Then, patients were further classified into three 
groups according to disomy, polysomy and 
amplification of 9p24.1 in each cohort. Patients with 
polysomy or amplification had significantly poorer 
OS than those with disomy (training cohort, P < 
0.0001; validation cohort, P < 0.0001; external 
validation cohort, P = 0.019; log-rank test; Figure 2C). 
Intriguingly, differences did not reach statistical 
significance between polysomy and amplification 
groups in each cohort, indicating that 9p24.1 
alterations were highly detrimental to patient 
prognosis irrespective of dosage. In addition, we also 
investigated the associations between genetic 
alteration of PD-1 and patient outcome in TCGA 
database. Patients with PD-1 alterations (more copy 
number) had significantly poorer prognosis than PD-1 
copy normal patients in OS (n = 367, 49.7 months 
versus 65.7 months, P = 0.019; log-rank test), and also 
in TTR (n = 315, 25.6 months versus 42.4 months, P = 
0.01; log-rank test) (Figure 2D). 

Moreover, on multivariate analysis, status of 
9p24.1 alterations were defined to be an independent 
prognostic factor for OS rather than TTR. Patients 
with 9p24.1 alterations were nearly two times more 
likely to suffer from death than patients without 
9p24.1 alterations [training cohort: hazard ratio (HR), 
1.54; 95% confidence interval (95% CI), 1.27-1.87, P < 
0.001; validation cohort: HR, 2.01; 95% CI, 1.35-3.00, P 
= 0.001, Table 1]. 

Table 1. Multivariate analysis of factors associated with OS and TTR. 

 OS TTR 
 Training cohort Validation cohort Training cohort Validation cohort 
Characteristics HR 95%CI P HR 95%CI P HR 95%CI P HR 95%CI P 
Serum AFP, ng/ml (>20 vs. ≤20) NA NA NA 1.70 1.01-2.87  0.046 NA NA NA 1.43 0.92-2.21  0.120 
Serum γ-GT, U/L (>54 vs. ≤54) 1.54 1.05-2.26  0.026 0.97 0.47-1.99  0.928 1.21 0.78-1.86  0.393 NA NA NA 
Tumor size (cm) (>5 vs. ≤5) 1.93 1.29-2.88  0.001 1.29 0.77-2.16  0.336 1.50 0.96-2.35  0.077 0.96 0.60-1.54  0.870 
Tumor multiplicity (multiple vs. single) 0.99 0.63-1.54  0.956 NA NA NA 1.21 0.75-1.94  0.437 NA NA NA 
Tumor differentiation (poor vs. well) 1.54 1.05-2.32  0.028 1.56 1.06-2.28  0.024 1.80 1.15-2.82  0.010 1.18 0.79-1.75  0.416 
Tumor encapsulation (yes vs. no) 0.70 0.49-1.02  0.064 1.09 0.74-1.60  0.671 NA NA NA 1.09 0.74-1.59  0.669 
Vascular invasion (yes vs. no) 1.34 0.89-2.02  0.157 1.34 0.85-2.10  0.205 NA NA NA 1.41 0.88-2.24  0.149 
TNM stage (III-II vs. I) 1.48 0.92-2.36  0.103 1.50 0.94-2.39 0.089 0.93 0.55-1.59  0.798 1.72 1.08-2.73  0.023 
BCLC stage (B-C vs. 0-A) 0.89 0.55-1.44  0.630 3.25 1.66-6.34  0.001 1.89 1.08-3.30  0.026 2.23 1.22-4.06 0.009 
9p24.1 alteration (with vs. without) 1.54 1.27-1.87 <0.001 2.01 1.35-3.00  0.001 NA NA NA 1.43 0.92-2.21  0.112 

NOTE: *Cox proportional hazards models in SPSS was performed to accomplish multivariate analysis.  
Abbreviations: OS, overall survival; TTR, time to recurrence; AFP, alpha-fetoprotein; γ-GT, γ-glutamyltransferase; TNM, tumor-node-metastasis; BCLC, Barcelona Clinic 
Liver Cancer; NA, not applicable. 
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Figure 2. Frequency and prognostic significance of the 9p24.1 alterations in HCC. (A) 9p24.1 alterations evaluated in training, validation, external 
validation cohorts and TCGA database. HCC are classified by the highest observed level of 9p24.1 alteration in tumor cells: disomy (blue), polysomy (red), 
amplification (gold) and undetected (black). Percentages of patients with 9p24.1 disomy, polysomy, amplification were summarized. (B) Kaplan-Meier curves showing 
dismal survival in patients with (red) 9p24.1 alterations than those without (blue) in three independent cohorts. (C) Kaplan-Meier curves showing poorest survival 
in patients with 9p24.1 amplification (gold) than those with polysomy (red) or disomy (blue) in three independent cohorts. (D) Kaplan-Meier curves showing 
significant unfavorable survival (n = 367) and increased recurrence (n = 315) in patients with more PD-1 copy number (red) than those with less PD-1 copy number 
(blue) in TCGA database. 

 
Furthermore, we evaluated the association of 

status of 9p24.1 alterations with patient 
clinicopathologic features. In training cohort, patients 
with 9p24.1 alterations positively correlated with high 
level of serum γ-GT (P = 0.007), larger tumor size (P = 
0.011), and advanced TNM (P < 0.0001) or BCLC 
stages (P = 0.046) (Table 2). Likewise, in validation 
cohort, patients with 9p24.1 alterations positively 
correlated with larger tumor size (P = 0.015), presence 
of vascular invasion (P = 0.007), and advanced TNM 
(P = 0.015) or BCLC stages (P = 0.002) (Table 2). 
Therefore, 9p24.1 alterations in HCC may signify a 
dismal clinical outcome and tumor aggressiveness. 

PD-Ls’ mRNA expression correlated with genetic 
alteration and immunostaining intensity  

Various signaling pathways and transcriptional 

factors were involved in regulating PD-Ls’ expression 
[24]. To explored whether 9p24.1 alterations could 
lead to up-regulation of PD-Ls transcription in HCC, 
we assessed the relationship between 9p24.1 
alterations and mRNA expression of PD-Ls. The 
mRNA expression data were available for a subset of 
192 cases from training cohort (192/240). Indeed, 
mRNA expression of PD-Ls significantly and 
positively correlated with 9p24.1 
polysomy/amplification (Figure 3A). These results 
were validated by relative linear copy number values 
obtained from TCGA database (n = 364) (Figure 3B). 
In addition, significantly negative correlations were 
observed between PD-1/PD-Ls DNA methylation 
and mRNA expression in HCC from TCGA database 
(n = 373) (Figure S3A). 
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Table 2. Correlations of clinic-pathologic characteristics with 9p24.1 alteration in HCC patients from training cohort (n = 240) and 
validation cohort (n = 258). 

 Training cohort Validation cohort 
Characteristics With alteration Without alteration P* With alteration Without alteration P* 
Age, years       
≤51 33 60  0.844 38 93  0.152 
> 51 54 93  27 100  
Gender       
Female 16 32  0.638 7 31  0.297 
Male 71 121  58 162  
HBsAg       
Negative 4 14  0.307† 4 5  0.236† 
Positive 83 139  61 188  
HBcAb       
Negative 16 18  0.157 4 5  0.236† 
Positive 71 135  61 188  
AFP (ng/ml)       
≤20 36 55  0.404 27 72  0.544 
>20 51 98  38 121  
ALT (U/L)       
≤75 70 132  0.235 57 169  0.976 
>75 17 21  8 24  
γ-GT (U/L)       
≤54 35 89  0.007 15 36  0.438 
>54 52 64  50 157  
Liver cirrhosis       
No 13 25  0.776 8 23  0.933 
Yes 74 128  57 170  
Tumor size (cm)       
≤5 41 98 0.011 21 96  0.015 
>5 46 55  44 97  
Tumor number       
Single 64 120  0.391 52 156  0.884 
Multiple 23 33  13 37  
Vascular invasion       
No 53 100  0.491 32 131  0.007 
Yes 34 53  33 62  
Tumor encapsulation       
None 38 56  0.280 24 86  0.282 
Complete 49 97  41 107  
Tumor differentiation       
I+II 55 105  0.393 38 138  0.051 
III+IV 32 48  27 55  
TNM stage       
I 72 89 <0.0001 43 156  0.015 
II+III 15 64  22 37  
BCLC stage       
0-A 30 73  0.046 14 83  0.002 
B-C 57 80  51 110  
NOTE: *The Pearson Chi square test was applied. †Chi-square with Yates' correction was applied. 
Abbreviations: HCC, hepatocellular carcinoma; HBsAg, hepatitis B surface antigen; HBcAb, hepatitis B center antibody; AFP, alpha-fetoprotein; ALT, alanine transaminase; 
γ-GT, γ-glutamyltransferase; TNM, tumor-node-metastasis; BCLC, Barcelona Clinic Liver Cancer. 

 
 
Likewise, significant positive correlations were 

found between PD-Ls mRNA levels and protein 
expression determined by multi-immunostaining 
(PD-L1, P < 0.0001, r = 0.397; PD-L2, P < 0.0001, r = 
0.409; PD-1, P < 0.0001, r = 0.345; n = 192) (Figure 3C). 
Interestingly, markedly positive correlations were 
also observed among mRNA expression of PD-1 and 
PD-Ls, as well as between PD-L1 and PD-L2 
(PD-L1/PD-1, P < 0.0001, r = 0.656; PD-L2/PD-1, P < 
0.0001, r = 0.586; PD-L1/PD-L2, P < 0.0001, r = 0.816; n 
= 192; Figure 3D). In line with our results, 
transcriptome sequencing data obtained from TCGA 
database (n = 364) validated these findings (Figure 
S3B and 3C). 

Considering the positive correlation between 
PD-Ls’ mRNA with genetic alteration and 
immunostaining intensity, we further evaluated the 
influence of their mRNA expression on patient 
outcome. Patients were classified into two subgroups 
(high expression and low expression) according to the 
optimal cutoff determined by ROC curve. However, 
differences in both OS and TTR were not significant 
between these two groups (data not shown). 

Prognostic value and relationship with genetic 
alterations of PD-Ls’ protein expression 

In this study, we find that PD-Ls proteins can be 
expressed in both tumor cells and infiltrating immune 
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cells in tumor tissues. However, 9p24.1 amplification 
was only detected in tumor cells, but not in infiltrating 
immune cells. In that case, we only focused on PD-Ls 
expression in tumor cells. We further assessed the 
relationship between genetic alterations and 

immunostaining intensity of PD-Ls (Figure S3). 
Significant positive correlations were detected 
between increased PD-Ls’ protein expression and 
9p24.1 amplification/polysomy in training, validation 
and external independent cohorts (Figure 4A-C). 

 

 
Figure 3. Descriptive and correlational analyses of transcriptional/translational level of PD-L1/PD-L2 and 9p24.1 copy number alterations in 
HCC patients. (A) The distribution of transcriptional level in each group of the 9p24.1 copy number alterations (n = 192). The y-axis shows relative mRNA level 
of PD-Ls; the x-axis indicates status of 9p24.1 alterations. A statistically significant increase in relative mRNA level was found in the 9p24.1 amplification subgroups 
than those in polysomy or disomy. (B) The distribution features of transcriptional level in each group of the PD-L1/PD-L2/PD-1 copy number alterations are validated 
by RNA seq data from TCGA database (n = 363). The y-axis shows mIF H-score; the x-axis indicates status of 9p24.1 alterations. Data were presented as means ± 
SEM. *P < 0.05, **P < 0.01, and ***P < 0.001; two-tailed Student’s t test. (C) Correlation analysis of PD-L1/PD-L2/PD-1 translational levels and corresponding 
transcriptional levels in training cohort (n = 192). Significant positive correlations are found between the mIF H-score and relative mRNA level in PD-L1/PD-L2/PD-1. 
(D) Significant positive correlations are uncovered between PD-Ls and PD-1 in mRNA levels in training cohort (n = 192). Pearson correlation analysis.  
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Figure 4. Prognostic value and relationship with genetic alterations of PD-Ls/PD-1’ protein expression. (A-C) The distribution of PD-Ls’ translational 
level in each group of the 9p24.1 copy number alterations evaluated in training, validation and external validation cohorts. Data were presented as means ± SEM. *P 
< 0.05, **P < 0.01, and ***P < 0.001; two-tailed Student’s t test. (D-F) Kaplan-Meier curves showing dismal survival and increased recurrence in patients with high 
PD-Ls expression (red) than those with low (blue) in three independent cohorts. (G) Kaplan-Meier curves showing poorer survival and increased recurrence in 
patients with high-dense PD-1+ immunocytes infiltration (red) than those with low-dense (blue) in training and validation cohorts. P values were determined by the 
log-rank test. 
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Using the optimal cutoff values determined by 
ROC curves from the modified H-scores of PD-1, 
PD-L1 and PD-L2 in training cohort respectively, OS 
and TTR were assessed in each cohort. In training 
cohort, patients with high expression of PD-Ls had 
significant inferior outcomes compared with those 
with low expression (OS, PD-L1, 56.3 months versus 
70.9 months, P < 0.0001; PD-L2, 61.2 months versus 
72.3 months, P = 0.007; log-rank test) (TTR, PD-L1, 
52.4 months versus 66.8 months, P = 0.005; PD-L2, 59.1 
months versus 67.4 months, P = 0.138; log-rank test; 
Figure 4D), as expected. Likewise, in validation 
cohort, patients with high expression of PD-Ls also 
had significant unfavorable outcomes compared with 
those with low expression (OS, PD-L1, 45.9 months 
versus 57.7 months, P = 0.003; PD-L2, 44.0 months 
versus 55.1 months, P = 0.002; log-rank test) (TTR, 
PD-L1, 42.3 months versus 54.2 months, P = 0.008; 
PD-L2, 40.0 months versus 51.7 months, P = 0.002; 
log-rank test; Figure 4E). Similarly, in external 
validation cohort, patients with high PD-Ls’ 
expression had a poorer prognosis than those with 
low expression in OS as well (PD-L1, 17.2 months 
versus 30.0 months, P = 0.024; PD-L2, 19.1 months 
versus 36.3 months, P = 0.002; log-rank test), but not in 
TTR (PD-L1, 15.0 months versus 19.8 months, P = 
0.497; PD-L2, 14.5 months versus 17.3 months, P = 
0.378; log-rank test) (Figure 4F). 

We also investigated the impact of PD-1 
expression on patient outcome, and the results 
indicated that patients with high density of PD-1+ 
lymphocytes infiltration had shorter median OS and 
TTR than those with low infiltration (training cohort, 
OS, 59.3 months versus 70.6 months, P = 0.023; TTR, 
55.1 months versus 68.1 months, P = 0.009; validation 
cohort, OS, 46.8 months versus 54.9 months, P = 0.017; 
TTR, 42.1 months versus 53.2 months, P = 0.011, 
Figure 4G; external validation cohort, OS, 19.5 months 
versus 34.1 months, P = 0.011; TTR, 15.2 months 
versus 15.3 months, P = 0.811; log-rank test, data not 
shown). 

Moreover, multivariate analyses indicated that 
high expression of PD-L1 was an independent 
prognostic index for dismal OS and TTR in both 
training and validation cohorts [OS, training cohort: 
HR, 2.11; 95% CI, 1.45-3.09, P < 0.001; validation 
cohort: HR, 2.16; 95% CI, 1.38-3.38, P = 0.001; external 
validation cohort, HR, 2.75; 95% CI, 1.09-6.93, P = 
0.032; TTR, training cohort: HR, 1.78; 95% CI, 
1.17-2.71, P = 0.007; validation cohort: HR, 2.16; 95% 
CI, 1.38-3.38, P = 0.001; external validation cohort, HR, 
0.72; 95% CI, 0.25-2.03, P = 0.529] (Table S3). 
However, for PD-L2, no significant differences in OS 
nor TTR were uncovered on multivariate analysis 
(Table S4). Furthermore, staining of PD-Ls showed a 

minimal intensity in peritumor liver, compared with 
the obvious up-regulation in tumor tissues, and no 
significant differences on patient outcome were found 
between PD-Ls expression status in peritumor tissues 
(data not shown).  

Prognostic value of combination of PD-L1 
expression and 9p24.1 alterations 

We then investigated combined PD-L1 
expression and 9p24.1 alterations on patient outcome. 
Patients were divided into three groups: (a) both high 
expression of PD-L1 and 9p24.1 
amplification/polysomy (training cohort, n = 54; 
validation cohort, n = 24; external validation cohort, n 
= 6), (b) either high expression of PD-L1 or 9p24.1 
amplification/polysomy (training cohort, n = 144; 
validation cohort, n = 197; external validation cohort, 
n = 37), and (c) both low expression of PD-L1 and 
9p24.1 disomy (training cohort, n = 42; validation 
cohort, n = 37; external validation cohort, n = 37). 
Significant differences in recurrence and survival 
were found between groups I and III as well as 
between groups II and III. For training cohort, the 
median OS and TTR were 81.7 and 76.5 months for 
group III, 67.1 and 59.1 months for group II, 42.3 and 
51.6 months for group I, respectively (OS, P < 0.0001; 
TTR, P = 0.019; log-rank test, Figure S5A). Similarly, 
in validation cohort, group III had the best prognosis, 
compared with groups II and I (OS, 64.1 versus 49.1 
versus 30.0 months, P < 0.0001; TTR, 61.4 versus 45.3 
versus 25.7 months, P < 0.0001; log-rank test, Figure 
S5B). Likewise, group I had the worst prognosis, 
compared with groups II and groups III in OS in the 
external validation cohort (8.7 versus 25.8 versus 40.0 
months, P = 0.009), but not significant in TTR (13.3 
versus 16.5 versus 22.7 months, P = 0.475; log-rank 
test, Figure S5C). Furthermore, multivariate analysis 
revealed that the differences was significant between 
groups I and III in OS, and also had a tendency 
toward statistical significance in TTR (training cohort, 
OS, P < 0.0001 and TTR, P = 0.069; validation cohort, 
OS, P = 0.001 and TTR, P = 0.001) (Table S5). 

PD-Ls/PD-1 expression and clinicopathological 
features 

We further investigated the relationship of 
PD-Ls and PD-1 expression with clinic-pathological 
features (Table S6). In training cohort, patients with 
high PD-L1 expression positively correlated with high 
level of serum AFP (P = 0.022), larger tumor size (P = 
0.036), and advanced TNM (P = 0.024) or BCLC stages 
(P = 0.036), whereas patients with high PD-L2 
expression harbored larger tumor size (P = 0.008), 
poor differentiation (P = 0.001) and advanced TNM 
stage (P < 0.001). Meanwhile, high-dense PD-1+ 
immunocytes infiltration was more common in 
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patients with larger tumor size (P = 0.002) and 
advanced TNM stage (P < 0.001). Likewise, in 
validation cohort, patients with high PD-L1 
expression positively correlated with high level of 
serum AFP (P = 0.038) and advanced TNM (P = 0.047) 
or BCLC stages (P = 0.043), whereas patients with 
high PD-L2 expression harbored larger tumor size (P 
= 0.004), more presence of vascular invasion (P = 
0.028) and advanced BCLC stage (P = 0.003). For PD-1, 
patients with high-dense PD-1+ immunocytes 
infiltration were more likely to exhibit aggressive 
clinicopathologic features: presence of vascular 
invasion (P = 0.028) and advanced TNM (P = 0.041) or 
BCLC stages (P < 0.001). Therefore, high PD-Ls 
expression and high-dense PD-1+ immunocytes 
infiltration in HCC may also signify a dismal clinical 
outcome and tumor aggressiveness. 

Discussion 
Evading of immune surveillance is a hallmark of 

cancer [25], and accumulating evidences have 
emphasized the anticancer efficacy of inhibiting 
PD-1/PD-L1 axis. In this study, we evaluated the 
prognostic impact of PD-1/PD-Ls gene amplification, 
mRNA and protein expression in three cohorts 
containing a total of 578 resected HCC patients from 
two large volume centers. We demonstrated for the 
first time that 9p24.1 alterations positively correlated 
with transcriptional and translational levels of PD-Ls, 
and increased copy numbers of PD-Ls were 
significantly associated with unfavorable prognosis in 
HCC. Blockade of the PD-1 and PD-L1 interaction 
using monoclonal antibodies produces durable 
clinical responses in patients with diverse advanced 
tumor types [26]. Considering PD-L1 expression, 
studies have shown significantly increased response 
rates in PD-L1 expressers over non-expressers [27]. 
However, conflicting data also existed, a significant 
proportion of patients with negative PD-L1 are also 
effective [28]. Since PD-L1 expression is associated 
with clinical efficacy. Moreover, PD-L1 amplification 
is positively correlated with its high expression. 
Therefore, there is reason to believe that PD-L1 
amplification is related to efficacy. Considering that 
PD-1/PD-L1-targeting antibodies have proved to be a 
novel immunotherapy strategy for HCC, we speculate 
that HCC tumors with 9p24.1 amplification may be 
particularly sensitive to therapeutic PD-1/ PD-L1 
inhibition. 

Immunohistochemical detection of PD-L1 
expression has undergone extensive assessment with 
respect to its value to predict therapeutic efficacy in 
anti-PD-1/PD-L1 immunotherapy in clinical trials 
[29]. As shown in a many cancer types, patients with 
tumor PD-L1 positive have a higher objective 

response rate and improved outcomes as compared to 
those negative [30]. However, recent studies triggered 
an unexpected concern about this approach following 
the observation of patient responding to PD-1/PD-L1 
inhibition without detectable PD-L1 by 
immunohistochemistry [31]. A straightforward 
mechanism that attracted little attention until now is 
PD-Ls’ genetic alterations, which could be easily 
achieved through sequencing or FISH analyses [32]. 
Several studies have indicated a crucial role of PD-L1 
amplification in tumor progression, including breast, 
gastric, and lung cancer [33-35], since the original 
work proposed in hematological tumors [18, 19]. 
Here, we reported that a subset (7.1%-15%) of HCC 
cases bear focal and high-level amplification of 
CD274, along with 16.3%-31.3% harboring low-level 
amplification (polysomy). Both of them resulted in 
high expression of PD-L1, in line with the finding that 
9p24.1 amplification may trigger a tumor 
cell-dependent enhancement in immune checkpoints 
[36]. In addition, PD-L2 is always co-deleted or 
co-amplified with PD-L1 [37], and our data indicated 
a positive correlation between PD-L2 amplification 
and expression. However, it was reported that CD274 
was the most highly expressed and appeared to be the 
main target of 9p24.1 amplification compared with 
others in the region [38]. Meanwhile, 9p24.1 
amplification was also occurred in other cancers 
according to a TCGA pan-cancer analysis [39] and 
comprehensive genomic profiling analysis [40], 
including mixed hepatocellular cholangiocarcinoma 
(10.5%), ovarian (10.7%), lung (9.8%), head and neck 
(8.6%) and bladder (8.3%) cancer. Thus, CD274 
amplification could be a universal mechanism that 
leads to PD-L1 overexpression in human cancers, and 
may serve as a genetic marker for tumor immune 
evasion. 

In addition to genetic amplification, we found 
that epigenetic alterations collectively governed the 
expression of PD-Ls in HCC, where copy number of 
PD-L1 positively, while its DNA hypermethylation 
negatively, correlated with PD-L1 transcriptional 
level. Indeed, tumor PD-L1 levels were determined by 
a complex regulatory network, also involving 
inflammatory milieu, oncogenic signaling, and 
post-translational modulation [41]. Deep insights into 
the biology of PD-L1 regulation may inform the 
development of more effective cancer immune 
checkpoint therapies. As kinetics and turnover of 
translational and transcriptional levels might be 
different, clinical biomarker evaluation usually 
determines protein levels instead of mRNA levels 
[39]. In fact, we found that increased PD-L1 copy 
number and protein expression in HCC both 
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significantly correlated with dismal survival, but not 
mRNA expression.  

For immunohistochemical detection of PD-L1, 
different antibody clones tested by different staining 
platforms and scoring systems have raised arguments 
about their consistency and interchangeability, among 
which three drug-specific tests are FDA approved 
diagnostics [42]. Nivolumab was used in the 
Dako/Agilent 28-8 assay; pembrolizumab was used 
in the Dako/Agilent 22c3 assay, whereas the test for 
atezolizumab used the Ventana SP142. We identified 
that, among others, SP142 antibody showed an 
outstanding performance that detected a notable 
PD-L1 expression in both HCC cells and immune 
cells. Previously, studies investigating the 
relationship between PD-L1 expression and prognosis 
in HCC have reported conflicting results [11-15], 
probably due to different antibodies, specimen 
sources, therapeutic schedules and scoring methods 
[43]. Herein, using PerkinElmer’s phenoptics system 
that could phenotype and extract single-cell 
multiparameter data based on expression and 
contextual spatial information, we could conduct a 
more precise analysis of their impacts on patient 
prognosis. Indeed, in a total of 578 patients form three 
independent cohorts; we clearly demonstrated that 
PD-L1 expression was a prognostic biomarker for 
unfavorable outcome in HCC. On the basis of the 
efficacy of PD-1 inhibition in PD-L1 amplified 
lymphoma [44] and the notable response rate of 
nivolumab in advanced HCC [10], our findings of 
9p24.1 amplification were likely to be translated into 
HCC clinical practice. In addition, our single-cell 
images also indicated that PD-L1 overexpression and 
9p24.1 alterations were subclonal events that occurred 
in intratumoral subsets of HCC cells, consistent with 
the well-known intratumoral heterogeneity in HCC 
[45, 46]. 

In conclusion, for the first time we provided a 
detailed landscape of PD-Ls alterations in HCC 
patients, and determined the prognostic relevance of 
PD-Ls at genetic, transcriptional and translational 
levels. Our results described a cell intrinsic 
mechanism, the genetic alterations that regulated 
PD-Ls expression and correlated with patient clinical 
outcomes. Furthermore, we established a foundation 
for further investigation on genetic alterations of 
PD-Ls and their clinical and biological relevance in 
HCC patients. 
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