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Abstract

BACKGROUND—Neoadjuvant locoregional therapies (LRT) have been widely used to reduce 

tumor burden or downstage hepatocellular carcinoma (HCC) prior to orthotopic liver 

transplantation (OLT). We examined the impact of LRT response on HCC recurrence after OLT.

STUDY DESIGN—We performed a retrospective study of 384 HCC patients treated by OLT. 

Tumor necrosis was determined by pathologic evaluation. The vascular and lymphatic vessels 

were localized by immunofluorescence (IF) staining in formalin-fixed, paraffin-embedded tissue; 

expressions of VEGFR-2 and VEGFR-3 were analyzed by Western Blot. Plasma VEGF-A and 

VEGF-C levels of a consecutive cohort of 171 HCC patients were detected by ELISA.

RESULTS—Of the 384 HCC patients, 268 had undergone pre-transplant neoadjuvant LRT. 

Patients with no tumor necrosis (n=58, 5.2% recurrence) or complete tumor necrosis (n=70, 6.1% 

recurrence) had significantly lower 5-year recurrence rates than those with partial tumor necrosis 

(n=140, 22.6% recurrence, p<0.001). Lymphatic metastases were significantly more numerous in 

patients with partial tumor necrosis than those without tumor necrosis after OLT (p<0.001). With 

immunofluorescent of peritumor zone, lymphatics were visualized around partially-necrotic 
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tumors, but not around tumors without necrosis. Plasma levels of VEGF-A and VEGF-C were 

significantly elevated in patients with evidence of tumor necrosis (n=102) compared to those 

without necrosis (n=69; p<0.001). By Western blot, VEGFR-2 and VEGFR-3 expression in the 

peritumoral tissue associated with partially necrotic tumors was significantly higher than in 

peritumoral tissue of no necrosis tumors (n=3/group, p<0.020 and 0.006, respectively).

CONCLUSION—LRT-induced or spontaneous partially necrotic HCC were associated with an 

increased risk of lymphatic metastases compared with tumors with no or complete tumor necrosis. 

Anti-lymphangiogenic agents with neoadjuvant LRT may decrease the pattern of lymphatic 

metastasis after OLT.

INTRODUCTION

The incidence of hepatocellular carcinoma (HCC) in the United States is rapidly increasing, 

from approximately 10,000 cases per year in the 1980s to a projected incidence of 34,000 

cases per year by 2019.1 Orthotopic liver transplantation (OLT) is the optimal treatment 

option for HCC in cirrhosis because of the removal of the “field defect” of the cirrhotic liver, 

and establishment of normal hepatic synthetic function.2 However, only patients presenting 

with early-stage HCC and cirrhosis are currently recognized as appropriate candidates for 

OLT.2 Organ allocation by the United Network for Organ Sharing (UNOS) for HCC is based 

on the Milan criteria under the model for end-stage liver disease (MELD); since 2002, only 

patients with stage II tumors receive automatic exception points. Selected by these criteria, 

liver transplant results for HCC are similar to those of chronic liver disease without 

malignancy. Prolonged waiting times due to the shortage of donor organs may increase the 

risk of disease progression.3 Neoadjuvant locoregional therapies (LRT) such as transarterial 

chemoembolization (TACE), transarterial radioembolization (TARE), and radiofrequency 

ablation (RFA) have been used to prevent tumor progression for early-stage patients or to 

down-stage potential candidates.3,4

The effect of LRT on the outcome of transplantation for HCC has been an area of active 

investigation. The employment of preoperative LRT using either TACE, TARE, RFA, or 

some combination has been variable among transplant centers. Several studies have shown 

remarkable antitumor activity with TACE, but no long-term oncologic benefits were 

observed.2,5,6 Therefore in principle, it was recognized that downstaging could have served 

as an additional selection tool for tumors with more favorable biology and a better 

prognosis, which can be assessed by response to LRT.7,8 It was also demonstrated that 

continued use of TACE while on the wait list for OLT should be considered as long as the 

patient and the lesions were suitable for retreatment; the wait time before OLT appeared to 

be related to survival and recurrence after OLT, which could reflect the presence of more 

aggressive tumor biology in patients prematurely undergoing transplantation.9 However, 

some randomized controlled trials demonstrated that a small portion of selected patients 

benefited from TACE.10,11 TACE has been reported to be more effective in terms of 

histologic tumor necrosis when performed for tumors between 3 and 5 cm in diameter12; 

both single versus multiple tumor nodules and tumor nodules larger than 3 cm versus 

smaller ones were more likely to show complete or partial necrosis versus no necrosis.9 

Theoretically, the necrosis and blood flow reduction resulting from LRT could limit the 
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dissemination of tumor cells. Thus, LRT may provide a beneficial effect beyond prevention 

of tumor progression. Some have suggested that there are upper limits in tumor size and 

number beyond which downstaging was not likely to be successful and the outcome might 

be significantly worse as well.13 Our previous study and reports from other groups have 

shown that long-term outcomes of OLT in patients downstaged to meet Milan criteria for the 

purpose of transplantation were similar to those of stage II recipients.3 Intention-to-treat 

analysis demonstrated that excellent long-term prognosis after successful downstaging of 

HCC to within T2 criteria was associated with a low risk of HCC recurrence and excellent 

post-transplant survival, comparable to those meeting T2 criteria without downstaging. 

However, the dropout rate for downstaging was significantly higher than that of the T2 

group.13 To examine the impact of neoadjuvant LRT on HCC recurrence after liver 

transplantation at our institution, we performed a retrospective study on patients who 

underwent liver transplantation for HCC.

METHODS

Study Conduct

The research protocol was approved by the Institutional Review Board of Washington 

University School of Medicine, St. Louis and used a prospectively maintained clinical 

database of patients after liver transplantation. Data consisting of demographics, clinical 

characteristics, locoregional therapies prior liver transplantation, pathology findings, tumor 

status, tumor recurrence, and outcomes were obtained for all recipients of liver 

transplantation for HCC from January 1, 1989 to December 31, 2014.

Local Regional Therapies

LRT was not routinely performed at our institution before 1998. Since then LRT, 

predominately TACE has been used in patients with stage II HCC as diagnosed on cross-

sectional imaging. LRT was performed by experienced interventional radiologists in a 

standardized fashion utilizing either a femoral or brachial approach. Patients with significant 

hepatic dysfunction were not considered appropriate candidates for TACE. Superior 

mesenteric angiography was performed to evaluate portal vein status and evaluate for the 

presence of anatomic variation. Celiac angiography was performed with a selection of the 

tumor-bearing artery. A mixture of chemotherapeutic agent (mitomycin and cisplatin) and 

ethiodized oil, followed by embolization with absorbable gelatin sponge was used most 

commonly for TACE. MRI follow-up was performed 4–6 weeks after TACE to assess for 

treatment response. While on the wait list, the patients were followed every three months 

with interval imaging studies (usually with MRI or CT) to assess for new or progressive 

disease. A bone scan was also performed to rule out evidence of metastatic disease. If a 

complete response (no remaining tumor enhancement) was observed, interval surveillance 

was scheduled for three months. If there was evidence of residual disease, repeat TACE was 

performed. For tumors outside of Milan criteria, the patient received repeated TACE in an 

attempt to downstage within the Milan criteria. For neoadjuvant LRT, a small number of 

patients were treated with radiofrequency ablation (RFA), Y90, percutaneous ethanol 

ablation (PEA), or a combination of the above procedures.
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Orthotopic Liver Transplantation and Follow-Up of HCC Recurrence

All transplant candidates were evaluated by a multidisciplinary transplantation team, and 

only patients with stage II tumors and these who had been down-staged to be stage II tumors 

received regional review board approval for liver transplantation after 2005. The standard 

piggy-back technique without the use of venovenous bypass has been used since 1995 at our 

center. The standard immunosuppression is a 3-drug regimen with tacrolimus, mycophenolic 

acid, and a short steroid taper. HCC was confirmed in the 81.5% patients by liver explant 

pathology; in the remainder, there was evidence of prior but ablated tumor (18.5%). 

Additionally, the number and sizes of all tumors, as well as extent of tumor necrosis were 

recorded by a pathologist. Tumor necrosis was recorded as no necrosis, partial necrosis or 

complete necrosis for this study. Incidental HCC was defined as the diagnosis of HCC not 

detected on preoperative imaging. Post-transplantation surveillance every 6 months for 5 

years with alpha-fetoprotein and MRI was the routine. The recurrence of HCC was 

diagnosed by either biopsy or radiological examinations. The size, number, and location of 

recurrent HCCs were recorded.

H and E and Immunofluorescence Staining

Formalin-fixed sections were taken from 1–3mm transversely cut gross explants; special 

attention was given by prosectors to the location of image-detected, and LRT-tumors. 

Tumors that showed any evidence grossly of necrosis were submitted entirely to best analyze 

percent necrosis, otherwise, only representative sections of tumor were submitted to 

document a diagnosis. As well, sections of the right and left lobes and hilar structures were 

taken per protocol for explant liver hepatectomy. FFPE 5 µm sections were routinely 

processed for H and E and special stains analyses, per explant protocol. Findings were 

reported and recorded in the liver transplant database, from which information was drawn 

for this study. In this study, patients with pathological evidence of tumor necrosis and viable 

tumor were defined with partial tumor necrosis, including patients with single or multiple 

tumors.

For immunofluorescence staining, blocks were chosen that included tumor and peritumoral 

liver tissue for patients who had undergone LRT and transplantation. Antigen retrieval was 

in Diva Decloaker buffer (DV2004MX) for 45 minutes, blocked with goat serum, and 

antibodies optimized with appropriate controls. Subsequently, the slides were blocked with 

goat serum and were subjected to the following primary antibodies overnight at 4°C: rabbit 

anti-CD31 (CST, 3528S) for all hepatic blood vessels, and mouse anti- lymphatic vessel 

endothelial hyaluronan receptor-1 (LYVE-1) (Abcam, Ab10278) for lymphatic vessels. 

After incubation with secondary antibodies, the slides were counterstained with 4, 6-

diamidino-2-phenylindole (DAPI) and analyzed under the fluorescence microscope. 

Negative controls were prepared by replacing the primary antibodies with PBS. The slides 

were assessed under a light and fluorescence microscope equipped with an internal digital 

camera (Zeiss Observer.Z1). Results were recorded as positive or negative of anti-LYVE/

CD31 double staining (20×).
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Enzyme-linked immunosorbent assay (ELISA) and Western Blot Assays

To study the expression of VEGF-A and VEGF-C in HCC patients with or without tumor 

necrosis, the ideal way is to use blood samples from the same cohort of transplant patients. 

However, in many cases blood samples were not available due to the time frame of this 

study. Thus, we used blood samples from another consecutive cohort of HCC patients 

(n=171) in our center. These samples were drawn from 1 week to 3 months after LRT. The 

ELISA assays were performed according to the manufacturer’s protocol to detect VEGF-A 

(Thermo Fisher, Cat. KHG0112) and VEGF-C (Thermo Fisher, Cat. EHVEGFC) levels in 

plasma. Finally, whole protein was extracted from peritumor zone of the FFPE samples 

using the Qproteome FFPE Tissue Kit (Cat. 37623) according to the manufacturer’s 

instructions. Protein concentrations of supernatants were measured using the Qubit protein 

assay kit (Thermo Fisher, Ref. Q33211). Prepared homogenates were distributed in aliquots 

and stored at −80°C until use. For each sample, 50 micrograms of lysate of the total protein 

were loaded in a well of 4–12% Nu-PAGE Bis-Tris (Invitrogen) gel and subjected to 2 hours 

of electrophoresis at 80V. Then, proteins on the gels were transferred to membranes in a 

semidry apparatus at 30 V for 1.5 hours. The membranes were blocked in 5% milk, and 

incubated with rabbit anti-VEGFR-2 mAb (CST, Cat. 2479S) and rabbit anti-VEGFR-3 

mAb (CST, Cat. 3408S) overnight at 4°C. The secondary antibodies were Horseradish 

peroxidase conjugated goat anti-rabbit (CST, Cat. 7074S) and goat anti-mouse 

immunoglobulins (CST, Cat. 7076S) diluted at 1:1000. Membranes were developed with an 

ECL Kit (CST, Cat. 6883S) at different time points.

Statistical Analysis

Results were expressed as mean ± SD or median with range. One-way ANOVA with post 

hoc testing using Tukey HSD was used to compare continuous variables. Overall survival 

and recurrence-free survival were analyzed using the Kaplan-Meier estimator and were 

statistically determined using the log-rank test. Categorical variables were compared using 

Fisher’s exact test. The Cox proportional hazard was applied to ascertain variables that had 

significant correlations with survival and tumor recurrence. For all comparisons, statistical 

significance was defined as a two-tailed p-value less than 0.05.

RESULTS

Patients

During the study period, 384 transplanted patients were identified with radiographically or 

pathologically documented HCC; 268 had undergone LRT pre-transplant, and 116 had not. 

The demographics of age, race, etiology, body mass index (BMI), alpha-fetoprotein (AFP) 

levels before transplantation, type of neoadjuvant pretreatments, the model for end-stage 

liver disease (MELD) scores, and tumor details in the explanted livers were extracted from 

the database. The mean recipient age was 57.8±7.9 years; 79.7% (n=306) of patients were 

male, 82% (n=315) were Caucasians, 9.9% (n=39) were African Americans, and the 

remaining 31 were of varied races and ethnicities. All patients were cirrhotic. The primary 

etiology of HCC was hepatitis C (63.8%, n=245), alcohol (9.4%, n=36), non-alcoholic 

steatohepatitis (14.6%, n=56), hepatitis B (6.0%, n=23), and others (6.2%, n=24). The mean 

BMI was 28.5±5.1, and the mean AFP level prior to transplantation was 101.1±539.1 ng/mL 
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(normal<9.9ng/mL). The mean MELD score prior to transplantation was 15.6±8.3. Two 

hundred sixty-eight patients received neoadjuvant LRT: TACE, 66.1% (n=254) ; RFA: 2.3% 

(n=9), Y90, 1.0% patients (n=4) and PEA, 0.3% patients (n=1). One hundred sixteen 

patients did not receive neoadjuvant LRT for a number of reasons: 4.2% (n=16) were 

transplanted prior to 1998 when LRT use was not common; 18.8% (n=72) HCC was found 

incidentally in the explanted livers and in 6.5% of patients (n=28), were not deemed 

candidate for LRT due to severe compromise in hepatic function.

By pathologic examination of all explanted livers, the mean tumor number found was 

1.9±1.4 (range 1 – 15) with a mean tumor diameter of 2.4±1.5cm (range 0.2cm – 15.8cm). 

91.9% of recipients (n=353) were within Milan criteria by pathologic evaluation. 4.2% of 

hepatectomy specimens (n=16) showed macrovascular invasion by tumor (noted on gross 

examination) and 12.5% (n=48) had microscopic finding of lymphovascular space invasion 

(LVSI). 27.9% of the tumors (n=107) were well differentiated, 39.1% (n=150) were 

moderately differentiated, and 7.3% (n=28) were poorly differentiated. In 25.8% (n=99) of 

patients, tumor differentiation was not evaluable mainly due to the lack of viable tumor. The 

overall average percent of tumor necrosis in all patients was 47.0%±42.6 (range 0–100%). 

41.1% of patients (n=158) had no tumor necrosis, 40.4% patients (n=155) had partial tumor 

necrosis, and 18.5% of patients (n=71) had complete tumor necrosis (Table 1). The average 

tumor necrosis in the explants with neoadjuvant LRT was 56.2%±40.9% (range 0–100%), 

while average tumor necrosis in explants without neoadjuvant LRT was 5.4%±16.1% (range 

0–75%).

To evaluate the response to LRT with transplant outcomes, we stratified tumor treatment and 

response into the following five subgroups: non-LRT and non-necrosis (NN), non-LRT and 

partial necrosis (PN), LRT and NN, LRT and PN, and complete necrosis (CN, all had LRT 

except one case). The tumor sizes measured by pathological examination in each subgroup 

are summarized in Figure 1. The figure shows a significant difference in the viable tumor 

size measured pathologically among the five subgroups (p<0.001); the viable tumor size of 

the LRT PN subgroup was significantly smaller than that of the other subgroups (all 

p<0.001, respectively). The tumor size of non-LRT PN subgroup was larger than all other 

subgroups (p≤0.006, respectively). The non-LRT PN subgroup had a significantly higher 

HCC recurrence rate than that in the LRT PN subgroup (p=0.013).

Risk Factors of Tumor Recurrence after OLT

No significant association was detected between tumor recurrence and age, sex, race and 

ethnicity, BMI, AFP, disease etiology, LRT number, or MELD score by univariate or 

multivariate analyses (Table 2). Multifocal HCCs with more than three tumors were 

associated with higher recurrence risk (p=0.031, Hazard ratio (HR) =3.26). Univariate 

analysis showed that tumor size larger than 3cm was significantly associated with tumor 

recurrence, but this effect was marginally significant in multivariate analysis (p<0.001, 

HR=3.15 and 0.043, HR=1.99, respectively). Patients with macrovascular invasion and LVSI 

had higher rates of tumor recurrence after OLT (p=0.04, HR=4.56 and p=0.032, HR=2.49, 

respectively).
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Recurrence Free Survival Stratified by LRT and Tumor Necrosis in Explants

The 1-, 3-, and 5-year survival rates of all HCC transplant recipients were 90.1%, 80.7%, 

and 73.4%; the 1-, 3-, and 5-year recurrence rates were 5.6%, 8.6%, and 11.6%, respectively. 

The overall survival of patients with tumor recurrence was significantly lower than that of 

patients without recurrence (p<0.001, Figure 2A). Log-rank analysis failed to demonstrate a 

significant difference in recurrence rates between the LRT and non-LRT groups (p=0.934, 

Figure 2B), and between non-LRT non-necrosis (NN) and LRT NN groups (p=0.945, Figure 

2C). However, the recurrence rates of the non-LRT partial necrosis (PN) group was 

remarkably higher than that of the LRT PN group (p=0.013, Figure 2D). Furthermore, as 

shown in Figure 2E among the LRT subgroups, the recurrence rate of the PN group was 

significantly higher than that of the NN and complete necrosis (CN) subgroups (p=0.012). 

As shown in Figure 2F, patients with non-necrosis (5.2% recurrence) and complete tumor 

necrosis (6.1% recurrence) had significantly lower 5-year recurrence rates than those with 

partial necrosis (22.6% recurrence, p<0.001).

Tumor Necrosis and HCC Recurrence Pattern after OLT

To investigate the association of tumor necrosis in the explants and HCC recurrence pattern 

after OLT, we examined the tumor number and size, necrosis percentage, and neoadjuvant 

LRT as well as the number, size, and type of recurrent tumors (n=37). When the tumors 

were within Milan criteria, the number of recurrent lymph node metastases were 

significantly higher in the LRT group as compared to those not receiving neoadjuvant LRT 

(p=0.047, 1/17 versus 15/31). Interestingly as shown in Figure 3A and 3B, we noted that all 

tumor recurrence with lymph node metastases had a certain degree of tumor necrosis as seen 

in the explants (12/12), whereas patients without any tumor necrosis had no lymph node 

metastases (0/8). The rate of lymph node metastasis in these patients with partial tumor 

necrosis was significantly higher than those without tumor necrosis (p<0.001, Figure 4).

VEGF and its receptors were upregulated in HCC patients with tumor necrosis

We measured the plasma levels of growth factors of VEGF-A and VEGF-C among a 

consecutive cohort of 171 HCC patients and the blood samples of patients with LRT were 

drawn from week 1 to month 3 post-LRT. The patients were grouped into four subgroups 

according to the status of tumor necrosis and LRT treatment. As shown in Figure 5A and 5B, 

the plasma levels of VEGF-A and VEGF-C in patients with tumor necrosis were 

significantly higher than that in those without tumor necrosis, regardless of whether the 

necrosis was LRT-induced or spontaneous (p<0.001 or p<0.005, respectively). Figure 5C 

presents the relative expression of VEGFR-2 and VEGFR-3 in the peritumor zone of FFPE 

tissue from the study cohort of HCC patients, and image analysis (Figure 5D) indicated that 

the VEGF receptors were upregulated in the peritumor zone of HCC patients with tumor 

necrosis (p=0.020 and 0.006, respectively).

Localization of lymphatic and vascular vessels in HCC

To visualize the lymphatic vessels in the peritumor area from cases with or without necrosis, 

we performed histopathologic and molecular characterizations of representative explanted 

HCCs. As shown in Figure 6, H and E staining was used to differentiate the tumor and 
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peritumor zone as well as the necrotic area of the tumors (6A, 6B, 6D, and 6E); 

Immunofluorescence staining for markers of blood vessels (CD31) and lymphatic vessels 

(LYVE-1) revealed a higher density of lymphatic vessels in peritumor area of HCC patients 

with necrosis either after treatment with LRT or spontaneously necrosed than that in the 

patients without tumor necrosis (6C and 6F).

DISCUSSION

Liver transplantation in properly selected patients achieves very good outcomes for patients 

with hepatocellular carcinoma (HCC) with recurrence rates of 10–20%. Patients with down-

staged tumors by LRT have comparable prognosis3,13, although it is controversial whether 

this is just due to better patient selection. Despite the ability of LRT to induce tumor 

necrosis, we observed that this was not necessarily correlated with a survival benefit. We 

therefore examined various clinicopathologic factors such as the extent of tumor necrosis in 

the explants and the pattern of tumor recurrence associated with LRT-treated tumors. Over a 

26-year period at our institution, the overall recurrence rate for HCC after liver 

transplantation 11.6%. Univariate and multivariate analyses continued to emphasize the 

importance of tumor size, tumor number, macrovasculature invasion, and partial tumor 

necrosis. All of these have been documented in the literature.2, 14, 15 Stratified by LRT and 

tumor necrosis, we found that the recurrence rate in patients with complete tumor necrosis 

was around 5%-similar to that of stage I HCC patients. The partial necrosis subgroup 

demonstrated a relatively higher recurrence rate of 22%, although the size of viable tumors 

was significantly smaller than that of the non-necrosis subgroup, suggesting a possible link 

between tumor partial necrosis and recurrence after liver transplantation. Previously, 

Ravaioli et al.15 reported that partial tumor necrosis was an independent risk factor for tumor 

recurrence after OLT, and Terzi et al.9 and Schaudt et al.16 did not find significant decreases 

in recurrence after histopathologically favorable responses to TACE. Biologically, one would 

expect a continuum of effect between no-necrosis, partial necrosis and complete necrosis. A 

possible explanation to the paradoxical finding in our study is that the upregulation of 

growth factors during necrosis could facilitate progression of the remnant tumor cells in the 

partial necrosis subgroup. In contrast, the patients with non-necrosis had less level of growth 

factors to promote tumor progression, while patients with complete necrosis may have had 

elevated growth factors, but no viable tumor to progress. The dominant pattern of HCC 

metastasis is considered to primarily occur through hematogenous routes2,17, while the 

lymphatic system is involved in advanced stages.18–20 To explore the association between 

tumor necrosis and recurrence after liver transplantation, we examined various clinical 

variables such as pre-treatment status, explant tumor size and number, lymph node 

metastases, and the sizes of recurrent and metastatic lesions. Unexpectedly, we observed that 

a significant number of recurrent tumors which had lymph node metastases were tumors 

within Milan criteria that received neoadjuvant LRT in the initial native liver. Furthermore, 

all patients who developed tumor recurrence with lymph node metastases had some degree 

of tumor necrosis in the explanted liver specimen. Lymph node metastases appeared to be 

associated with tumor necrosis regardless of the cause of necrosis, whether spontaneous in 

larger tumors or induced by LRT.

Xu et al. Page 8

J Am Coll Surg. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We were also seeking biological mechanisms to provide an explanation for these findings. 

HCC derives approximately 80% to 85% of its blood supply from the hepatic artery while 

normal hepatic parenchyma receives 60% of blood supply from the portal vein, and 

40%from the hepatic artery.21 The development of more than 90% HCC necrosis upon 

pathological analysis was associated with avid lesion enhancement and the presence of a 

feeding vessel larger than 0.9 mm in diameter on the pre-TACE visceral angiogram.22 

Vascular endothelial growth factor A (VEGF-A) production can be induced in cells that are 

hypoxic. When cells are deficient in oxygen, hypoxia-inducible factor (HIF) a transcription 

factor that stimulates the release of VEGF-A is produced.23 When TACE is not totally 

effective, it may induce a significant neoangiogenesis reaction, as suggested by an increase 

in VEGF and fibroblast growth factor (FGF) following treatment.24 The remnants of liver 

tissue may lead to recurrence of HCC due to an increase in proliferative activity after TACE.
25 VEGF, FGF, microvascular density, and proliferative activity have all been demonstrated 

to be increased in the viable tumor after TACE as well.26 Therefore the benefits and risks of 

LRT have to be cautiously weighed since on the one hand it can significantly disrupt tumor 

vasculature, on the other hand it can induce numerous factors that promote neoangiogenesis 

and tumor metastasis. However, no significant difference of macrovesicular invasion was 

found between the patients with or without tumor necrosis in the studies of Ravaioli et al. 

and ours, suggesting there may be some mechanisms beyond neoangiogenesis-related tumor 

spread. Ravaioli et al. found that a lower expression of the adhesion molecule E-cadherin in 

the cases with partial necrosis could lead tumor cells to be less attached to the surrounding 

extracellular matrix and thus be easily dislodged into the blood stream.15 However, this 

hypothesis may not fully explain our findings of the increased lymph node metastases in the 

partial necrosis subgroup.

In the present study, we found the significant earlier lymphatic metastases in patients with 

neoadjuvant LRT may be one of the mechanisms accounting for the absence of long-term 

oncological benefit of LRT even if significant tumor necrosis has been achieved. In one 

report, Miyayama et al found that hepatic lymphatic vessels were directly visualized by 

serial computed tomography (CT) scan in about 3% of HCC patients (N=255) after TACE 

treatment.27 The authors speculated that this change was induced by physical force of 

embolic materials and communication between vascular and lymphatic system, however 

there was no lymphatic metastasis observed after 1 year follow-up leaving the clinical 

significance of these findings unknown.27 In our study, the average time of lymph node 

metastasis was 7.2 months after OLT suggesting different mechanisms of lymphatic 

metastasis other than physical force may be involved. Indeed, there is strong evidence in the 

literature that the proteolytic processing during necrosis can upregulate the expression of 

VEGF-C and VEGF-D28–33, both of which are strongly related to tumor-associated 

lymphangiogenesis and lymphatic metastasis.34,35

Lymphatic capillaries consist of a single thin layer of endothelial cells lacking tight junctions 

and the basement membrane of these vessels is discontinuous. Since they are not ensheathed 

by pericytes or smooth muscle cells, these features may facilitate the entry of cells into the 

lymphatic system.34 Moreover, the lymphaticovenous communication has been 

demonstrated under some pathological circumstances, for instance in cirrhosis.35 Today, it is 

recognized that the lymphatic vasculature has both passive and active roles in cancer 
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metastasis.36 Intratumoral lymphatics and lymphangiogenesis have been detected in head 

and neck cancer, thyroid carcinoma, and melanoma, and may contribute to lymph node 

metastases.34, 37, 38 Peritumoral lymphatics located immediately adjacent to tumors or in the 

peritumoral stroma, which can be dilated or enlarged, are known to be associated with 

human tumors.39–41 Moreover, the lymphatic enlargement that occurs through lymphatic 

hyperplasia has been observed around primary tumors, which was thought to favor entry of 

tumor cells into the lymphatic vasculature.42, 43

Based on the above factors, anti-lymphangiogenesis could be a promising strategy to prevent 

tumor cell dissemination. One potential therapeutic candidate, Sorafenib, can abrogate tumor 

growth and VEGFR-1, VEGFR-2, VEGFR-3, and PDGFR-β via inhibiting molecular 

components of the Raf-MEK-ERK signaling pathway.44 However, previous studies have 

demonstrated conflicting results when Sorafenib had been combined with TACE to treat 

HCC and these differences could be due to the variable time of initiating the treatment45–47, 

indicating that further basic and translational clinical studies are required to explore this 

topic.

One obvious limitation of our study is the absence of randomized prospective studies 

investigating tumor recurrence in this setting. Also, the current and prior studies have taken 

place over an extended time interval. Additionally, given increased possibility of lymphatic 

metastasis in patients with tumor necrosis, the role of selective regional lymphadenectomy 

may be performed among the patients with radiological indication of possible tumor 

necrosis prior to OLT and could provide further information for the treatment of HCC 

patients after OLT. It is also difficult to determine association between change of VEGF 

levels and other biological characteristics such as tumor tolerance to hypoxia and the mixed 

response pattern of tumors to neoadjuvant LRT.

CONCLUSION

In summary, we found that patients with complete tumor necrosis after neoadjuvant LRT had 

very low HCC recurrence rates after OLT. LRT-induced and/or spontaneous partial necrosis 

of HCC was associated with an increased risk of lymphatic nodes metastases. Anti-

lymphangiogenesis together with LRT prior to OLT may help confine tumor cells in the 

native, explanted liver.
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Figure 1. 
Viable tumor size and nodule size in the explants. The significance of difference was 

examined by post-hoc test (Tukey HSD), and p<0.05 was considered as significant 

(*p<0.05; **p≤0.01; ***p ≤0.001). NN, non-necrosis; PN, partial necrosis; CN, complete 

necrosis.
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Figure 2. 
Kaplan-Meier analysis of hepatocellular carcinoma (HCC) recurrence after orthotopic liver 

transplantation. (A) The survival rate was significantly decreased in patients with HCC 

recurrence. (B–F) Recurrence risks were stratified by locoregional therapies and tumor 

necrosis. Log Rank Test, p<0.05 was considered as significant. NN, non-necrosis; PN, 

partial necrosis; CN, complete necrosis.
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Figure 3. 
Tumors and locoregional therapy (LRT) response of recurrent patients. (A) Non-LRT. (B) 

LRT. The left panels show the tumor number, tumor size, and proportion of tumor necrosis 

on explants; the right panels present the corresponding tumor number, tumor size, and type 

of recurrence after orthotopic liver transplantation, without or with neoadjuvant LRT. OLT, 

orthotopic liver transplantation; NN, non-necrosis; PN, partial necrosis; CN, complete 

necrosis.
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Figure 4. 
(A) No significant difference of macrovesicular invasion between NN and PN subgroup. (B) 

There was significant increase of lymphatic metastasis in PN than that in NN subgroup 

(p<0.001). NN, non-necrosis; PN, partial necrosis; CN, complete necrosis.
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Figure 5. 
(A and B) Plasma vascular endothelial growth factor (VEGF)-A and VEGF-C levels of 

hepatocellular carcinoma patients (N=171) with or without tumor necrosis (Post Hoc-Tukey 

test, p<0.05 was considered as significant). (C) Representative Western blot and (D) 

densitometry (normalized by β-actin) analysis show the expression of vascular endothelial 

growth factor receptor (VEGFR)-2 and VEGFR-3 in peritumor formalin-fixed, paraffin-

embedded tissue (Student’s test, p<0.05 was considered significant). HCC, hepatocellular 

carcinoma; NN, non-necrosis; LRT, locoregional therapy; PN, partial necrosis; TN, tumor 

necrosis; NS, not significant.
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Figure 6. 
Representative sections of hepatocellular carcinoma with (A) non-necrosis and (D) partial 

necrosis. (A and D) Microscopic figures (20×, hematoxylin and eosin stained) of peritumor 

areas (B) with or (E) without tumor necrosis. (C and F) Double Immunofluorescence 

staining of the sections for the blood vessels (CD31) and lymphatic vessels (LYVE-1). As 

illustrated, there are fewer CD31 and LYVE-1 structures in the peritumoral tissue adjacent to 

tumor without necrosis than in tissue from tumor with necrosis. NN, non-necrosis; PN, 

partial necrosis; PT, peritumor.
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Table 1

Demographics of Hepatocellular Carcinoma Patients Treated by Orthotopic Liver Transplantation.

Variable Hepatocellular carcinoma
patients treated with

orthotopic liver
transplantation, (N=384)

Age, y, mean ± SD 57.8±7.9

Male sex, n (%) 306 (79.7)

Race, n (%)

  Caucasian 315 (82.0)

  African American 38 (9.9)

  Other 31 (8.1)

Etiology, n (%)

  Hepatitis C 245 (63.8)

  Alcoholic 36 (9.4)

  Nonalcoholic steatohepatitis 56 (14.6)

  Hepatitis B 23 (6.0)

  Other 24 (6.2)

BMI, kg/m2, mean ± SD 28.5±5.1

Alpha-fetoprotein before orthotopic liver transplantation,ng/mL, mean ± SD 101.1±539.1

Neoadjuvant locoregionaltherapy, n (%)

  Transarterial chemoembolization 254 (66.1)

  Radiofrequency ablation 9 (2.3)

  Y90 4 (1.0)

  Palmitoylethanolamide 1 (0.3)

Non-neoadjuvant locoregionaltherapy 116 (30.3)

MELD score 15.6±8.3

Explanted tumors

  No. of tumors, mean ± SD 1.9±1.4

  Nodule size, cm, mean ± SD 2.4±1.5

Milan criteria within, n (%) 353 (91.9)

Macrovascular invasion, n (%) 16 (4.2)

Differentiation, n (%)

  Not applicable 99 (25.8)

  Well 107 (27.9)

  Moderate 150 (39.1)

  Poor 28 (7.3)

Microscopic lymphovascularspace invasion, n (%) 49 (12.8)

Necrosis, n (%)

  Non-necrosis 158 (41.1)

  Partial necrosis 155 (40.4)
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Variable Hepatocellular carcinoma
patients treated with

orthotopic liver
transplantation, (N=384)

  Complete necrosis 71 (18.5)

MELD, Model for End-Stage Liver Disease.
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