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Introduction: Given that hepatoma frequently recurs after initial resection, it is often managed by liver transplantation. The
persistently high recurrence rate even after transplantation underscores the need for better prognostic tools. Enhancing prediction
accuracy before a second intervention is key to optimizing postoperative care and improving outcomes. We assessed which
clinicopathological factor or molecular biomarkers could be optimally constructing prediction models to assist the treatment after
resections, and prepare to second surgery.

Methods and Material: To develop predictive models, we first evaluated CD46 and CD47 expression by immunohistochemistry
using tissue microarrays from 196 patients who underwent resection for recurrent hepatoma. We then employed an artificial neural
network and a classification and regression tree to optimize models that combined these biomarkers with pertinent clinical factors.
Results: Survival analysis revealed that CD47 expression was significantly associated with both disease-free survival (DFS) and
disease-specific survival (DSS) in patients experiencing a second recurrence. Significant differences in pathologic type, vein tumor
thrombosis, Milan criteria, and CD47 expression were observed between patients with and without second recurrence. Likewise, these
same factors—pathologic type, satellite lesions, Milan criteria, and CD47—also distinguished patients who died from a second
recurrence from those with other outcomes (P < 0.05). By integrating these predictors, we developed classification models that
achieved an accuracy of 85.0% for predicting second postoperative recurrence and 80.0% for predicting postoperative disease-specific
prognosis.

Conclusion: We present multi-factor models that predict second recurrence and prognosis in recurrent HCC. This prognostic tool can
inform personalized clinical management after resection and improve decision-making prior to transplantation.
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Introduction

Hepatoma remains one of the leading causes of cancer-related deaths.! The high rate of tumor recurrence after
hepatectomy, which can be as high as 50%-70% at 5 years after surgery.” For those with recurrent hepatoma, liver
transplantation is acceptable However, the 5-year tumor recurrence rate after transplantation also remains high, and the
majority of patients die from early-recurrence within 2 years.® Enhancing the prediction accuracy for prognosis
before second operations should be effective to facilitate postoperative management for recurrent patients and reduce
the risk of recurrence after second operations.

Common surveillance protocols for detecting tumor recurrence after the surgery has limitations.* Little commonly
used tumor biomarkers are immune-related biomarkers. In recent years, more studies have found that the immune
microenvironment has a significant influence on the development of hepatoma.’ Therefore, we reviewed the literatures
and chose immune-related biomarkers which should be expressed on tumor or immune cells. Two candidate markers
were identified, CD46 and CD47, that met the above criteria.

Activation of the complement system leads to a series of cellular responses, ranging from cellular apoptosis to
opsonization.® Overactivation of the complement system results in auto-immune damage to the organism. So for injury
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prevention, several membrane complement regulatory proteins are expressed on host cells to inhibit the overactive
complement system, including CD46,” which has been reported to be associated with cancer-associated resistance
mechanisms® and shows an elevated expression level in several different malignancies, including hepatoma.”'”
Several studies have found that CD46 plays a significant role in hepatoma carcinogenesis'' and confers poor
prognosis.'® CD47 can prevent phagocytosis by macrophages, is expressed on most plasma membranes of immune,
and parenchymal cells, indicating that cells with lower expression of CD47 will be engulfed by macrophages. In the case
of tumor cells, overexpressing CD47 will prevent their phagocytic uptake by macrophages.'>'> Chen et al found that
increasing CD47 expression in hepatoma tissues was positively correlated with macrophage density and poor prognosis
in hepatoma patients.'® Also, CD47 expression was found to be higher in early-recurrent hepatoma patients than in
primary hepatoma patients in single-cell sequencing.'” CD47 has become an emerging therapeutic target for anti-tumor
treatment.

To sum up, they are shown to be important in prognosis of hepatoma patients in some way. We decided chose them as
biomarkers to constructed the multi-factor prediction models. Classification and regression tree (CART) is commonly
used in clinical therapy, which appears to be intuitive and straightforward to assign patients into subgroups by using
a dendrogram.'® In this study, we analyzed investigated the expression of CD46 and CD47 in human hepatoma by
immunohistochemical staining, and investigated the correlation between the expression and clinicopathological char-
acteristics. According to the level of expression of them, we performed survival analysis to determine their survival
curves. Then univariate and multivariate logistic regression analyses were used to identify clinicopathological factors and
markers as predictors. Finally, an artificial neural network (ANN) and classification and regression tree (CART) models
were carried out to construct a model for the prediction of prognosis and survival after surgery. The receiver operating
characteristic (ROC) curve was constructed and K-fold cross-validation was employed to describe and examine the

accuracy of the model.

Materials and Methods

Patients

One hundred ninety-six Chinese patients, between 2015 and 2019, who had already received liver resection at the First
Affiliated Hospital, College of Medicine, Zhejiang University were enrolled in this study, as well as 53 patients with
hepatic hemangioma who served as non-carcinoma controls. All patients had recurrence after resection and would
undergo liver transplantation as well. Doctors took samples of their tumors before second surgeries. Disease-free survival
(DFS) was defined as the interval from the date of second operation to recurrence. If we did not observe recurrence, then
DFS was defined as the last follow-up time. The binary outcome was “Yes” or “No.” A positive event was defined as
radiologically confirmed intrahepatic or extrahepatic recurrence following the first recurrence. Disease-specific survival
(DSS) was defined as the time from the date of surgery to death due to second recurrence, or the last follow-up. It is
worth noting that the outcomes with a final DSS definition of death must be death from recurrence of hepatoma. The
binary outcome was “Yes” or “No.” A positive event was defined as death conclusively attributed to the progression of
recurrent hepatoma. Deaths from other causes were censored. Pathologists examined patient H&E-stained slides and all
reports and records to identify and collect the clinicopathological characteristics. Control group samples were confirmed
to para-hepatic hemangioma area tissues.

Patients provided written informed consent for use of all samples in this study, and the protocol was approved by the
Clinical Research Ethic Committee of the First Affiliated Hospital, Zhejiang University School of medicine. Our study
complies with the Declaration of Helsinki.

Furthermore, we incorporated the level 3 hepatoma-associated mRNA expression matrix and clinical data of
374 hepatoma patients and 50 normal controls, from the GDC TCGA-LIHC (https://www.cancer.gov/ccg/research/

genome-sequencing/tcga) cohort.
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Tissue Microarray Construction

Paraffin tissue blocks were used to construct the tissue microarray (TMA), by a manual tissue microarrayer (TMA Grand
Master, 3dHISTECH, Hungary), and pathologists took cores for different tissues Those regions were selected for H&E
staining (Fig. S1A). Then those regions are marked on each donor block, and drilling tissue cylinders (2 mm diameter)
shifted them to recipient blocks.

Data Collection and Validation

To verify that the biomarker selection was feasible, we first downloaded the GDC TCGA-LIHC cohort from USCS
XENA, including the level 3 hepatoma-associated mRNA expression matrix and clinical data from 374 patients and 50
normal control samples. Then, we compare the CD46 and CD47 levels versus survival in patients through GraphPad
Prism software.

Immunohistochemistry and Image Analysis

TMA sections were baked at 62°C for 3 hours, dewaxed in xylene, and rehydrated through a gradient ethanol series.
After washes in distilled water, we placed TMA sections in 0.3% hydrogen peroxide at room temperature. Antigen
retrieval was performed by heating the sections in 10 mM citrate buffer for 5 min. Then TMA sections were incubated
with anti-CD46 antibody (1:200, Abcam, ab108307) or anti-CD47 antibody (1:200, Abcam, ab218810) overnight at 4°C.
Tissues were incubated with second antibody (MaxVision-HRP mouse/rabbit, Kit-5020, MXB Biotechnologies) for
30 min at 37°C, and developed with 3,3'-diaminobenzidine (DAB, DAB-0031, MXB Biotechnologies) for 30 seconds,
followed by counterstaining with hematoxylin and sealing with coverslips.

We assessed the level of CD46 and CD47 expression by using a CaseViewer image analysis system (3DHISTECH).
For quantitation, QuantCenter (3DHISTECH) image analysis software was used to analyze the IHC staining intensity of
each image by identifying the cell membrane. Staining intensity was classified in one of the following categories: no
staining (0), weak (1), moderate (2), and strong (3). Then to the H-score was determined by the following: H-score= [(1*
weak staining area%) + (2*moderate staining area%) + (3*strong staining area%). H-scores ranged from 0-300 and were
used to judge the cell membrane staining (Figure S1B). For each TMA section, five random 40x microscopic fields were
selected from each TMA section for scoring. In cases with limited tissue, a minimum of three fields was ensured. The
average score from these fields was taken as the final result. We also verified that no tissue detachment occurred on any
of the sections. We performed receiver operating characteristic (ROC) curves to determine the cut-off points for the level
of CD46 and CD47 expression.

Statistical Analysis

Continuous variables with normal distribution were compared using the two-tailed Student’s ¢-test and are presented as
mean £+ SD. Categorical variables were compared using the chi-square test, while correlations were assessed with the
Pearson coefficient.

Survival analyses for overall survival (OS), disease-free survival (DFS) and disease-specific survival (DSS) were
performed using the Kaplan—-Meier method, with comparisons between groups made by the Log rank test. Univariate and
multivariate logistic regression analyses (significance level P < 0.05) were conducted to evaluate the predictive ability of
clinicopathological factors and biomarkers. They were employed to identify factors independently associated with our
binary endpoints (second recurrence and disease-specific death), while controlling for potential confounders.

Receiver operating characteristic (ROC) curves and the area under the curve (AUC) were used to evaluate the
specificity and sensitivity of each predictor. An artificial neural network (ANN) was optimized and assessed using
training and testing sets to determine prediction accuracy. For recurrence and prognosis prediction, a classification and
regression tree (CART) model was employed to identify clinicopathological characteristics and biomarkers that optimize
diagnostic accuracy for postoperative second recurrence and disease-specific outcomes in recurrent hepatoma patients. To
evaluate model performance, mitigate dataset partition bias, and assess overfitting, k-fold cross-validation was applied (k
= 10, repeated 200 times) using the standard error rule. The purpose of ANN and CART models was to develop and
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optimize integrated classification models for predicting the two clinical endpoints and to compare the performance of
these different algorithms.

ROC analysis, CART modeling, and cross-validation were performed using R packages (pROC, rpart, caret). All
other statistical analyses were conducted in SPSS version 23.0. A two-tailed p-value < 0.05 was considered statistically
significant.

Results

Preliminary Validation

From the GDC TCGA-LIHC cohort, we extracted the level 3 hepatoma-associated mRNA expression matrix and clinical
data of 374 hepatoma patients and 50 normal controls. PCA (principal component analysis) was used to differentiate all
the samples from the TCGA cohort (Figure 1A). The correlation (Figure 1B and C) and differentiation (Figure 1D and E)
between the expression of CD46 and CD47 in hepatoma patients and normal controls were analyzed. Pearson correlation
and two-tailed Student’s t-test showed CD46 and CD47 were positively correlated in both tumor tissues and normal
controls, and patients had higher expression of CD46 and CD47 when compared with normal controls, indicating that
both biomarkers are associated with tumorigenesis. Analysis of OS further showed a correlation between low expression
levels of CD46 and CD47 with the poor clinical prognosis (Figure 1F and G), and the performance of CD47 was more

significant.

Patient Characteristics
The clinicopathological factors of all patients are summarized in Table 1.

The mean follow-up time was 530.16 days (range 1-1597), and the median follow-up period was 447.5 days
(interquartile range (IQR) 240-707.5). As for treatment, all patients received liver resection and would receive liver
transplantation, and it is unknown whether they received other therapies.

For all cases, 64/196 (32.65%) patients developed second recurrence during follow-up period, and 36.22% of the
patients (71/196) died, wherein 18.37% (36/196) died of second recurrence of the original carcinoma during the period.
The 1-, 2-, and 3-year OS rates were 74.9%, 55.2%, and 53.6%, the 1-, 2-, and 3-year DFS rates were 69.0%, 58.8%, and
53.9%, and the 1-, 2-, and 3-year DSS rates were 90.0%, 80.1%, and 68.7%, respectively.
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Figure | Expression of CD46 and CD47 in GDC TCGA-LIHC. (A) Sample clustering by PCA in the GDC TCGA-LIHC dataset of 374 tumor and 50 healthy tissues.
(B) The correlations between CD46 and CD47 in the healthy control cohort. (C) The correlations between CD46 and CD47 in the tumor cohort. (D) The expression of
CD46 in liver cancer tissue and healthy tissue. **P<0.001. (E) The expression of CD47 in liver cancer tissue and healthy tissue. **P<0.01. (F) Log rank test and KM survival
curve analysis according to the expression of CD46. (G) Log rank test and KM survival curve analysis according to the expression of CD47.
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Table | Clinicopathological Factors of Patients with

Hepatoma

Variables Number (n=196) | Percent
Age

<53 107 54.59

>53 89 45.41
Gender

Male 176 89.8

Female 20 10.2
Pathologic Type

HCC 150 76.53

ICC 34 17.35

HCC-ICC 12 6.12
Tumor number

Single 86 43.88

Multiple 110 56.12
Maximum tumor diameter (cm)

<5 134 68.37

>5 62 31.63
Milan Criteria

Substandard 122 62.24

Standard 74 37.76
Tumor differentiation

| 5 2.55

Il 71 36.23

11l 119 60.71

v | 0.51
Satellite lesions

No 108 55.1

Yes 88 44.9
Vein tumor thrombosis

No 104 53.06

Yes 92 46.94
MVI

No 74 37.76

Low risk 64 32.65

High risk 58 29.59
Capsular invasion

No 147 75

Yes 49 25
Bile duct invasion

No 167 85.2

Yes 29 14.8
Nerve invasion

No 190 96.94

Yes 6 3.06
TNM stage

| 114 58.16

Il 73 37.25

1] 4 2.04

v 5 2.55

(Continued)
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Table | (Continued).

Variables Number (n=196) | Percent
MELD
<12 94 47.96
22 102 52.04
AFP (ng/mL)
<25.0 95 48.47
>25.0 101 51.53

Abbreviations: HCC, hepatocellular carcinoma; ICC, intrahepatic cholangiocar-
cinoma; MVI, microvascular invasion; MELD, model for end-stage liver disease;
AFP, alpha-fetoprotein.

Expression and Prognostic Value of CD46 and CD47 in Hepatoma

Immunohistochemistry (IHC) staining (Figure 2A and B) showed that tumor cells had a relatively high level of CD46
and CD47 expression compared to hepatocytes of the non-tumor region, and para-tumor tissue (Figure 2C and D). We
also found that despite tumor cells having the highest level of CD46 and CD47 expression, normal tissues showed high
level as well. Cells in the para-cancer and boundary (para-cancer) regions showed the lowest level of CD46 and CD47
expression. Comparing the CD46 and CD47 expression scores of tumor and non-tumor tissues, division of all patients
into two groups (high-level and low-level expression) based on the cut-off points (CD46 H-score=116.75, CD47
H-score=106.1, respectively;).

Subsequent survival analysis showed that there was no prognostic significance between CD46 expression and any
type of survival (Figure 2E, G, 1), but patients with high-level CD47 expression were associated with longer disease free
survival (median DFS, 382 days; 3-year DFS, 82.2%) and disease-specific survival (median DSS, 419 days; 3-year DSS,
88.5%) than those in patients with low-level CD47 expression (median DFS, 467 days; 3-year DFS, 60.3%; median DSS,
276 days; 3-year DSS, 50.8%), which was verified by Kaplan—Meier survival analysis (Figure 2F, H, J). Therefore, the
DFS and DSS of recurrent hepatoma patients were negatively correlated with the CD47 expression in tumor cells, which
appears to verify the data of TCGA-LIHC dataset, and correlation analysis (Figure 2K and L) showed the week
correlation of CD47 in tumor tissues and normal controls.

Chi-square analysis showed that CD46 was related to vein tumor thrombosis, TNM stage and MELD score (Table 2),
whereas the expression of CD47 on tumor cells was significantly associated with maximum tumor diameter, vein tumor
thrombosis, capsular invasion, MVI and TNM stage of patients with hepatoma (Table 3). These results imply that
expression of CD46 and CD47 are mainly associated with adverse clinicopathological features of hepatoma.

Diagnostic Accuracy of Clinicopathological Factors and CD47 for Second Recurrence

and Prognosis of Hepatoma

Initially, each of the 16 clinicopathological factors and 2 markers was evaluated individually for its ability to predict
patient outcomes using univariate logistic regression analysis. We entered them that achieved significance at P < 0.1,
from the univariate analysis, into the multivariate logistic regression model. The results of both the univariate and
multivariate analysis with the logistic regression model are listed in Tables 4 and 5.

Using univariate and multiple logistic regression analyses, there was a statistically significant difference for patho-
logic type, vein tumor thrombosis, Milan criteria and CD47 in predicting second recurrent patients vs. non second
recurring patients (Table 4).

Similarly, pathologic type, Milan criteria, satellite lesions and CD47 had the most significant statistical differences in
predicting patients who died of second recurrence vs. patients with other outcomes (Table 5). It follows that pathologic
types had the most significant statistical difference in both regression models.

Based on those independent variables, two ROC curves of each independent predictor were generated (Tables 6 and 7,
and Figure 3A and B), and verified the limited capacity for prediction of single clinical features. The results showed that
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Figure 2 Expression of CD46 and CDA47 in different tumor regions and clinical significance. (A) Representative microphotographs of CD46 immunostaining in tumor tissue,
para-tumor tissue, boundary tissue, and normal control tissue. An H-score = 116.75 was used as the cut-off point to divide patients with low-level and high-level expression.
Scale bar indicates 100 um and 20 um. (B) Representative microphotographs of CD47 immunostaining in tumor tissue, para-tumor tissue, boundary tissue, and normal control
tissue. An H-score = 106.1 was used as the cut-off point to divide patients with low-level and high-level expression. Scale bar indicates 100 um and 20 um. (C) Discrepancy
between CD46 expression level and different regions. Data shown as mean * SD. **P<0.001, **P<0.01, *P<0.05, ns P > 0.05. (D) Discrepancy between CD47 expression level
and different regions. Data shown as mean # SD. **P<0.001, **P<0.01, *P<0.05. (E) Kaplan—Meier plots of overall survival (OS) rates based CD46 expression by section. The
p-value was calculated by the Log rank test. (F) Kaplan—Meier plots of overall survival (OS) rates based CD47 expression by section. The p-value was calculated by the Log rank
test. (G) Kaplan—Meier plots of disease-free survival (DFS) rates based on CD46 expression by section. P-value was calculated by the Log rank test. (H) Kaplan—Meier plots of
disease-free survival (DFS) rates based on CD47 expression by section. P-value was calculated by the Log rank test. (I) Kaplan—Meier plots of disease-specific survival (DSS)
rates based on CD46 expression by section. P-value was calculated by the Log rank test. (J) Kaplan—Meier plots of disease-specific survival (DSS) rates based on CD47
expression by section. P-value was calculated by the Log rank test. (K) Correlations between CD46 and CD47 in healthy tissue. The Pearson coefficient was applied for the
correlation test. (L) Correlations between CD46 and CD47 in tumor tissue. The Pearson coefficient was applied for the correlation test.
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Table 2 Correlation Between CD46 Expression and Clinicopathological Factors in Hepatoma

Variables CD46 Expression P-value
High Level (n(%)) n=57 | Low Level (n(%)) n=139

Age 0.504
<53 29(27.10) 78(72.90)
>53 28(31.46) 61(68.54)

Gender 0.196*
Female 3(15.00) 17(85.00)
Male 54(30.68) 122(69.32)

Pathologic Type 0.279
HCC 46(31.08) 102(68.92)
ICC/Others 11(22.92) 37(77.08)

Tumor number 0.206
Single 28(25.45) 82(74.55)
Multiple 29(33.72) 57(66.28)

Maximum tumor diameter (cm) 0.492
<5 41(30.60) 93(69.40)
>5 16(25.81) 46(74.19)

Milan criteria 0.146
Standard 26(35.14) 48(64.86)
Substandard 31(25.41) 91(74.59)

Tumor differentiation 0.114
-l 27(35.53) 49(64.47)
-V 30(25.00) 90(75.00)

Satellite lesions 0.146
No 36(33.33) 72(66.67)
Yes 21(23.86) 67(76.14)

Vein tumor thrombosis 0.015
No 38(36.54) 66(63.46)
Yes 19(20.65) 73(79.35)

MVI 0.866
No 21(28.38) 53(71.62)
Low-risk/high-risk 36(29.51) 86(70.49)

Capsular invasion 0.057
No 48(33.33) 99(66.67)
Yes 9(18.37) 40(81.63)

Bile duct invasion 0.848
No 49(29.34) 118(70.66)
Yes 8(27.59) 21(72.41)

Nerve invasion 0.184*
No 57(30.00) 133(70.00)
Yes 0(0) 6(100)

TNM stage 0.007
| 38(33.33) 76(66.67)
-1V 19(23.17) 63(76.83)

MELD score 0.046
<l2 21(22.34) 73(77.66)
=12 36(35.29) 66(64.71)

AFP (ng/mL) 0.254
<25.0 24(25.26) 71(74.74)
>25.0 33(32.67) 68(67.33)

Note: *Fisher’s precision probability test.
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Table 3 Correlation Between CD47 Expression and Clinicopathological Factors in

Hepatoma
Variables CD47 Expression P-value
High Level (n(%)) n=57 Low Level (n(%))
n=139

Age 0.193
<53 27(25.23) 80(74.77)
>53 30(33.71) 59(66.29)

Gender 0.671
Female 5(25.00) 15(75.00)
Male 52(29.55) 124(70.45)

Pathologic Type 0.104
HCC 48(32.00) 102(68.00)
ICC/others 9(19.57) 37(80.43)

Tumor number 0.114
Single 30(34.88) 56(65.12)
Multiple 27(24.55) 83(75.45)

Maximum tumor diameter (cm) 0.041
<5 45(33.58) 89(66.42)
>5 12(19.35) 50(80.65)

Milan Criteria 0.146
Standard 26(35.14) 48(64.86)
Substandard 31(25.41) 91(74.59)

Tumor differentiation 0.208
-l 26(34.21) 50(65.79)
v 31(25.83) 89(74.17)

Satellite lesions 0.146
No 36(33.33) 72(66.67)
Yes 21(23.86) 67(76.14)

Vein tumor thrombosis 0.015
No 38(37.50) 66(62.50)
Yes 19(20.65) 73(79.35)

MVI 0.006
No 30(40.54) 44(59.46)
Low-risk/high-risk 27(22.13) 95(77.87)

Capsular invasion 0.023
No 49(33.33) 98(66.67)
Yes 8(16.33) 41(83.67)

Bile duct invasion 0.074*
No 53(31.74) 114(68.26)
Yes 4(13.79) 25(86.21)

Nerve invasion 0.674*
No 56(29.47) 134(70.53)
Yes 1(16.67) 5(83.33)

TNM stage 0.012
| 41(35.96) 73(64.04)
I-v 16(19.51) 66(80.49)

MELD 0.249
<12 31(32.98) 63(67.02)
212 26(25.49) 76(74.51)

AFP (ng/mL) 0.091
<25.0 33(34.74) 62(65.26)
>25.0 24(23.76) 77(76.24)

Note: *Fisher’s precision probability test.
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Table 4 Discrimination of Prognostic Outcomes

(Non-second Recurrence

and second Recurrence) via Univariate and Multivariate Logistic Regression Analysis

Variables Univariate Multivariate
P-value OR 95% ClI P-value

Gender (female/male) 0.444

Age (£53/>53) 0916

Pathologic Type (ICC+others/HCC) <0.001 6.930 | 2.835-16.937 | <0.001
Tumor number (multiple/single) 0.063 1.808 | 0.866-3.775 0.069
Maximum tumor diameter (>5cm/<5cm) 0.005 1.402 | 0.799-2.458 0.449
Milan Criteria (substandard/standard) <0.001 3.867 | 1.415-10.568 0.008
Tumor differentiation (I-I/11I/1V) 0.035 1214 | 0.474-3.111 0.664
Satellite lesions (yes/no) <0.001 1.451 | 0.429—4.905 0.302
Vein tumor thrombosis (yes/no) <0.001 4.402 | 1.863-10.401 0.001
MVI (low risk-high risk/no) <0.001 3.201 1.104-9.276 0.099
Capsular invasion (yes/no) <0.001 1.156 | 0.316-2.887 0.761
Bile duct invasion (yes/no) <0.001 2.185 | 1.242-3.842 0.061
Nerve invasion (yes/no) 0.096 1.119 | 0.353-1.449 0.514
TNM stage (I/1I-1V) <0.001 1.551 | 0.494-4.866 0.755
AFP (>25ng/mL/<25ng/mL) 0.003 1.730 | 0.723-4.138 0.142
MELD (<12/z12) 0.691

CD46 (high-level/low-level) 0.897

CDA47 (high-level/low-level) 0.001 0.262 | 0.097-0.707 0.008

Table 5 Discrimination of Prognostic Outcomes (Other Outcomes and Died
of second Recurrence) via Univariate and Multivariate Logistic Regression Analysis

Variables Univariate Multivariate
P-value OR 95% CI P-value

Gender (female/male) 0.682

Age (<53/>53) 0.815

Pathologic Type (ICC+others /HCC) <0.001 8.567 | 3.307-22.193 | <0.001
Tumor number (multiple/single) 0.005 1.807 | 0.537-6.083 0.339
Maximum tumor diameter (>5cm/<5cm) 0.808

Milan Criteria (substandard/standard) <0.001 5.178 | 1.256-21.354 0.023
Tumor differentiation (I-I/11I/1V) 0.548

Satellite lesions (yes/no) <0.001 4.987 | 1.620-15.354 0.005
Vein tumor thrombosis (yes/no) <0.001 1.723 | 0.117-4.470 0.727
MVI (low risk-high risk/no) <0.001 1.764 | 0.140-4.167 0.756
Capsular invasion (yes/no) <0.001 1.389 | 0.484-3.986 0.542
Bile duct invasion (yes/no) <0.001 2.384 | 0.827-6.875 0.108
Nerve invasion (yes/no) 0.349

TNM stage (I/II-1V) <0.001 2,693 | 0.771-9.407 0.120
AFP (>25ng/mL/<25ng/mL) 0.205

MELD (<12/212) 0.841

CD46 (high-level/low-level) 0.551

CDA47 (high-level/low-level) 0.003 0.097 | 0.019-0.492 0.005
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Table 6 Diagnostic Accuracy for DFS via Sensitivity and
Specificity of Each Variable

Variables Sensitivity, % | Specificity, % | AUC
Pathologic type 0.531 0.909 0.720
Vein tumor thrombosis 0.828 0.705 0.766
Milan criteria 0.875 0.500 0.688
CD47 - - 0.377

Table 7 Diagnostic Accuracy for DSS via Sensitivity and

Specificity of Each Variable

Variables Sensitivity, % | Specificity, % | AUC
Pathologic type 0.667 0.863 0.765
Satellite lesions 0.644 0.861 0.752
Milan criteria 0.444 0917 0.68
CD47 - - 0.356

vein tumor thrombosis and pathologic type should be the factors with the best predictive ability. However, the predictive
capability of individual factors was still not high enough. Thus, we chose to construct a model with multiple factors to
enhance the distinguishing capability.

Construction of an Artificial Neural Network for Independent Factors

We used ANN-based approaches with 3-layer networks and the relative weights of neurons to predict the prognosis of
recurrent hepatoma patients before the second surgery. The model, which predicts second-recurrent patients vs. no-
second-recurrent patients, included 4 inputs (pathologic type, vein tumor thrombosis, Milan criteria, and CD47), 1 bias
neuron in the input layer, 2 hidden neurons, 1 bias neuron in the hidden layer, and 2 output neurons (Figure 3C). The
activation functions of the logistic sigmoid and hyperbolic tangent were used in each neuron of the hidden layer and
output layer, respectively. The ANN correctly classified 78.1% of patients in the training and 80.0% of patients in the
testing datasets (Figure 3D). The AUC for ANN on prediction was 87.6% for both second-recurrent patients and no-
second-recurrent patients (Figure 3E).

Similarly, the model, which predict patients who died of second recurrence vs. patients who had other outcomes, also
included 4 inputs (pathologic type, satellite lesions, Milan criteria, and CD47), 1 bias neuron in the input layer, 2 hidden
neurons, 1 bias neuron in the hidden layer, and 2 output neurons (Figure 3F). The ANN correctly classified 79.0% of
patients in the training and 87.9% of patients in the testing datasets (Figure 3G). The AUC for ANN on prediction were
89.2% for both patients who died of second recurrence and patients with other outcomes (Figure 3H). The overall
performance of the ANN was consistent with the results obtained by ROC curve analysis.

Construction of Classification and Regression Tree for Independent Factors
We performed classification and regression tree (CART) analysis to distinguish recurrent from non-recurrent patients
using the aforementioned factors. The model was trained on 137 randomly selected hepatoma cases and validated on an
independent set of 59 cases (Figure 4A). Variable importance ranking indicated that pathologic type was the primary
classifier, while CD47 contributed less significantly (Figure 4B). According to the confusion matrix (Figure 4C), the
model performed comparably in classifying non-second-recurrent (84.21%) and second-recurrent patients (85.71%). The
CART model (Figure 4D) achieved a sensitivity of 85.7%, specificity of 84.2%, and an AUC of 85.0%. The mean
accuracy estimated via K-fold cross-validation (K=10, repetitions=200) was 80.0%.

A second CART model was developed to predict patients who died from second recurrence versus those with other
outcomes (Figure 4E). Pathologic type remained the primary determinant, with CD47 emerging as the second most
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important variable (Figure 4F). However, this model showed lower performance in classifying patients who died from
recurrence (72.43%, Figure 4G). The ROC curve (Figure 4H) indicated a sensitivity of 72.4%, specificity of 88.5%, and
an AUC of 80.0%. K-fold cross-validation yielded a mean accuracy of 85.0%.

Notably, these models highlight the value of CD47 in prognostic prediction, particularly among patients with non-
hepatocellular carcinoma pathologic types. Meanwhile, pathologic type consistently served as a strong clinicopatholo-
gical predictor across both models.

Discussion
This study established predictive models for the postoperative second recurrence of hepatoma using clinicopathological
factors and the immune-related biomarker CD47. The CART model integrates these variables to assist in managing
recurrent hepatoma patients prior to secondary surgery. Given the high recurrence rate after surgical treatment,'® this
approach may help address a key clinical challenge by providing a practical and data-driven prognostic tool.

Our results suggest that CD47 serves as a useful diagnostic and prognostic biomarker. Among the clinicopathological
factors analyzed, pathologic type, vein tumor thrombosis, Milan criteria, and satellite lesions were significant predictors
of recurrence and survival. These findings align with previous reports showing that hepatocellular carcinoma (HCC)

generally has a better prognosis,'**°

while the Milan criteria, despite being considered restrictive, remain valuable in
assessing recurrence risk.”! Satellite lesions and vein tumor thrombosis are well-known indicators of tumor aggressive-
ness and poor outcomes in hepatoma patients.”> >> Together, these adverse factors combined with CD47 expression
enhance prognostic accuracy and may help identify patients at higher risk of second recurrence or disease-specific death.

The mean accuracy of the K-fold cross-validation of both models was 80.0% and 85.0%, respectively, which were
very close to the corresponding AUC values, suggesting that our CART models are reliable.

ROC analysis demonstrated that combining these variables improved predictive accuracy compared with individual
factors. Both the ANN and CART models achieved high accuracy (80-85%) and closely matched AUC values,
confirming the reliability of the models. While the ANN model effectively captures complex, nonlinear relationships
among variables,?® the CART model provides a simpler, clinically interpretable structure that can be more readily applied
by physicians.>”° The most clinically useful information gained by the CART models is that pathologic types are
a priority factor in the prediction of postoperative recurrence and prognosis, followed by Milan criteria and CD47 in
clinical application. CD47 can distinguish postoperatively second recurrence and prognosis for patients with non-HCC
type hepatoma.

Interestingly, our findings on CD47 expression differ from several previous studies.'>'®*' We observed that low
CDA47 expression was associated with poorer disease-specific survival and unfavorable pathological features, including
advanced TNM stage, venous tumor thrombus, microvascular invasion (MVI), capsular invasion, and larger tumor size.
This contrasts with the majority of studies suggesting that high CD47 expression promotes tumor proliferation,
progression, and metastasis. Similar paradoxical observations have been reported in other cancers. For example, in non-
small cell lung cancer, pancreatic neuroendocrine tumors, and certain hematologic or melanocytic malignancies, low or
altered CD47 expression has not consistently correlated with poor prognosis.*>>® Moreover, CD47 overexpression is
absent in fibrolamellar hepatocellular carcinoma, a distinct subtype of hepatoma.’” These findings suggest that the
prognostic implications of CD47 may vary by tumor type and microenvironmental context.

As a single-center study, we uniquely focus on patients who have already experienced a first recurrence, representing
a more advanced and biologically selected disease stage compared to the treatment-naive cohorts typically examined in
most studies. The role of immune checkpoints like CD47 may evolve with disease progression and prior therapeutic
exposures, potentially explaining the discrepancy with literature derived from earlier-stage disease. Secondly, regarding
the impact on clinical interpretation, our data suggest that the key value of CD47 in this setting is not as a generic marker
of tumor aggression, but as a powerful independent prognostic marker specifically for predicting second recurrence and
survival in this high-risk population. Its clinical utility lies in providing incremental predictive power beyond conven-
tional clinical factors, potentially identifying a subgroup of patients with a distinct biological driver of recurrence.
Moreover, an article investigating the clinicopathological and prognostic significance of CD47 expression in lung
neuroendocrine tumors also found that,>® contrary to its role in most hematologic and solid tumors, high CD47
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expression in LNET patients was associated with better progression-free survival. The authors suggested that increased
CD47 expression may promote the TSP-1-CD47 signaling pathway, thereby inhibiting angiogenesis, inducing tumor cell
apoptosis, and modulating immune responses to enhance macrophage recruitment.>® They further proposed that endo-
crine disturbances, such as those occurring in LNET and other hormone-secreting neuroendocrine cells, may exert
a specific influence on the function of CD47. Although the liver is not primarily a hormone-secreting organ, it serves as
a major target and metabolic site for multiple hormones and could therefore also be subject to certain regulatory effects.

This study has several limitations. First, only 36 patients (18.37%) died from second recurrence, which limits the
statistical power and generalizability of the findings. Larger, multi-center cohorts are needed to further validate and refine
these predictive models. Second, as this is a single-center, retrospective study, potential selection bias cannot be
excluded. We plan to expand future research to include multi-institutional and prospective validation to enhance the
robustness of our models.

In conclusion, we developed multi-factor prediction models integrating clinicopathological parameters and CD47
expression to forecast postoperative second recurrence and prognosis in hepatoma patients. These models may assist
clinicians in postoperative management and preoperative planning for secondary surgery or transplantation.
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