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Purpose: Patients receiving liver transplantation (LT) for hepatocellular carcinoma (HCC) 
are at high risk of tumor recurrence. Polyploidy is a fascinating characteristic of the liver and 
correlates with HCC development and progression. This study aims to investigate the 
association between hepatocyte polyploidy spectrum and HCC recurrence after LT.
Patients and Methods: Thirty-two paired HCC, peritumoral, cirrhotic, and normal liver 
specimens were employed to examine the hepatocyte polyploidization pattern during liver 
tumorigenesis. Clinicopathological implications of polyploidy spectrum for LT recipients 
with HCC were investigated in 205 patients from two transplant centers. 
Immunofluorescence staining was performed on paraffin-embedded tissue sections to deter-
mine the ploidy profiles in situ. Expression levels of CD4, CD8, forkhead box protein 3 
(Foxp3) and programmed death-ligand 1 (PD-L1) were measured using immunohistochem-
istry. An array-based multiplex ELISA system was used for the quantitative measurement of 
40 unique inflammatory cytokines.
Results: The fraction of mononuclear polyploidy increased, whereas that of binuclear 
polyploidy reduced during hepatocarcinogenesis. Recipients with highly mononuclear poly-
ploid HCC (HMP–HCC) had inferior recurrence-free survival and HCC-specific survival 
than poorly mononuclear polyploid HCC recipients. These two groups differed in abundance 
of infiltrative CD8+ cytotoxic T cells and FoxP3+ Treg cells, and PD-L1 expression, as well 
as circulating granulocyte–macrophage colony-stimulating factor, interferon-γ and interleu-
kin-10 levels. HMP–HCC constituted an independent recurrence predictor and could 
improve the discriminative efficacy of clinical prediction models (Milan criteria, AFP 
model, and Metroticket 2.0 criteria). A scoring system incorporating the ploidy signature 
was developed and validated, allowing for an improved risk prediction relative to the 
RETREAT score and post-MORAL score.
Conclusion: Polyploid spectra are associated with tumor immunophenotype and provide 
supplementary prognostic information in LT for HCC.
Keywords: polyploidy, immunosurveillance, tumor-infiltrating lymphocytes, cytokines, 
tumor recurrence

Introduction
Liver transplantation (LT) is a definitive treatment option for selected patients with 
hepatocellular carcinoma (HCC), as it simultaneously removes intrahepatic tumors 
and the underlying carcinogenic liver background.1 Nevertheless, tumor recurrence 
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after LT remains a huge clinical challenge, indicating not 
only the potential loss of a scare liver graft but also dismal 
prognosis for the recipient being in an immunocompro-
mised state.1–3 At present, there are still lacks of guidance 
regarding tailored posttransplant management of this 
unique population.3 In particular, risk stratification-based 
surveillance strategies and recommendations regarding 
recurrence prevention are highly desirable.

Over the past few decades, significant efforts have 
been made to design scoring systems and individually 
evaluate recipients’ risk of tumor recurrence.4–7 Unlike 
traditional rigid binary selection criteria, simple risk scores 
could provide quantifiable estimation of tumor recurrence 
risk for a given recipient and potentially assist in the 
planification of tailored posttransplant management proto-
cols. Several of these risk scores, including the RETREAT 
score and MORAL score, have also been externally 
validated.8,9 However, despite the flexibility and robust-
ness, variables employed in the scoring systems to model 
the recipients’ recurrence risk remain limited, particularly 
in terms of tumor biology measures. Thus, identifying 
novel and reliable surrogates for HCC tumor aggressive-
ness would capture additional information, and integrating 
it for recurrence risk estimation may help to further 
improve the prognostic efficacy, better guide individua-
lized risk-based management strategies, and optimize 
transplant outcomes.

Polyploidy, or whole-genome doubling, is 
a characteristic feature of the liver, wherein cells acquire 
additional sets of chromosomes.10 In mammals, whole- 
organism polyploidization typically causes fetal lethality, 
although several tissues including the liver parenchyma 
develop a certain degree of polyploidy.11 Hepatocyte poly-
ploidization could be either characterized by the genera-
tion of two or more nuclei per cell, defining cellular 
polyploidy, or completed within a single nucleus, defining 
nuclear polyploidy. As many as 30% of hepatocytes in the 
adult human liver are polyploid, and this ratio even 
increases to nearly 90% in rodents.12 Ploidy profiles of 
the liver are not set in stone, while it would display 
dramatic changes both during physiological processes 
and in pathological conditions, including the liver devel-
opment, senescence, tissue regeneration, genotoxic stress, 
and metabolic overload.10,12

Hepatocyte ploidy spectra alterations correlated with 
the onset and progression of non-alcoholic fatty liver dis-
ease, Wilson’s disease, chronic viral hepatitis and its 
complications.13–15 Experimental evidence has also been 

accumulating identifying unscheduled polyploidization as 
a crucial contributor to cancer genomic instability and 
a key gatekeeper during the development of HCC.16 

During the examination of human liver specimen, 
a recent study suggested the use of polyploidy spectrum 
as a promising recurrence predictor for clinical HCC 
patients receiving liver resection, advocating it as a novel 
hallmark in HCC classification.17 However, until now, the 
prognostic value of liver ploidy profiles in the setting of 
LT for HCC has not been explored.

One determinant factor being increasingly recognized 
to accelerate the acquisition of a more aggressive pheno-
type of HCC is immune evasion, which protects tumor 
cells from immune system recognition and destruction. 
Tumor-infiltrating lymphocytes (TILs), the primary 
immune component infiltrating tumor tissues, represent 
the manifestation of the host anti-tumor response and 
have been shown to be closely associated with HCC 
recurrence.18–20 During the activation of immune 
responses, inflammatory cytokines, a broad category of 
small soluble proteins (usually <30 kDa), are released 
and play a crucial role in mediating intercellular commu-
nications, antigen priming, and cytolytic activities of effec-
tor immune cells.21 Adjuvant cytokine therapies also 
emerge as an effective strategy to enhance anti-tumor 
immunity.22 Although polyploidization has been consid-
ered a critical step in tumor development and progression, 
the association between ploidy profiles and tumor immune 
surveillance in HCC patients remains unclear.

In this study, we assessed the feasibility and efficacy of 
utilizing polyploidy profiles as a novel metric to stratify 
recurrence risk for LT recipients with HCC, and suggested 
the relationship between modification of ploidy status and 
immune phenotype in these patients.

Materials and Methods
Study Population
Three cohorts of participants were enrolled in this study, 
and the corresponding formalin-fixed and paraffin- 
embedded liver tissues were collected. Thirty-two pairs 
of HCC, cirrhosis, and health controls composed of the 
observation set to characterize hepatic ploidy alterations 
during liver tumorigenesis. Both tumoral and peritumoral 
liver tissues were obtained for HCC. Demographic char-
acteristics, including gender and age, were matched among 
the groups. The tissue samples were collected from the 
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biobank at First Affiliated Hospital, School of Medicine, 
Zhejiang University.

The derivation set was designed to evaluate the correla-
tion between hepatocyte polyploidy spectrum and tumor 
characteristics of LT recipients with HCC, and to develop 
a prognostic scoring model for recurrence prediction. This 
set composed 83 adult patients (>18 years) undergoing LT 
for HCC from February 2015 to November 2017 at the First 
Affiliated Hospital, School of Medicine, Zhejiang 
University, and pretransplant plasma samples were col-
lected. Excluded were multiple-organ transplantation, split 
LT, re-transplantation, missing HCC specimens or follow-up 
data, and no viable tumor in explant pathology. For the 
purpose of external validation of the prediction model, 
another 122 transplant recipients with HCC at the Shulan 
(Hangzhou) Hospital from April 2016 to January 2019 con-
stituted the validation set, following the application of the 
same inclusion and exclusion criteria as in the derivation set.

Data Collection
Clinical baseline details were gathered including recipient age 
and gender, Child-Pugh score, model for end-stage liver dis-
ease score, underlying hepatic cirrhosis and etiological risk 
factors. Tumor characteristics, including the tumor size, num-
ber, histopathological differentiation according to 
Edmondson-Steiner criteria (grading I–II or III–IV), and 
microvascular invasion (MVI, with or without) were deter-
mined by the explant pathological findings. The cut-offs of 
maximum tumor diameter (≤5 cm/>5 cm), tumor number (≤3/ 
>3), serum AFP level (≤400 ng/mL/>400 ng/mL), neutrophil 
lymphocyte ratio (<5/≥5), platelet lymphocyte ratio (<150/ 
≥150), and lymphocyte monocyte ratio (<2.75/≥2.75) were 
considered in accordance with previous publications.1,23–25

The selection criteria and posttransplant models, 
including the Milan criteria, the Metroticket 2.0 criteria, 
the AFP model, the post-MORAL score (Model Of 
Recurrence After Liver transplant), and the RETREAT 
score (Risk Estimation of Tumor Recurrence After 
Transplant) were all determined based on the pathological 
examination of explants at the time of LT. They were 
defined according to the previous formulas.1,4,6,26,27

Perioperative Management and 
Follow-Up
The perioperative management protocol and posttransplant 
surveillance strategy are similar at the two centers and have 
been described previously.28,29 In brief, all recipients 

received basiliximab induction therapy (20 mg, within two 
hours before LT and on postoperative day four) and intrao-
perative methylprednisolone (500 or 1000 mg). The post-
transplant immunosuppression regime was steroid-free and 
consisted of a combination of tacrolimus and mycophenolate 
mofetil. The surveillance of recurrence included the measure-
ment of serum AFP, ultrasonography, and computed tomo-
graphy (every 3 months for the first two years post-transplant 
and biannually thereafter). Tumor recurrence was diagnosed 
by positive radiological findings and elevation of serum AFP.

Immunofluorescence and Qualification of 
Mononuclear and Binuclear Ploidy
The 5-μm tissue slides were deparaffinized and rehydrated, 
and a 3% H2O2 solution was used for endogenous perox-
idase inactivation. Antigen retrieval was heat-induced in 
the citrate buffer solution (pH 6.0). Then, the slides were 
blocked with normal fetal bovine serum (37°C), and sub-
sequently incubated with β-catenin (dilution 1:200; BD 
Biosciences, Cat#610154) overnight at 4°C. The second-
ary antibody was the anti-mouse IgG antibodies conju-
gated with Alexa Fluor 488 (1:200; Cell signaling 
Technology, Cat#4408S), and 4,6-diamidino-2-phenylin-
dole (DAPI; Zhong Shan Golden Bridge Biological 
Technology Inc., Beijing, China) was used to counterstain 
nuclei.

Hepatocyte ploidy profiles were determined in situ on 
immunofluorescence-stained liver tissue sections, accord-
ing to the previously described method.13,15,17,30,31 

Immunofluorescence images were captured using an auto-
mated fluorescence microscope (BX63, Olympus, Tokyo, 
Japan). Image J (NIH, USA) was used for quantitative 
image analysis. The images were adjusted in 8 bits and 
a nuclear circularity ≥0.7 was applied to exclude non- 
epithelial cell populations. Binuclear polyploidy was 
recognized by the number of nuclei per hepatocyte, mono-
nuclear polyploidy was characterized on the ground of the 
area of the nuclei, and the number of evaluated tumor cells 
was reported as respective denominators. Hepatocytes 
with the nuclear areas of 200–750 pixel2, 800–1350 
pixel2 and 1400–4000 pixel2 were defined as diploid 
(2n), mononuclear tetraploid (4n) and octoploid (≥8n), 
respectively, according to the distribution histogram of 
nuclear area (Supplementary Figure 1); for the vast major-
ity (>90%) of examined cases, the histogram consistently 
revealed a clear trimodal distribution. Nuclear area <200 
pixel2 or >4000 pixel2 were excluded, due to neither non- 
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hepatocytes population nor incorrect DAPI segmentation. 
The mononuclear ≥8n fraction in most cases was too small 
(only accounting for <5% of the total hepatocyte popula-
tion), and therefore we, exploiting from previous 
experiences,15,17 amalgamated the mononuclear 4n and 
≥8n fractions into the fraction of mononuclear polyploidy. 
For cellular ploidy analysis, 10–15 random high-power 
fields were selected, and about 2000 cells were counted 
from each slide. For nuclear ploidy analysis, more than 
5000 cells were counted for each patient.

Immunohistochemistry
Immunohistochemistry (IHC) was performed as pre-
viously described.32,33 The sections were stained for CD4 
(1:500; Abcam, ab133616), CD8 (1:50; Abcam, 
ab237709), forkhead box P3 (FoxP3; 1:200; Abcam, 
ab20034) and programmed cell death-ligand 1 (PD-L1; 
1:200; Abcam, ab205921). The density of CD4+ Th cells, 
CD8+ cytotoxic T cells, and FoxP3+ Treg cells (number/ 
mm2) was determined as the average number of immunor-
eactive cells under the 200× magnification fields. At least 
eight randomly chosen and non-overlapping fields were 
required for the evaluation, with avoidance of peripheral 
regions on each slide. PD-L1 expression was semi- 
quantitatively evaluated considering both tumor and 
immune stroma. Specifically, positive tumoral PD-L1 
expression was considered when more than 1% of neo-
plastic cells displayed membranous staining.34 For PD-L1 
expression in the immune stroma, any unequivocal expres-
sion of PD-L1 (>0%) on stromal immune cells was con-
sidered to be positive.35 Examples of PD-L1 IHC 
evaluation are depicted in Supplementary Figure 1.

Inflammatory Cytokine Analysis
Peripheral blood samples were collected from recipients 
1–2 days prior to transplant, and then centrifuged for 10 
minutes at 3000 rpm at 4°C for serum and plasma separa-
tion. The plasma was harvested, divided into 1 mL ali-
quots, and stored at −80°C until analysis. A commercially 
available array-based multiplex sandwich ELISA kit 
(Human Inflammation Array Q3; QAH-INF-3, 
RayBiotech, Inc. Norcross, GA, USA) was used to mea-
sure the concentrations of 40 inflammatory cytokines 
according to the manufacturer’s protocol; these cytokines 
included B-lymphocyte chemoattractant, eotaxin, eotaxin- 
2, granulocyte colony-stimulating factor, GM-CSF, I-309, 
intercellular adhesion molecule-1, IFN-γ, IL-1α, IL-1β, 
IL1 receptor antagonist, IL-2, IL-4, IL-5, IL-6 and its 

soluble receptor, IL-7, IL-8, IL-10, IL-11, IL-12p40, IL- 
12p70, IL-13, IL-15, IL-16, IL-17, monocyte chemotactic 
protein −1, macrophage colony-stimulating factor, mono-
kine induced by gamma interferon, macrophage inflamma-
tory protein (MIP)-1α, MIP-1β, MIP-1δ, platelet-derived 
growth factor-BB, regulated on activation normal T cell 
expressed and secreted, tissue inhibitor of metalloprotei-
nase (TIMP)-1, TIMP-2, tumor necrosis factor (TNF)-α, 
TNF-β, and soluble receptors TNF-sRI and TNF-sRII.

Statistical Analysis
The normality was determined using the Shapiro–Wilk 
test. Normally distributed variables are presented as the 
mean ± standard deviation and compared using 
the Student’s t-test. Skewed variables are reported as 
the median with IQR and compared using the Wilcoxon 
rank sum test or Dunn’s multiple comparisons test, as 
appropriate. Bivariate correlation analysis was conducted 
using Spearman’s rank-order correlation. Categorical 
variables are described as numbers (percentages), and 
Pearson’s chi-square test or Fisher’s exact test was used 
for comparisons. Recurrence-free survival was set as the 
primary outcome measure and defined as the time elapsed 
from LT to either tumor recurrence or censoring at the 
last follow-up. A competing-risk analysis was used to 
evaluate the HCC-specific survival, defined as the inter-
val from LT to either mortality with a documented HCC 
recurrence or last follow-up.26 Survival curves were com-
puted using the Kaplan–Meier method and compared by 
the Log rank test. In the validation set, due to the rela-
tively limited follow-up length and no recipient had been 
followed up for more than five years, the estimated five- 
year survival rate was not computed by the Kaplan–Meier 
plot.

Univariate and subsequent backward stepwise multi-
variate Cox regression analyses were performed to identify 
independent prognostic factors. A model predictive of 
post-LT recurrence was developed using the independent 
predictors weighted by rounding the coefficients in the 
multivariable model to the nearest integer. The area 
under the receiver operating characteristic (ROC) curve 
was calculated to assess the predictive efficacy of mathe-
matical models and compared using the Hanley and 
McNeil method. Statistical analysis was carried out using 
the R-project (version 3.6.1, https://www.r-project.org/) 
and MedCalc (MedCalc Software; Mariakerke, Belgium). 
All p-values were two-tailed, and p <0.05 was considered 
statistically significant.
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Results
Participant Characteristics
This study included three independent cohorts of patients 
(Table 1). The mean age of patients in the observation, 
derivation and validation sets was 51.6 ± 10.6, 52.3 ± 9.3, 
and 49.9 ± 11.2 years, and 96.9%, 96.4% and 89.3% are 
male, respectively. 96.2% of patients had hepatitis B virus 
infection. The median follow-up for the LT recipients with 
HCC in the derivation set was 23.9 months (interquartile 
range [IQR], 12.7–39.4) and in the validation set was 18.9 
months (IQR, 8.4–29.4). In terms of recurrence-free survi-
val and HCC-specific survival, HCC recipients of both two 
transplant cohorts were well stratified by the Milan cri-
teria, AFP model, and Metroticket 2.0 criteria (all p<0.05; 
Supplementary Figures 2 and 3).

Alterations of Hepatocyte 
Polyploidization During 
Hepatocarcinogenesis
To evaluate the hepatocyte ploidisation pattern during hepa-
tocarcinogenesis, we analyzed 32 paired HCC, peritumoral, 
cirrhotic, and normal liver tissues from the observation set 
(Figure 1A). The results showed that during liver tumori-
genesis, the fraction of binuclear polyploidy (FBP) was 
drastically decreased (Figure 1B), whereas the fraction of 
mononuclear polyploidy (FMP) was increased (Figure 1C), 
which is in agreement with previous observations.17 We 
also examined the alterations of ploidy content of steatotic 
livers. Of the normal livers, 6 were steatotic. Compared to 
non-steatotic livers, steatotic livers had significantly reduced 
FBP (12.7% vs 9.1%, p=0.01), while there was no signifi-
cant difference in FMP (5.8% vs 6.3%, p=0.74).

To further evaluate whether polyploidy spectrum could 
act as a classification signal, the ROC curve was con-
structed, and the area under the curve (AUC) was deter-
mined (Figure 1D). FMP could distinguish HCC and 
peritumoral tissues from non-HCC tissues (AUC = 0.868 
and 0.827, respectively), while the diagnosis efficacy was 
weak between HCC and peritumoral tissues (AUC = 
0.658). FBP was able to distinguish HCC and non-HCC 
tissues from peritumoral tissues (AUC = 0.916 and 0.905, 
respectively), but not peritumoral tissues from non-HCC 
tissues (AUC = 0.636). Interestingly, FMP could further 
effectively predict the presence of MVI in HCC tissues 
(AUC = 0.826), whereas FBP failed (AUC = 0.575), 
indicating that FMP may be more sensitive to 
advanced HCC.

FMP Predicts Post-LT Tumor Recurrence
The association between polyploidy spectrum and HCC 
recurrence after LT was investigated. Of 83 HCC recipi-
ents in the derivation set, the median FBP and FMP were 
7.7% (6.5%–9.2%) and 17.8% (8.8%–32.1%), respec-
tively. Univariate Cox analysis showed that FBP had no 
statistical correlation with the risk of recurrence as 
a continuous variable (OR = 0.92, 95% CI, 0.804–1.052, 
p=0.23). In contrast to FBP, each percent increase in FMP 
as a continuous parameter was significantly associated 
with an OR of 1.035 for increased risk of tumor recurrence 
(95% CI, 1.015–1.056, p=0.001). The distribution of FBP 
was similar between LT recipients with and without recur-
rence (7.1% vs 8.3%, p=0.15), whereas LT recipients who 
experienced HCC recurrence had significantly higher FMP 
relative to recipients who did not (25.1% vs 10.5%, 
p<0.001). Furthermore, the AUC for FBP in forecasting 
the possibility of posttransplant recurrence was only 0.57, 
while for FMP was 0.742 (Hanley and McNeil test, 
p=0.04).

The ROC curve selected an optimum threshold value of 
18% for FMP to predict recurrence, and accordingly, two 
subtypes of HCC were defined: highly mononuclear poly-
ploid HCC (HMP–HCC, FMP > 18%) and poorly mono-
nuclear polyploid HCC (PMP–HCC, FMP ≤ 18%). Of 44 
HMP–HCC patients, 31 (70.5%) developed HCC recur-
rence, compared to 11 of 39 (28.2%) PMP–HCC patients 
(p<0.001). Patients with PMP–HCC displayed significantly 
better recurrence-free survival and HCC-specific survival 
than those with HMP–HCC (p<0.001 and p=0.02, respec-
tively; Figure 2A and Supplementary Figure 4A).

In univariate Cox regression analysis, maximum 
nodule diameter >5 cm, nodule number >3, histopatholo-
gic grading III–IV, MVI, serum AFP >400 ng/mL, HMP– 
HCC, neutrophil lymphocyte ratio ≥5, and platelet lym-
phocyte ratio ≥150 were associated with increased risks of 
HCC recurrence (Table 2). In the multivariate model, 
maximum nodule diameter >5 cm, nodule number >3, 
HMP–HCC, and AFP > 400 ng/mL constituted four inde-
pendent risk factors.

FMP Provides Supplementary 
Discriminative Information
The clinicopathological parameters were compared 
between patients with HMP–HCC and PMP–HCC 
(Table 3). Compared to patients with PMP–HCC, those 
with HMP–HCC had numerically higher proportion of 
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nodule number >3, histopathologic grading III–IV, and 
MVI, as well as AFP > 400 ng/mL, suggesting less favor-
able tumor biology in HMP–HCC patients.

Among patients within the Milan criteria, those with 
HMP–HCC and PMP–HCC had similar recurrence-free 
survival and HCC-specific survival (p=0.62 and 0.27, 
respectively). Whereas, for patients outside the Milan cri-
teria, those with PMP–HCC displayed significantly better 
recurrence-free survival and HCC-specific survival than 
HMP–HCC (p=0.001 and 0.04, respectively; Figure 2B 
and Supplementary Figure 4B). Furthermore, patients 
who exceeded the Milan criteria but had PMP–HCC 
exhibited comparable recurrence-free survival and HCC- 
specific survival as compared to those fulfilling the Milan 
criteria (p=0.61 and 0.30, respectively). In the subgroup 
beyond the Milan criteria, HMP–HCC patients had 
a significantly increased proportion of nodule number >3 
relative to PMP–HCC patients (64.9% vs 28.6%, p=0.01); 
HMP–HCC also tended to have a higher frequency of 
MVI, although this difference failed to reach significance 
(59.5% vs 33.3%, p=0.06).

PMP–HCC patients with AFP score >2 had compar-
able recurrence-free survival and HCC-specific survival 

relative to patients who had AFP score ≤2 (p=0.61 and 
0.94, respectively), but better than those HMP-HCC 
patients with AFP score >2 (p=0.02 and 0.05, respectively; 
Figure 2C and Supplementary Figure 4C). Likewise, the 
recurrence-free survival and HCC-specific survival of 
patients who exceeded the Metroticket 2.0 criteria but 
had PMP–HCC were also similar to those patients ful-
filling the Metroticket 2.0 criteria (p=0.23 and 0.14, 
respectively; Figure 2D and Supplementary Figure 4D).

HMP–HCC Correlates with an 
Immunosuppressive Phenotype
To determine whether amplification of nuclear ploidy was 
associated with the tumor immune microenvironment, we 
measured the densities of intratumoral CD4+ helper T (Th) 
cells, FoxP3+ T regulatory (Treg) cells, and CD8+ cyto-
toxic T cells, and PD-L1 expression.

Compared to PMP–HCC, HMP–HCC had significantly 
higher density of Foxp3+ Treg cells but lower density of 
CD8+ cytotoxic T cells (Figure 3A and B and 
Supplementary Figure 5A and B). In a continuous manner, 
FMP was positively correlated with the density of FoxP3+ 

Table 1 Demographics and Tumor Characteristics of the Study Population

Variables Observation Set (N = 32) Training Set (N = 83) Validation Set (N = 122)

Age (years) 51.6 ± 10.6 52.3 ± 9.3 49.9 ± 11.2
Male (n, %) 31 (96.9%) 80 (96.4%) 109 (89.3%)

Body mass index (kg/m2) 23.6 ± 2.6 23.1 ± 2.5 23.0 ± 3.4

Hepatitis B virus infection 31 (96.9%) 80 (96.4%) 117 (95.9%)
Model end-stage liver disease score 13 (8–22) 11 (8–18) 28(19–33)

Child-Pugh score 7 (5–9) 7 (6–9) 10 (9–11)

Decompensated cirrhosis 20 (62.5%) 53 (63.9%) 103 (84.4%)
Pretransplant TACE/RFA/PEI/MWA 9/1/0/0 39/7/2/0 23/5/1/2

Pretransplant AFP level
≤ 400 ng/mL 11 (34.4%) 55 (66.3%) 82 (67.2%)

> 400 ng/mL 21 (65.6%) 28 (33.7%) 40 (32.8%)

Tumor size
≤ 5 cm 10 (31.2%) 44 (53.0%) 55 (45.1%)

> 5 cm 22 (68.8%) 39 (47.0%) 67 (54.9%)

Tumor multifocality
≤ 3 tumors 19 (59.4%) 53 (63.9%) 84 (68.9%)

> 3 tumors 13 (40.6%) 30 (36.1%) 38 (31.1%)

Histopathologic grading III 16 (50%) 42 (50.6%) 48 (39.3%)
MVI 13 (40.6%) 33 (39.8%) 43 (35.2%)

Fulfillment of the Milan criteria 6 (18.8%) 21 (25.3%) 28 (23.0%)

Fulfillment of the Metroticket 2.0 criteria 7 (21.9%) 28 (33.7%) 41 (33.6%)
AFP score ≤ 2 7 (21.9%) 31(37.3%) 44 (36.1%)

Abbreviations: MWA, microwave ablation; MVI, microvascular invasion; PEI, percutaneous ethanol injection; RFA, radiofrequency catheter ablation; TACE, transcatheter 
arterial chemoembolization.
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Treg cells (r=0.365, p=0.001) and negatively correlated with 
that of CD8+ cytotoxic T cells (r=−0.614, p<0.001). 
Whereas, the density of CD4+ Th cells were similar between 
PMP–HCC and HMP–HCC; the density of CD4+ Th cells 
showed no significant correlation with FMP as a continuous 
variable (r=0.05, p=0.65; Supplementary Figure 5C and D). 
Replacing the density of CD8+ T cells with the CD8:CD4 
ratio generated similar correlation with FMP (r=−0.597, 
p<0.001), as well that of FoxP3+ T cells with the Foxp3: 
CD4 ratio (r=−0.336, p<0.001).

HMP–HCC also had a higher frequency of PD-L1 
expression by the tumor cells than PMP–HCC 
(Figure 3C), whereas PD-L1 expression in the immune 
stroma did not differ between the two groups (Figure 3D).

As a critical component of the immune system, cyto-
kines mediate intercellular communications and help shape 
anti-tumor immune responses. To investigate the relation-
ship between mononuclear polyploidy and circulating 

cytokine levels, we measured the plasma concentrations 
of a panel of 40 cytokines (described in Methods). As 
shown in Table 4, compared to patients with PMP–HCC, 
those with HMP–HCC had significantly higher levels of 
interleukin (IL)-10 (p=0.03) while lower interferon (IFN)- 
γ (p=0.02) and granulocyte–macrophage colony- 
stimulating factor (GM-CSF) (p=0.01). HMP–HCC also 
tended to be associated with increased IL-6 levels and 
reduced IL-2 levels than PMP–HCC, while these differ-
ences were not significant (p=0.06 and 0.09, respectively).

Risk Assessment Model Incorporating the 
Ploidy Signature
The predictive value of ploidy profiles of tumor recurrence 
were further evaluated by constructing a simplified risk 
assessment model incorporating the ploidy signature 
(RAMPS), and recipients were re-classified into four 

Figure 1 Ploidy distributions during liver tumorigenesis. (A) Representative immunofluorescence images in the observation set (original magnification: 400×, scale bar = 50 
μm); β-catenin (green) was stained to label the plasma membrane, and DAPI (blue) for the nucleus labelling (white arrow indicates binuclear hepatocytes). Comparisons of 
FBP (B), and FMP (C) during hepatocarcinogenesis. Levels of significance: **p< 0.01, ***p< 0.001, ****p< 0.0001, ns, not significant (Dunn’s multiple comparisons test). (D) 
Discriminative capacities of FBP and FMP as the classification signal. The FMP exhibited higher AUC values than the FBP as a diagnostic maker to distinguish peritumoral liver 
tissues from non-HCC tissues and to detect the presence of MVI in HCC tissues. 
Abbreviations: AUC, area under the curve; FBP, fraction of binuclear polyploidy; FMP, fraction of mononuclear polyploidy; MVI, microvascular invasion.
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groups for risk stratifications. Nineteen patients in the 
absence of any risk factors were allocated with 
a RAMPS score of 0 and were included in the low-risk 
group, 16 patients presenting with only one factor had 
a score of 4–6 and were in the medium risk group, 24 
with two factors had a score of 9–11 and in the high-risk 

group, and the remaining 24 with three or more risk 
factors were scored 14–20 and included in the very high- 
risk group.

As depicted in Figure 4A, the low-risk group achieved 
the best prognosis, while the very high-risk group dis-
played the worst. Differences between recurrence-free 

Figure 2 Association between polyploidy spectrum and posttransplant recurrence risk. (A) Recurrence-free survival curves of recipients with HMP–HCC and PMP–HCC. 
PMP–HCC was associated with significantly better recurrence-free survival than those with HMP–HCC. Recurrence-free survival stratified according to the ploidy 
distribution and with the combination of the Milan criteria (B), the AFP model (C), and the Metroticket 2.0 criteria (D). Transplant recipients exceeding these selection 
criteria but with PMP–HCC displayed comparable prognosis as compared to those fulfilling these criteria, while significantly better recurrence-free survival than those 
beyond these selection criteria but had HMP-HCC. 
Abbreviations: HMP–HCC, highly mononuclear polyploid hepatocellular carcinoma; PMP–HCC, poorly mononuclear polyploid hepatocellular carcinoma.
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survival in each of the groups were all significant 
(p<0.05), except the comparison between the low and 
medium risk groups (p=0.33).

The RAMPS score was then tested in the validation set. 
Of this set, the median FMP was 10.8% (5.5%–21.3%), 
and 37 recipients had HMP–HCC. A significantly 
increased risk of HCC recurrence was noted in HMP– 
HCC patients relative to PMP–HCC patients (p<0.001). 
Comparisons of recurrence risk between HMP–HCC and 
PMP–HCC in subgroups stratified by the Milan criteria, 
the Metroticket 2.0 criteria, and the AFP model yielded 
very similar results to that in the derivation set 
(Supplementary Figures 6 and 7). The RAMPS score 
again allowed clear stratification of recurrence-free survi-
val among the four groups in the validation set 
(Figure 4B).

The prognostic performance of RAMPS score was 
further compared to that of two well-established posttrans-
plant models—the RETREAT score and post-MORAL 
score. In the derivation set, the RAMPS score achieved 
the highest AUC values for the predictions of 3- and 
5-year recurrence when compared to the RETREAT score 
and post-MORAL score (Figure 5A). The parallel evalua-
tion on validation set revealed that the RAMPS score 
maintained the highest AUC values than the other two 
prognostic models for prediction of tumor recurrence 
(Figure 5B).

Discussion
Polyploid hepatocytes have been documented for more 
than a century. However, the clinicopathological relevance 
of hepatocyte polyploidy spectrum in patients with HCC 
remains to be fully explored. This study demonstrates that 
hepatocyte polyploidy spectrum can serve as a useful 

biological metric to estimate posttransplant tumor recur-
rence risk. Our study also provides evidence linking gen-
ome instability and tumor immune evasion in HCC 
patients, and develops a new tool for prognostic stratifica-
tion after LT for HCC.

Genomic instability represents a hallmark of most 
cancers.36 As one of the most frequent genomic events, 
polyploidization of cancer cells favors aberrant mitoses 
leading to blocked or asymmetric cell division, generates 
genetic diversity, and accelerates the cancer genome 
evolution.10,11,16,37 Triggered by continuous replication 
stress, polyploid cancer cells present with ongoing chro-
mosomal instability and display enhanced 
aggressiveness.38 Indeed, most solid tumors exhibit poly-
ploid karyotypes.37,39 A previous pan-cancer analysis 
involving 4934 tissue specimens across 11 cancer types 
indicated that whole-genome doubling occurred in 37% of 
cancers.39 Furthermore, polyploidization has been shown 
to correlate with inferior prognosis in many types of 
malignancies, including colorectal cancer, pancreatic can-
cer, and breast cancer.37 Nevertheless, data on HCC 
patients were not available in these studies. An exquisite 
series analysis of 75 surgically resected HCC by Bou- 
Nader et al reported that amplification of nuclear ploidy 
was related to increased proliferative activity, TP53 muta-
tion, and poor histopathological differentiation, as well as 
shortened disease-free survival; of interest, they also found 
that polyploid hepatocytes do not display a specific zonal 
distribution in hepatic lobules.17 Likewise, our study also 
observed a correlation between the amplified nuclear 
ploidy and unfavorable HCC clinicopathological charac-
teristics. Compared to patients with PMP–HCC, those with 
HMP–HCC were more likely to have multifocal nodules, 
poor pathological differentiation, MVI, high serum AFP 

Table 2 Cox Analyses of Variables Related to the Recurrence-Free Survival

Variables Univariate Cox Regression Multivariable Cox Regression β Coefficient RAMPS 
Points

OR 95% CIs P value OR 95% CIs P value

Maximum nodule diameter >5 cm 2.074 1.125–3.823 0.019 2.649 1.377–5.094 0.004 0.974 5

No. of tumors >3 3.567 1.899–6.697 <0.001 2.785 1.395–5.563 0.004 1.024 5
Histopathologic grading III–IV 2.148 1.150–4.011 0.016

MVI 3.243 1.742–6.039 <0.001

HMP–HCC 3.977 1.959–8.075 <0.001 2.955 1.350–6.469 0.001 1.25 6
AFP >400 ng/mL 2.148 1.162–3.971 0.015 2.050 1.085–3.875 0.027 0.718 4

Neutrophil lymphocyte ratio ≥5 1.952 1.016–3.749 0.045

Platelet lymphocyte ratio ≥150 2.159 1.134–4.109 0.019

Abbreviations: CIs, confidence intervals; HMP-HCC, highly mononuclear polyploid hepatocellular carcinoma; MVI, microvascular invasion; OR, odds ratio; RAMPS, risk 
assessment model incorporating ploidy signature.
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level, and inferior oncological outcomes. Taken together, 
our data parallel previous findings and support the notion 
that whole-genome duplication is closely associated with 
the prognosis of patients with advanced cancers.

An interesting and novel finding in this study is that we 
noted a close correlation between polyploidy spectrum and 
immune response signature in HCC patients. The mono-
nuclear polyploid fraction was positively correlated with 
the densities of CD8+ cytotoxic T cells while negatively 
with that of FoxP3+ Treg cells. The amplification of mono-
nuclear polyploidy also displayed the upregulation of 

tumoral PD-L1 expression. Moreover, significantly 
increased secretion of immunosuppressive cytokines (IL- 
10) while reducing anti-tumoral cytokines (IFN-γ and 
GM-CSF) further provided evidence of an immunosup-
pressive phenotype in HCC patients with amplified mono-
nuclear polyploidy. Intratumoral FoxP3+ Treg cells 
density, PD-L1 expression and circulating IL-10 have 
shown to inversely correlate with clinical outcomes of 
HCC patients, while increased CD8+ T lymphocytes den-
sity and circulating IFN-γ were reported as protective 
factors.20,34,40 In line with our observations, Senovilla 

Table 3 Comparisons of Clinicopathological Features Between Patients with PMP–HCC and HMP–HCC

Variables PMP–HCC (N = 39) HMP–HCC (N = 44) P value

Recipient gender 0.60
Male 37 (94.9%) 43 (97.7%)

Female 2 (5.1%) 1 (2.3%)

Recipient age (years) 54.1 ± 8.3 50.7 ± 9.9 0.10
Recipient body mass index (kg/m2) 23.4 ± 2.5 22.8 ± 2.5 0.30

Hepatitis B virus infection 37 (94.9%) 43 (97.7%) 0.60

Model end-stage liver disease score 11 (8 −18) 11.0 (8.0 −17.5) 0.69
Child-Pugh score 7 (6–9) 7.0 (5.0–9.5) 0.81

Pretransplant treatment (yes/no) 20/19 (51.3/48.7%) 21/23 (47.7/52.3%) 0.75
No. of tumors <0.001

≤ 3 33 (84.6%) 20 (45.5%)

> 3 6 (15.4%) 24 (54.5%)
Maximum nodule diameter 0.38

≤ 5cm 23 (59.0%) 21 (47.7%)

> 5cm 16 (41.0%) 23 (52.3%)
Histopathologic grading III–IV 15 (38.5%) 27 (61.4%) 0.04

MVI 11 (28.2%) 22 (50.0%) 0.04

Serum AFP level (ng/mL) 0.02
≤ 400 31 (79.5%) 24 (54.5%)

> 400 8 (20.5%) 20 (45.5%)

Platelet lymphocyte ratio ≥ 150 10 (25.6%) 13 (29.5%) 0.69
Neutrophil lymphocyte ratio ≥ 5 8 (20.5%) 14 (31.8%) 0.24

Lymphocyte monocyte ratio ≥ 2.75 14 (35.9%) 13 (29.5%) 0.54

Overall survival 0.03
1-year 82.5% 59.7%

3-year 73.9% 46.2%

5-year 60.9% 46.2%
Recurrence-free survival <0.001

1-year 75.6% 43.7%

3-year 73.0% 20.5%
5-year 68.1% 20.5%

HCC-specific survival 0.02

1-year 89.0% 71.6%
3-year 80.1% 52.6%

5-year 66.0% 52.6%

Abbreviations: HMP–HCC, highly mononuclear polyploid hepatocellular carcinoma; MVI, microvascular invasion; PMP–HCC, poorly mononuclear polyploid hepatocel-
lular carcinoma.
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Figure 3 Association between ploidy status and tumor-infiltrating lymphocyte constitution. The densities of Foxp3+ Treg cells (A) and of CD8+ cytotoxic T cells (B) 
between HMP–HCC and PMP–HCC, and their linear correlations with the fraction of mononuclear polyploidy (Spearman’s rank-order correlation). HMP–HCC was 
associated with significantly higher Foxp3+ Treg cells but lower density of CD8+ cytotoxic T cells. The fraction of mononuclear polyploidy was positively correlated with the 
density of Foxp3+ Treg cells and negatively correlated with that of CD8+ cytotoxic T cells. Upper panel, 200× magnification, scale bar = 200 μm; lower panel, 400× 
magnification, scale bar = 50 μm. Comparisons of PD-L1 expression by tumoral cells (C) and the immune stroma (D) between HMP–HCC and PMP–HCC (Pearson’s chi- 
square test). HMP–HCC had higher frequency of PD-L1 expression by the tumor cells than PMP–HCC, whereas PD-L1 expression in the immune stroma did not differ 
between the two groups. 
Abbreviations: FoxP3, forkhead box P3; HMP–HCC, highly mononuclear polyploid hepatocellular carcinoma; PD-L1, programmed death-ligand 1; PMP–HCC, poorly 
mononuclear polyploid hepatocellular carcinoma.

Journal of Inflammation Research 2022:15                                                                                          https://doi.org/10.2147/JIR.S345681                                                                                                                                                                                                                       

DovePress                                                                                                                         
227

Dovepress                                                                                                                                                           Zhang et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


et al analyzed ploidy spectra in clinical samples of 60 
patients with breast cancer, and noted a negative correla-
tion between polyploidy profiles and the ratio of CD8+ 

cytotoxic T cells to Foxp3+ Treg cells.41 Studies on rodent 
models also documented that hyperploid cancer cells 
would conserve their ploidy and readily proliferate when 
growing in immunodeficient mice, whereas tumors arising 
in immunocompetent hosts showed decreased ploidy and 
retarded growth.41,42 Mechanically, polyploidy cancer 
cells displayed an exacerbated endoplasmic reticulum 

stress, which induced calreticulin expression on the cell 
surface and eventually triggered the immune elimination 
of hyperploid cells. The composition of TILs and immune 
effectors, including CD8+ and FoxP3+ T lymphocytes, 
immune checkpoints, and interferon-γ, have been implied 
in the immunosurveillance of cancer cell ploidy, which 
coincides with tight associations observed in our study.43 

Therefore, in addition to cell-intrinsic monitoring patterns, 
an extrinsic immune mechanism also plays an important 
role in maintaining the genome integrity.43

Table 4 Comparisons of Circulating Inflammatory Cytokine Concentrations Between Patients with HMP–HCC and PMP–HCC

Cytokines Overall (N = 83) PMP–HCC (N = 39) HMP–HCC (N = 44) P values

GM-CSF 6.6 (0.0–20.1) 11.4 (3.15–35.0) 1.7 (0.0–13.0) 0.01
IFN-γ 18.9 (0.0 −51.2) 27.8 (1.2–64.3) 1.3 (0.0–38.5) 0.024

IL-2 51.1 (7.1–126.8) 72.5 (21.2–131.5) 35 (0–104) 0.087

IL-6 46.6 (17.2–116.0) 28.8 (15.8–70.5) 52.4 (17.3–54.2) 0.063
IL-10 5.4 (1.8–43.1) 4.8 (0.7–8.7) 11.9 (2.4–218.9) 0.027

Notes: Measures with p<0.10 were displayed; values were in pg/mL, and described as median and interquartile range. 
Abbreviations: GM-CSF, granulocyte-macrophage colony stimulating factor; HMP–HCC, highly mononuclear polyploid hepatocellular carcinoma; IFN, interferon; IL, 
interleukin; PMP–HCC, poorly mononuclear polyploid hepatocellular carcinoma.

Figure 4 Recurrence-free survival stratified according to the RAMPS score in the derivation set (A) and validation set (B). Group 1: low risk group, absence of any 
independent risk factors (RAMPS score of 0); Group 2: medium risk group, presence of only one risk factor (score 4–6); Group 3: high risk group, presence of two risk 
factors (score 9–11); Group 4: very high risk group, three or more risk factors (score 14–20). Recurrence-free survivals of recipients among the four groups were well- 
stratified according to the RAMPS score, and statistical results comparing survival curves between each two groups by the Log rank tests were provided in the tables. 
Abbreviation: RAMPS, risk assessment model incorporating the ploidy signature.
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Modification of hepatocyte ploidy content was implied 
during HCC development. So far, only one clinical study 
had systematically analyzed the hepatocyte ploidisation 
pattern including the cellular and nuclear ploidy during 
human hepatocarcinogenesis, and our values showed simi-
lar proportions of the fraction of mono- and bi-nuclear 
polyploid cells. Through the examination of tumoral and 
peritumoral tissues from HCC patients and normal liver 
tissues, Bou-Nader et al suggested that liver tumorigenesis 
was associated with dramatically decreased cellular ploidy 
while increasing nuclear ploidy.17 The present study con-
firmed these findings and further added data on hepatocyte 
polyploidy content in cirrhotic stage. Consistent with these 
observations in clinical samples, recent experimental 
assays in rodent models revealed that hyperpolyploidiza-
tion of hepatocyte constituted an early and critical step in 
malignant transformation.16 Interestingly, in a panel of 
rodent models of chronic liver injury, decreased cellular 
ploidy, while increased nuclear ploidy was also observed, 
which suggests that polyploidization may precede 
hepatocarcinogenesis.44 Likewise, in a chemical carcino-
gen-induced HCC rodent model, Sladky et al also found 
that cellular polyploid was significantly reduced in tumor 
tissues compared with normal liver tissues.45 Whereas, in 
a subsequent clinical cohort of HCC patients in the same 
work, the authors used the number of cells per field (cell 
density) as a surrogate marker of ploidy, which did not 
distinguish cellular ploidy from nuclear ploidy and would 
include non-epithelial cells into considerations. In addi-
tion, we also evaluated the discriminative performance of 
the polyploidy spectrum as a classification signal. Of inter-
est, we found a weak discriminative efficacy for FMP to 
distinguish HCC from peritumoral tissues but a good 

performance to predict the presence of MVI in HCC 
tissues, which suggested that advanced HCC is likely 
a major contributor to the observed changes in FMP dur-
ing hepatocarcinogenesis. In contrast, FBP might be more 
sensitive to relatively early-stage HCC, as which effec-
tively distinguished HCC from non-HCC tissues and peri-
tumoral tissues but whose diagnostic power was weak for 
the prediction of MVI.

Despite these evidences documenting ploidy content 
modifications in HCC tissues and clinical observations, 
including the present study highlighting the amplified 
ploidy content as an unfavorable prognostic indicator in 
patients with HCC, this is certainly not to conclude that 
polyploidization promotes the development of HCC due to 
the nature of observational studies. Instead, several experi-
mental assays have indicated a tumor-suppressive role of 
the polyploid state in the development of HCC. In rodent 
HCC models, manipulation of ploidy content by interfer-
ing cytokinesis-related genes could effectively inhibit the 
tumor growth, while it did not significantly compromise 
the liver regenerative and proliferative activities as well as 
liver functions, rendering it as a novel therapeutic 
strategy.46,47 The mechanism by which polyploid HCC 
cells generate and can act as a negative prognostic factor, 
while rodents with increased polyploidy hepatocyte could 
suppress tumorigenesis, still remains a mystery and war-
rants further research.48

Alterations of ploidy spectra have also been reported in 
nonalcoholic fatty liver disease, a rapidly rising risk factor 
contributing to HCC development in Western countries.49 

Gentric et al suggested that non-alcoholic steatohepatitis 
was associated with dramatically increased FMP and 
reduced FBP.13 Likewise, we observed that steatotic livers 

Figure 5 The time-dependent AUC values of the RAMPS score, the RETREAT score, and the post-MORAL score for recurrence prediction in the derivation (A) and 
validation (B) sets. In both transplant cohorts, the RAMPS score achieved the highest AUC values for the recurrence prediction when compared to the RETREAT score and 
post-MORAL score. 
Abbreviations: AUC, area under the curve; MORAL, model of recurrence after liver transplant; RAMPS, risk assessment model incorporating the ploidy signature; 
RETREAT, risk estimation of tumor recurrence after transplant.
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exhibited lower FBP than non-steatotic livers. The FMP, 
however, did not differ by the presence of steatosis. One 
possible explanation to this discrepancy was due to the 
characteristics of the participants. In the prior clinical 
cohort, quantification of nuclear ploidy for the fatty liver 
was carried out in 24 patients with severe metabolic syn-
drome (of whom 16 had concomitant HCC), indicating 
a very advanced stage of disease.13 Meanwhile, in the 
present study, we controlled the presence of steatosis as 
the only variable in the histologically normal livers. 
Alternatively, our results may suggest that the modification 
of cellular ploidy precedes that of nuclear ploidy during 
the natural course of non-alcoholic fatty liver disease. 
Nevertheless, given the limited number of steatotic cases, 
further investigations with larger sample sizes and varying 
stages of steatosis are warranted to confirm these findings.

Polyploidy spectrum could refine the prognostic per-
formance of clinical prediction models (Milan criteria, 
Metroticket 2.0 criteria and AFP model). Moreover, multi-
variate analysis indicated that HMP–HCC conferred up to 
a two-fold increased risk of recurrence. Tumor number, 
diameter, and AFP were identified as other three indepen-
dent risk factors, and they were identical to variables 
composing the vast majority of previous prognostic 
indexes.6,26,27,50 To this end, the RAMPS score was devel-
oped and externally validated; by accounting for the tumor 
ploidy signature, morphological burden and serum AFP 
level, this scoring system could provide a hierarchy of 
possibilities of tumor recurrence, categorize recipients 
into four different risk groups, and attain higher predictive 
performance than the RETREAT score and post-MORAL 
score. The RAMPS score seems to be a promising tool not 
only to inform LT recipients more precisely about the 
expected incidence of HCC recurrence and tailor their 
immunosuppression and frequency of surveillance ima-
ging accordingly but also to help identify those recipients 
at high risk for tumor recurrence for the enrollment into 
future clinical trial of posttransplant adjuvant therapies.

There are several limitations that should be acknowl-
edged. First, this investigation was based on retrospective 
cohorts, and potential selection bias could not be elimi-
nated, although this is, to our knowledge, the largest series 
examining the clinicopathological relevance of polyploid 
spectrum in HCC patients. The majority of the study 
population had hepatitis B virus infection. Further investi-
gations with various risk factors of HCC are essential to 
verify our findings. Second, due to lack of data, we failed 
to assess the effect of response to bridging locoregional 

therapy on posttransplant outcomes, which is also an iden-
tifier of tumor biology and an important factor determining 
transplant eligibility.51 However, this would probably not 
have added much more information, as our study is not an 
intention-to-treat analysis. Third, the transplant recipients 
received the same immunosuppressant protocol (without 
sirolimus), which hampered the comparison of the onco-
logical effects between sirolimus and calcineurin inhibi-
tors, as well the potential implications of ploidy signature 
for the management of immunosuppression. We are in the 
process of enrolling another transplant cohort to further 
investigate whether polyploid spectrum is useful in deter-
mining the appropriate immunosuppression regimen after 
LT for HCC.

Conclusion
In summary, our findings demonstrated that hepatocyte 
polyploid spectrum correlated with tumor immunosurveil-
lance and delivered supplementary prognostic information 
for recipients who underwent LT for HCC. We developed 
and validated a scoring system, which is a potentially 
important tool for an optimal estimation of the recipients’ 
tumor recurrence risk and facilitation of an individualized 
posttransplant management strategy.

Abbreviations
AFP, α-fetoprotein; AUC, area under the curve; CI, 
confidence interval; FBP, fraction of binuclear poly-
ploidy; FMP, fraction of mononuclear polyploidy; GM- 
CSF, granulocyte–macrophage colony-stimulating factor; 
HCC, hepatocellular carcinoma; HMP–HCC, highly 
mononuclear polyploid hepatocellular carcinoma; IL, 
interleukin; IFN, interferon; LT, liver transplantation; 
MIP, macrophage inflammatory protein; MVI, microvas-
cular invasion; OR, odds ratio; PD-L1, programmed 
death-ligand 1; PMP–HCC, poorly mononuclear poly-
ploid hepatocellular carcinoma; RAMPS, risk assess-
ment model incorporating the ploidy signature; TIMP, 
tissue inhibitor of metalloproteinase; TNF, tumor necro-
sis factor; ROC, receiver operating characteristic; TILs, 
tumor-infiltrating lymphocytes.
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