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Abstract

BACKGROUND

Clinical factors predicting graft survival (GS) after ABO-incompatible (ABOi) liver
transplantation (LT), and differences between recipients with and without hepato-
cellular carcinoma (HCC) are unclear.

AIM
To analyze the impact of serial serum tacrolimus trough concentration in

recipients with or without HCC) in ABOi living-donor liver transplantation
(LDLT).

METHODS

We analyzed a historical cohort of 89 recipients who underwent ABOi LDLT,
including 47 patients with HCC.

RESULTS
The 1-, 3-, 5-, and 10-year GS rates were 85.9%, 73.3%, 71.4%, and 71.4%,
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respectively, and there were no significant differences between HCC and non-HCC recipients. In multivariate Cox-
regression analyses, tacrolimus trough concentrations below 5.4 ng/mL at 24 wk post-LT, in addition to the
antibody-mediated rejection (AMR) were associated with poor-graft outcomes. In HCC patients, AMR [hazard
ratio (HR) = 63.20, P < 0.01] and HCC recurrence (HR = 20.72, P = 0.01) were significantly associated with poor
graft outcomes. HCCs outside Milan criteria, and tacrolimus concentrations at 4 wk post-LT > 7.3 ng/mL were
significant predictive factors for HCC recurrence. After propensity score matching, patients with high tacrolimus
concentrations at 4 wk had significantly poor recurrence-free survival.

CONCLUSION
Elevated tacrolimus levels at 4 wk after ABOi LDLT have been found to correlate with HCC recurrence. Therefore,
careful monitoring and control of tacrolimus levels are imperative in ABOi LT recipients with HCC.

Key Words: ABO-incompatible; Liver transplantation; Tacrolimus; Hepatocellular carcinoma

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Maintenance immunosuppression with calcineurin inhibitors (CNIs) such as tacrolimus or cyclosporine is the
current standard regimen for liver transplantation (LT) patients, and this might be important in the preventing antibody-
mediated rejection in ABO-incompatible (ABOi) LT. However, increased exposure to CNIs, especially in the first month
after LT, is reported to be a risk factor for HCC recurrence. Nevertheless, the appropriate adjustment of immunosuppressant
doses in ABOi LT recipients with and without HCC has not yet been determined. In this study, greater early exposure to
tacrolimus was associated with HCC recurrence, whereas lesser exposures at later time points was associated with poorer
long-term graft outcomes, suggesting that adjustment of serum tacrolimus concentration according to the presence of HCC
may be required to improve graft outcomes.

Citation: Han JW, Choi JY, Jung ES, Kim JH, Cho HS, Yoo JS, Sung PS, Jang JW, Yoon SK, Choi HJ, You YK. Association between
the early high level of serum tacrolimus and recurrence of hepatocellular carcinoma in ABO-incompatible liver transplantation. World
J Gastrointest Surg 2023; 15(12): 2727-2738

URL: https://www.wjgnet.com/1948-9366/full/v15/i12/2727 .htm

DOI: https://dx.doi.org/10.4240/wjgs.v15.112.2727

INTRODUCTION

Early attempts to perform ABO-incompatible (ABOi) liver transplantation (LT) under conventional immunosuppression
showed that ABO incompatibility is a predictor of poor graft survival (GS)[1,2]. Reduced GS may be associated with
antibody-mediated rejection (AMR), resulting in vascular or biliary complications, and hepatic necrosis; these effects may
be due to the expression of ABO blood group antigens on vascular and biliary epithelia[3]. A recent report from a Korean
nationwide study also showed that ABOi transplantation was an independent risk factor for graft rejection[4].
Nevertheless, the use of ABOi LT allows the expansion of the donor pool and currently comprises approximately 20% of
living-donor LT (LDLT) surgeries[5].

Various desensitization protocols have been utilized, but the introduction of rituximab with ABOi LT produced
comparable graft outcomes to ABO-compatible (ABOc) LT[6-8]. Kim et al[6] showed that two-year survival rates were
85% and 83% in ABOi and ABOc LT groups, respectively, and were not statistically different. In addition, another study
reported that five-year GS was not different between the ABOi and ABOc LT groups (89.9% vs 91.2%), although AMR and
biliary complications occurred more frequently in the ABOi group[8]. In LT recipients with hepatocellular carcinoma
(HCC), tumor recurrence and overall survival (OS) were also not different between the ABOi and ABOc LT groups[9].
However, these studies could not clarify the risk factors affecting graft outcome, especially in the subgroup of ABOi LT
recipients.

Maintenance immunosuppression with calcineurin inhibitors (CNIs) such as tacrolimus or cyclosporine is the current
standard regimen for LT patients[10], although the optimal protocol has not yet been established. Increased exposure to
CNIs, especially in the first month after LT, is reported to be a risk factor for HCC recurrence[11]. Recurrence of HCC
during maintenance CNI therapy following LT tends to be associated with poor survival[12]. On the other hand, main-
taining a relatively high serum tacrolimus trough concentration (about 8 to 12 ng/mL) is important in preventing AMR
and related vascular or biliary complications in ABOi LT recipients[8,13]. Nevertheless, the appropriate adjustment of
immunosuppressant doses in ABOi LT recipients with and without HCC has not yet been determined, and inclusion of
such considerations would be helpful to improve the outcome of ABOi LT recipients.

In the present study, we investigated the long-term graft outcomes of ABOi LDLT and the associated risk factors. In
addition, we performed subgroup analyses of GS and associated risk factors according to the presence or absence of HCC.
Of note, we analyzed the impact of serial serum tacrolimus trough concentration in recipients with or without HCC.
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MATERIALS AND METHODS

Study patients and data collection

A historical cohort of 89 recipients who received ABOi LDLT from October 2010 to March 2023 at Seoul St. Mary’s
Hospital (Seoul, Republic of Korea) was analyzed retrospectively. Clinical, laboratory, radiological, and historical
findings were collected for each patient. The presence of HCC was initially diagnosed based on pre-transplant imaging
studies, including computed tomography (CT) or magnetic resonance imaging (MRI), and was confirmed in the
explanted liver. Anti-A or anti-B Isoagglutinin (IA) titer and the percentage of CD19/CD20+ lymphocytes were measured
as previously described[8]. Human leukocyte antigen (HLA) typing, panel reactive antibody (PRA) testing, and T-cell/B-
cell crossmatching were performed preoperatively, as previously described[14]. The trough level of tacrolimus was
measured immediately before the administration of the next dose of the medication. The tacrolimus level was measured
serially daily up until the first week post-transplant, three times a week until 4 wk post-transplant, and following
discharge, it was carried out at each outpatient visit, typically at intervals ranging from a minimum of 2 wk to about 12
wk depending on the patients’ status. The median observation duration was 30.1 mo, and the study patients were
observed until re-transplantation, death, or the last visit to the clinic. Biliary stricture and vascular complications
following LT were defined using radiologic examinations including CT or MRI scans, as previously described[15]. Acute
cellular rejection (ACR) was diagnosed clinically or in liver biopsy specimens[16]. In patients with HCC, CT scans were
performed every three months until 12 mo after LT, followed by examinations every six months during the next two
years and every 12 mo thereafter. This study was approved by the Institutional Review Board of Seoul St. Mary’s
Hospital (approval number: KC22RISI0921) and was performed according to the Declaration of Helsinki.

Desensitization and immunosuppression protocols

A single dose of rituximab (300 or 375 mg/m?) was administered 14 d before the transplantation. From 7 d before the
transplantation, plasma exchanges were done, and the target IA titer was 1:16. Basiliximab was injected on the day of and
4 d after LT. Immunosuppression was performed as previously described[17]. Tacrolimus level was tried to be
maintained at 7-10 ng/mL for the 1st month after LT and at 5-7 ng/mL following that, unless they were tapered or
stopped due to the use of mTOR inhibitors. Prednisolone was tapered out 1 mo after LT, and MMF was stopped 6 mo
after LT. There was no difference in the protocol of induction or maintenance for HCC/non-HCC patients. mTOR
inhibitor was not used routinely in our cohort. When high IA titer peak was highlighted in the follow-up after LT, several
sessions of plasmapheresis were done as previously described[18].

AMR

AMR was diagnosed as previously reported[8]. Briefly, AMR was diagnosed as a greater than two-fold elevation of
aminotransferase or total bilirubin compared with baseline level, together with an IA titer > 1:64. Radiologic examinations
including ultrasonography, CT, or MRI scans were used to exclude other causes of liver function abnormalities. The
presence of ABOi-associated biliary strictures was defined as diffuse intrahepatic strictures on radiologic examinations,
without vascular complications including hepatic artery thrombosis. Liver biopsy and C4d staining were used to confirm
the occurrence of AMR. If AMR was diagnosed clinically or pathologically, plasmapheresis was used to reduce the IA
titer to less than 1:32.

Propensity-score matching

We used propensity-score matching (PSM) to adjust for differences in baseline characteristics between the high (n = 13)
and low (n = 34) groups according to the tacrolimus trough concentrations at 4 wk. Variables such as gender, age, tumor
markers, occurrence of ACR or AMR, biliary complications, hepatic artery thrombosis, use of mTOR inhibitor, outside the
Milan criteria according to radiologic or pathologic criteria, tumor size, and tumor numbers were included. One-to-one
nearest-neighbor matching within a caliper size of 0.20 was used. PSM analyses resulted in the selection of 12 patients in
each group.

Statistical analyses

The median (interquartile) was used to present continuous variables, and the number (%) was used to present categorical
variables. Continuous variables were compared using Mann-Whitney U tests, and categorical variables were compared
using Chi-square tests. Logistic regression analyses were used to identify the risk factors for graft loss. Cox regression
analyses were used to identify the time-dependent factors associated with GS. Factors with a P value < 0.01 in the
univariate analyses were included in the multivariate analyses. The odds ratio and confidence interval (CI), as well as the
hazard ratio (HR) and CI, were obtained from logistic and Cox regression analysis, respectively. Kaplan-Meier curves
were used to assess GS in each risk group. Statistical significance was noted when P < 0.05. The optimal tacrolimus cutoff
concentration was determined using the area under the receiver operating characteristic curves and Youden’s index. All
analyses were performed using R statistical software version 4.0.3 (R Foundation, Vienna, Austria) or GraphPad Prism
version 8 (GraphPad Software, San Diego, CA).
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RESULTS

Clinical characteristics according to short- and long-term graft loss

Imaging and histologic studies indicated HCC was present in 52.8% (47/89) of study patients. The one-, three-, five-, and
ten-year GS rates were 85.9%, 73.3%, 71.4%, and 71.4%, respectively (Supplementary Figure 1A), and did not differ in the
HCC (n = 47) and non-HCC (n = 42) groups. Graft and overall survivals were not different between non-HCC and HCC
groups (Supplementary Figure 1B and C). Trough concentrations of tacrolimus at each time point were not different in
the HCC and non-HCC groups (Supplementary Figure 2A). To compare the clinical characteristics according to GS, we
divided the study subjects into the one-year graft loss (n = 10) and one-year GS (n = 79) groups (Supplementary Table 1).
There were no significant differences about sex, recipient and donor ages, etiology of liver disease, or percentage of
patients with HCC between the two groups. There were no differences in the results of preoperative laboratory and liver
function tests. Positivity of crossmatching was reported in a greater percentage of the one-year GS group than in the graft
loss group (72/79, 91.1% vs 5/10, 50.0%, respectively; P = 0.002), but there was no difference in HLA-mismatching
between the two groups. There were no differences in the percentages of CD19 or CD20+ lymphocytes, presence of ACR,
biliary/vascular complications, dose of rituximab, and concurrent usage of mTOR inhibitors between the two groups. In
addition, there was no significant differences in the pre- and post-operative IA titers, between graft loss and survival
groups (Supplementary Figure 3). Concerning serial measurements of tacrolimus trough concentrations, higher
tacrolimus concentrations were reported in the graft loss group at 4 wk post-LT than in the GS group (median 8.7 vs 5.9
ng/mL, respectively; P = 0.012). When we divided study subjects into five-year graft loss (n = 20) and GS (n = 69) groups,
AMR differed between the two groups (1/69, 1.4% in the GS group vs 5/20, 25.0% in the graft loss group, P = 0.001), and
concurrent usage of mTOR inhibitors also differed between the two groups (10/69, 14.5% in the GS group vs 8/20, 40.0%
in the graft loss group, P = 0.029).

Factors affecting GS and AMR in ABOi LDLT patients

To investigate the factors associated with GS in the total patient group, univariate and multivariate Cox regression
analyses were performed. Tacrolimus trough concentrations at 16 and 24 wk post-LT and AMR were significant factors in
the univariate analysis, and tacrolimus trough concentration at 24 wk post-LT (HR = 0.75, P = 0.048) and AMR (HR =5.41,
P = 0.013) remained significant factors in the multivariate analysis (Table 1). The optimal cutoff for 24-week tacrolimus
concentration was 5.4 ng/mL (Supplementary Figure 4A), and GS differed significantly in patients with concentrations >
5.4 ng/mL (n = 45) and those with < 5.4 ng/mL (n = 33) (P = 0.012, Figure 1A) and in patients with AMR (n = 6) and
without AMR (n = 83) (P < 0.001, Figure 1B). We further analyzed risk factors for AMR using univariate and multivariate
analyses, and post-LT peak IA titer was a risk factor identified in the multivariate analysis (P = 0.022, Supple-
mentary Table 2). Supplementary Table 3 presents the causes of graft loss with tacrolimus levels at 4 and 24 wk, and it
also indicated that patients with AMR lost their grafts due to sepsis (2/5, 40%) or hepatic failure (3/5, 60%), whereas graft
loss among HCC recipients without AMR was mainly due to HCC recurrence (6/9, 66.6%). The IA titers tended to be
greater at all time points in the AMR group (Supplementary Figure 2B), but tacrolimus trough concentrations did not
differ between the two groups (Supplementary Figure 2C).

Comparison between HCC and non-HCC subgroups

Supplementary Table 4 presents the clinical characteristics of the HCC (n = 47) and non-HCC (n = 42) groups. Males were
more frequent in the HCC group than in the non-HCC group (40/47, 85.1% vs 24/42, 57.1%, P = 0.007), and the patients
in the HCC group were also older (median 57 vs 52 years, P = 0.009). Hepatitis B virus was the most common etiology in
the HCC group (37/47, 78.7%), whereas alcohol was most common in the non-HCC group (19/42, 45.2%). Liver
functions, as assessed using the Child-Pugh score and model of end-stage liver disease, were better in the HCC subgroup
than in the non-HCC subgroup. Graft loss and re-transplantation did not differ between the two groups. In the HCC
subgroup, 38.3% (18/47, 38.3%) of patients were classified as beyond the Milan criteria before and after LT, respectively,
and recurrence was reported in 27.7% (13/47). Vascular invasion and alpha-fetoprotein (AFP) levels before downstaging
treatment and LT were significantly worse in the recurrence group (Supplementary Table 5). When we investigated the
factors associated with GS in each subgroup (Table 2), we found tacrolimus trough concentration at 24 wk post-LT (HR =
0.46, P = 0.026) was a significant factor in the multivariate analysis in the non-HCC group. On the other hand, in the HCC
subgroup, AMR (HR = 63.20, P < 0.001) and HCC recurrence (HR = 20.72, P = 0.005) were significant factors in the
multivariate analysis.

Impact of tacrolimus trough concentration on GS in ABOi LDLT recipients without HCC

We next compared the tacrolimus trough concentrations at each time point in patients with graft loss (n = 10) and GS (n =
31) (Figure 2A). The tacrolimus concentration at 24 wk post-LT tended to be greater in the GS group than in the graft loss
group (mean 6.1 vs 4.6 ng/mL, P = 0.088) (Figure 2A and B). In addition, when we categorized these patients into those
with tacrolimus trough concentration > 5.4 ng/mL (n = 21) and < 5.4 ng/mL (1 = 14), the former subgroup had better GS (
P <0.001) (Figure 2C), which was consistent with the analyses of the total group. Furthermore, we investigated whether
cumulative tacrolimus level from 20 to 28 wk after LT is associated with GS in non-HCC recipients. As a result, lower
cumulative tacrolimus level from week 20 to 28 < 296.8 ng/mL was associated with poor GS (Supplementary Figure 5A).
We further obtained the tacrolimus level at 20-24 wk and 24-28 wk after LT and calculated the mean tacrolimus level to
identify its association with GS in non-HCC patients. As a result, the mean level of tacrolimus < 5.0 ng/mL from week 20
to 28 was associated with poor GS in non-HCC patients (Supplementary Figure 5B).
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Table 1 Univariate and multivariate Cox-regression analyses of factors associated with graft survival

Univariate Multivariate

HR (95%Cl) P value HR (95%Cl) P value
Tacrolimus level, post-LT 16 wk 0.82 (0.68-0.99) 0.040 NS
Tacrolimus level, post-LT 24 wk 0.71 (0.52-0.96) 0.029 0.75 (0.56-0.99) 0.048
AMR 6.01 (2.17-16.68) 0.001 5.41 (1.44-20.40) 0.013

HR: Hazard ratio; 95%CI: 95% confidence interval; AMR: Antibody mediated rejection; NS: Not significant.

Table 2 Cox-regression analyses for factors associated with graft survival in recipients without and with hepatocellular carcinoma

Non-HCC HCC
Univariate Multivariate Univariate Multivariate
HR (95%Cl) Pvalue HR(95%Cl) Pvalue HR (95%Cl) Pvalue HR (95%Cl) P value

B cell crossmatching, positive 0.19 (0.05-0.73) 0.016 NS
Tacrolimus level, post-LT 24 0.42(0.23-0.88)  0.019 0.46 (0.23-0.91)  0.026

week

AMR 3.39 (0.70-16.36)  0.099 NS 11.33 (2.88-44.57) 0.001 63.20 (6.49-614.78) < 0.001
HCC recurrence 5.31(1.48-19.02)  0.010 20.72 (2.48-173.32) 0.005

HR: Hazard ratio; 95%CI: 95% confidence interval; HCC: Hepatocellular carcinoma; LT: Liver transplantation; AMR: Antibody mediated rejection; NS: Not

significant.
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Figure 1 Long-term graft outcomes according to risk factors. A: Survival curves according to tacrolimus trough concentration at 24 wk post-liver
transplantation (> 5.4 ng/mL, n = 45 vs < 5.4 ng/mL n = 33). Patients for whom tacrolimus concentrations at 24 wk were not reported were excluded from the
analyses; B: Survival curves for the antibody-mediated rejection (AMR, n = 6) and non-AMR (n = 83) groups. ABOi: ABO-incompatible; FK: Tacrolimus; LT: Liver
transplantation; AMR: Antibody-mediated rejection.

Factors associated with HCC recurrence in ABOi LDLT recipients with HCC

Figure 3A shows the significant difference in GS between recurrence and non-recurrence groups. Because HCC
recurrence was an independent predictor of GS, we performed univariate and multivariate Cox regression analyses as
shown in Table 3 for identifying the factors associated with the HCC recurrence. As a result, serum AFP concentrations
greater than 200 ng/mL (the cutoff used in the previous reports[19,20]), tacrolimus concentration at 4 wk post-LT, and
pre- or post-operative outside Milan criteria were risk factors in the univariate analysis. Furthermore, tacrolimus concen-
tration at 4 wk post-LT (HR = 1.37, P = 0.024) and pre-operative radiologic outside Milan criteria (HR = 8.61, P = 0.004)
remained significant factors in the multivariate analysis. Among the serial tacrolimus measurements, that obtained at 4
wk post-LT was the only one with significantly different tacrolimus concentrations in the recurrence (n = 13) and non-
recurrence (n = 34) groups (Figure 3B). Recipients with HCC recurrence tended to have lower tacrolimus concentrations
24 wk post-LT (Figure 3B), although it was not statistically significant, which might be due to the early recurrence and use
of everolimus with minimized tacrolimus doses.
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Table 3 Cox-regression analyses for factors associated with HCC recurrence in recipients with hepatocellular carcinoma

Univariate Multivariate

HR (95%Cl) P value HR (95%Cl) P value
AFP > 200 4.07 (1.32-12.53) 0.014 NS
B-cell crossmatching, positive 0.29 (0.08-1.08) 0.065 NS
HLA-C mismatching 0.36 (0.12-1.11) 0.066 NS
Tacrolimus level, post-LT 4 wk 1.28 (1.00-1.65) 0.046 1.37 (1.04-1.80) 0.024
Over Milan - preoperative radiologic 13.11 (3.54-48.55) <0.001 8.61 (1.97-37.70) 0.004
Over Milan - pathologic 6.69 (2.05-21.83) 0.002 NS

HR: Hazard ratio; 95%CI: 95% confidence interval; AFP: Alpha-fetoprotein; HLA: Human leukocyte antigen; LT: Liver transplantation; NS: Not significant.
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Figure 2 Long-term graft outcomes of the non-hepatocellular carcinoma subgroup (n = 41) and their associations with tacrolimus trough
concentration. A: Comparison of tacrolimus concentrations in the graft failure (n = 10) and graft survival (n = 31) groups at each time point; B: A graph comparing
tacrolimus concentrations at 24 wk post- liver transplantation (LT) in the graft loss (n = 10) and graft survival (n = 31) groups; C: Survival curves according to
tacrolimus trough concentration at 24 wk post-LT (> 5.4 ng/mL, n = 21 vs < 5.4 ng/mL, n = 14). Patients for whom tacrolimus concentration was not reported at 24
weeks were excluded from the analyses. ABOi: ABO-incompatible; FK: Tacrolimus; HCC: Hepatocellular carcinoma; LT: Liver transplantation.

When we analyzed the difference in the HCC recurrence between ACR (n = 7) and non-ACR (n = 40), as well as total
rejection (ACR + AMR, n = 9) and non-rejection (n = 38), we found no differences between those ACR and non-ACR, and
rejection and non-rejection groups (Supplementary Figure 6A). Finally, we divided patients into before (1 = 12) and after (
n = 35) the era of everolimus, and there was no difference in recurrence between two groups (Supplementary Figure 6B).

Impact of tacrolimus trough concentration on HCC recurrence in ABOi LDLT recipients with HCC

The recurrence group had greater tacrolimus trough concentrations at 4 wk post-LT than the non-recurrence group (8.6 vs
5.8 ng/mL, P = 0.011, Figure 3B), and the optimal cutoff point was 7.3 ng/mL (Supplementary Figure 4B). There were
significant differences between patients with tacrolimus trough concentration > 7.3 ng/mL (n = 13) and < 7.3 ng/mL (n =
34) (P < 0.001, Figure 3C): The one-, three-, five-, and ten-year recurrence-free survival (RFS) rates were 51.3%, 42.7%,
34.2%, and 22.8% in the > 7.3 group, respectively, and 87.5%, 87.5%, 87.5%, and 87.5% in the < 7.3 group, which were not
different with HCC patients with ABOc LT (Supplementary Figure 7A). PSM was successfully performed (Table 4), and
significant difference in HCC recurrence according to the pre-defined cutoff was sustained after PSM (P = 0.011,
Figure 3C). Furthermore, when we calculated the cumulative level of tacrolimus, higher cumulative tacrolimus level from
LT to week 4 > 200.2 ng/mL was also associated with a higher future risk of HCC recurrence, which is in line with the
previous report[21] (Supplementary Figure 7B). In addition, we analyzed whether the mean tacrolimus trough level
within 4 wk after LT, which was obtained from week 1/2/3/4 timepoints, is associated with the HCC recurrence, and a
higher mean level of tacrolimus from LT to week 4 > 8.0 ng/mL was associated with a higher risk of HCC recurrence
(Supplementary Figure 7C). We further analyzed whether there is any difference in the HCC recurrence between patients
with serum tacrolimus levels of > 10 ng/mL and < 10 ng/mL at 1 or 2 wk after LT using the cut-off which has been
suggested as high level in the previous report[21] (Supplementary Figure 7D), but, there was no significant difference in
HCC recurrence using a cut-off tacrolimus level of 10 ng/mL at week 1 or 2. When we performed subgroup analyses
according to the tumors within Milan criteria (n = 29), and outside Milan criteria (n = 18), the patients with tacrolimus
trough concentration > 7.3 ng/mL at 4 wk post-LT also had poorer RFS (Figure 3D). When we performed subgroup
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Table 4 Comparison of patients’ characteristics between low and high tacrolimus level groups at 4 wk liver transplantation before and

after propensity-score matching

Before matching After matching

?L’:w Fi 4wk, n = I1-I;gh Fi 4wk, n = P value Low FK 4wk, n =12 I1-I2|gh Fi 4wk, n = Pvalue
Male gender 31(91.2) 9 (69.2) 0.152 10 (83.3) 8 (66.7) 0.637
Age (yr) 57.0 (54.0; 62.0) 54.0 (46.0; 59.0) 0.103 54.0 (52.5; 58.5) 54.0 (46.0; 62.0) 0.862
AFP (ng/mL) 9.6 (3.2; 31.0) 17.5 (12.0; 28.8) 0.216 15.3 (3.5; 40.0) 16.5 (10.2; 263.8) 0.713
PIVKA (mAU/mL) 20.5 (12.0; 119.0) 16.0 (13.0; 26.0) 0.625 21.5 (14.5; 87.5) 15.0 (12.5; 62.5) 0.506
MELD 9.0 (7.0; 14.0) 8.0 (7.0; 10.0) 0.234 7.5 (4.512.2) 7.0 (4.5; 8.0) 0.62
ACR 4(11.8) 3(23.1) 0.606 3 (25.0) 2 (16.7) 1
AMR 2(5.9) 1(7.7) 1 2(16.7) 1(8.3) 1
Biliary complication 14 (41.2) 5(38.5) 1 6 (50.0) 5(41.7) 1
Hepatic artery thrombosis 1 (2.9) 1(7.7) 1 1(8.3) 1(8.3) 1
mTOR inhibitor 8 (23.5) 5 (38.5) 0.51 3 (27.3) 3 (27.3) 1
Radiologic over Milan 8 (23.5) 7 (53.8) 0.1 2 (16.7) 6 (50.0) 0.194
Pathologic over Milan 10 (29.4) 5(38.5) 0.806 3 (25.0) 4(33.3) 1
Downstaging treatment 14 (41.2) 5(38.5) 1 4 (33.3) 4 (33.3) 1
Tumor largest size, cm 1.5 (0.0; 3.2) 3.0 (1.6; 4.5) 0.174 1.8 (0.0; 2.3) 2.5 (0.8; 4.0) 0.331
Tumor number 1.0 (0.0; 2.0) 1.0 (1.0; 2.0) 0.303 1.0 (0.0; 1.5) 1.0 (0.5;2.5) 0.336

Data are given as n (%) or median (quartile). FK: Tacrolimus; AFP: Alpha-fetoprotein; PIVKA: Protein-induced by vitamin K; MELD: Model for end-stage
liver disease; ACR: Acute cellular rejection; AMR: Antibody-mediated rejection.

analyses according to the vascular invasion and AFP levels, high tacrolimus at 4 wk was also associated with poor RFS (
Supplementary Figure 7E and F).

DISCUSSION

This study evaluated the short- and long-term outcomes of ABOi LT and compared the GS between HCC and non-HCC
recipients. The results indicated that the one- and five-year GS rates were comparable between the groups, and that AMR
was a common risk factor predicting poor GS. These results suggest that intensive monitoring and treatment of AMR is
the most important strategy for improving the long-term outcomes associated with ABOi LT. To our knowledge, this is
the first to include serial measurements of trough tacrolimus concentrations in the analyses combined with an evaluation
of any associated clinical outcomes in the patient subgroups. Greater exposure to tacrolimus 4 wk after ABOi LT was
associated with HCC recurrence, whereas lower exposure at later time points was associated with poorer long-term graft
outcomes.

The long-term outcomes of ABOi LT have been reported in several studies. Data from a long-term Japanese registry
showed a 5-year OS rate of 74.0%[22]. Korean studies have reported 5-year survival rates of 74%-86%, reporting no
differences between the HCC and non-HCC groups[6,8,9,23,24], which is consistent with our findings. In contrast to
previous studies, we analyzed the risk factors for poor survival including AMR and HCC recurrence in ABOi LT. In
particular, previous studies did not identify the risk factors associated with AMR, therefore we investigated the potential
factors in detail including serial tacrolimus concentrations, PRA, T-cell or B-cell cross-matching, and HLA typing,
although we did not identify any related factors. As a result, we showed that tacrolimus concentrations were differen-
tially associated with graft outcomes in HCC and non-HCC patients.

The key finding of this study is that early high exposure to tacrolimus can be associated with poor outcomes in HCC
patients who undergo ABOi LT, as has been shown in cases of ABOc LT. The trough concentration of tacrolimus in the
maintenance phase can be adjusted according to whether or not the LT recipients have HCC. Regardless of ABO compat-
ibility, the recommended tacrolimus concentration is 5-10 ng/mL during the first 3 mo after LT and 5-8 ng/mL for the
next 3-12 mo, followed by a further reduction to approximately 3-6 ng/mL if tacrolimus is not combined with other
immunosuppressants such as MMF or everolimus[25]. Another guideline recommends that the tacrolimus concentration
should be set at 6-10 ng/mL during the first 3 mo and subsequently reduced and maintained below 5 ng/mL for 12 mo
after LT[26]. However, CNIs can promote tumor growth owing to the overexpression of transforming growth factor-betal
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Figure 3 Hepatocellular carcinoma recurrence and its association with tacrolimus trough concentration. A: Survival curve presenting difference
in the graft survival between hepatocellular carcinoma (HCC) recurrence (n = 13) and non-recurrence (n = 34); B: Comparison of tacrolimus concentrations in the
HCC recurrence (n = 13) and non-recurrence (n = 34) groups at each time point (left) and at 4 wk (right); C and D: Two patients who died during the perioperative
period from postoperative complication or sepsis were excluded; C: Survival curves presenting recurrence-free survival (RFS) according to tacrolimus trough
concentration at 4 wk post-liver transplantation (LT) before propensity-score matching (> 7.3 ng/mL, n = 13 vs < 7.3 ng/mL, n = 34) and after matching (> 7.3 ng/mL,
n =12 vs < 7.3 ng/mL, n = 12); Patients for whom tacrolimus concentrations 4 wk post-LT were not reported were excluded from the analyses; D: Prior to
transplantation, patients were assigned to subgroups according to the Milan criteria in the pre-LT radiologic evaluation. RFS curves for each subgroup according to
trough tacrolimus concentration at 4 wk post-LT are presented. ABOi: ABO-incompatible; FK: Tacrolimus; HCC: Hepatocellular carcinoma; LT: Liver transplantation.
2P < 0.05.

[27] and therefore increase tumor recurrence in a rat model of HCC[28]. A previous clinical study confirmed that early
exposure to high concentrations of CNIs within the first month after LT was significantly associated with HCC
recurrence, with a cutoff value of 10 ng/mL[11]. Another study showed that tacrolimus levels > 8 ng/mL 20 d after ABOc
LT were associated with HCC recurrence[29]. Our cutoff level for tacrolimus was 7.3 ng/mL at 4 wk, although this level
requires further validation. A recent report also showed that early cumulative high tacrolimus exposure, and not just one
level at a single timepoint, was associated with HCC recurrence[21], We also confirmed this finding in the present study.
However, the occurrence of AMR was not related to serum tacrolimus levels, emphasizing that minimizing CNIs is also
feasible with ABOi LT, particularly in HCC patients.

The HCC recurrence rate following LT is reportedly 8%-20%[30], whereas we identified a recurrence rate of 27.7%.
This finding might have been associated with the inclusion of more patients who did not meet the Milan criteria
compared to the number of such patients recruited in previous studies. Preoperative recipient and tumor factors, such as
the size and number of tumors, AFP levels, and vascular invasion[30], are critically associated with recurrence. One study
including a considerable number of ABOi LT patients revealed that pre-LT HCC treatment, higher tumor marker levels,
and lymphovascular invasion were related to HCC recurrence[9]. Our study showed that outside Milan, vascular
invasion and high AFP levels are related to HCC recurrence in ABOi LT. We then adjusted for these conventional factors
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and subsequently showed that a high tacrolimus level at week 4 remained a significant factor for HCC recurrence, further
underscoring the importance of minimizing CNIs. To achieve this goal, strategies other than rituximab and CNIs,
including intravenous immunoglobulins associated with plasmapheresis or the addition of everolimus, together with the
close monitoring of IA titers, requires further validation.

Tacrolimus may play an important role in inhibiting B-lymphocytes[31], but no consensus exists on the optimum
trough concentration of tacrolimus in ABOi LT recipients. Due to concerns about AMR, many clinicians maintain a higher
level of tacrolimus in the early phase of ABOi LT. The mechanism of suppression of B cell activation by CNIs has not been
clearly elucidated; however, one study reported that tacrolimus can suppress lymph node or circulating follicular helper
T cells, differentiation of plasmablasts, and antibody production. This suggests that inadequate tacrolimus concentrations
may be associated with acute or chronic AMR in solid organ transplantation, in addition to ACR[23]. Although data from
ABOi LT patients are lacking, a lower CNI concentration is associated with an increased risk of donor-specific antibody
formation after kidney transplantation (KT)[32,33]. In line with this finding, low tacrolimus levels at 24 wk as well as
cumulative levels between 20 and 28 wk were associated with poor long-term outcomes in non-HCC patients in our
study. In particular, one non-HCC LT recipient with a low tacrolimus level at 24 wk post-LT died from late AMR, and
two recipients lost grafts due to ACR-induced hepatic failure. However, one study reported no difference in the incidence
of donor-specific antibody (DSA) when tacrolimus concentrations were controlled within a narrow range of 4-6 ng/mL in
KT. This strategy can also be applied to ABOi LT, particularly in HCC patients[34]. Our findings suggest that considering
both DSA and HCC recurrence, maintaining a narrow range of tacrolimus concentrations, such as between 5.4 and 7.3
ng/mL, may be helpful in ABOi LT. However, the optimal cutoff must be validated in larger prospective studies.

Our study had some limitations. First, this was a single-center, small-sized, retrospective study. Second, we did not
evaluate the impact of antitumor treatment including transarterial chemoembolization or systemic chemotherapies on
HCC recurrence as previously reviewed, because this study did not focus on the HCC treatment strategy following post-
LT recurrence. Third, the long-term adverse effects of tacrolimus including renal dysfunction, which we had previously
analyzed[17] were not considered risk factors for long-term survival. Larger multicenter studies that consider the hetero-
geneity and dynamic changes in the risk factors of LT recipients are warranted to develop a predictive model for ABOi LT
recipients.

CONCLUSION

To our knowledge, this is the first study to demonstrate that early exposure to high tacrolimus concentrations may be
associated with HCC recurrence and poor GS in ABOi LDLT recipients with HCC, whereas low tacrolimus concentrations
at 24 wk post-LT were associated with poor GS in the non-HCC group. AMR was a common risk factor in both
subgroups, emphasizing the need for close monitoring of IA titers after ABOi LT. Future studies are required to validate
our results and establish a proper strategy for immunosuppressive therapy in ABOi LT.

ARTICLE HIGHLIGHTS

Research background

ABO-incompatible (ABOi) liver transplantation (LT) has posed significant challenges due to its impact on graft survival
and the occurrence of complications like antibody-mediated rejection (AMR). The outcomes of ABOi living-donor LT
(LDLT) have shown considerable variability in previous studies. This research aimed to investigate the long-term
outcomes of ABOi LDLT and associated risk factors.

Research motivation

Understanding the factors that influence graft survival (GS) and complications in ABOi LDLT recipients is essential for
improving the clinical outcomes. Identifying the impact of tacrolimus concentration on graft outcomes, especially in
patients with or without hepatocellular carcinoma (HCC), can provide valuable insights for optimizing immunosup-
pressive therapy.

Research objectives

The primary objectives of this study were to assess the long-term graft outcomes in ABOi LDLT and analyze the
associated risk factors. Subgroup analyses were performed to evaluate GS and risk factors based on the presence or
absence of HCC. Additionally, the study aimed to investigate the influence of serial serum tacrolimus trough concen-
tration on graft outcomes in both HCC and non-HCC recipients.

Research methods

A retrospective analysis was conducted on a cohort of 89 ABOi LDLT recipients. Various clinical, laboratory, and
radiological data were collected for each patient. Desensitization and immunosuppression protocols were followed,
including the use of rituximab and tacrolimus. The impact of tacrolimus trough concentration on GS and HCC recurrence
was analyzed using statistical methods.
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Research results

The study found that AMR was a common risk factor affecting GS in both HCC and non-HCC ABOi LDLT recipients.
Early exposure to high tacrolimus concentrations was associated with HCC recurrence, while lower concentrations at
later time points were linked to poorer long-term graft outcomes in non-HCC patients. Maintaining a narrow range of
tacrolimus concentrations between 5.4 and 7.3 ng/mL may be beneficial.

Research conclusions

This research highlighted the importance of monitoring and managing the calcineurin inhibitor (CNI) concentrations in
ABOi LDLT recipients. The study also suggested that tailoring tacrolimus concentration based on the presence of HCC
can optimize graft outcomes. Minimizing CNIs, especially in HCC patients, may reduce the risk of HCC recurrence.

Research perspectives

Future studies should validate the optimal tacrolimus concentration cutoffs and explore additional strategies to improve
the outcomes of ABOi LDLT recipients. Multicenter studies considering various risk factors are warranted to develop
predictive models for this patient population.
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