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Abstract in English

More than 6 times of pretransplant therapeutic plasma exchange
increase the recurrence of hepatocellular carcinoma in ABO
incompatible living donor liver transplantation

Background

Previous studies have reported comparable oncologic outcome between ABO incompatible
(ABOi) living donor liver transplantation (LDLT) and ABO compatible (ABOc) LDLT in
hepatocellular carcinoma (HCC) patients. We aimed to analyze the relationship between the

number of therapeutic plasma exchanges (TPE) and HCC outcomes in ABOi LDLT.

Methods

In this single center retrospective study, 428 LDLT recipients with HCC were categorized into
three groups according to ABO incompatibility and number of pretransplant TPE, of which cutoff
was more than 6 times, determined from cubic spline model for recurrence free survival (RFS):
ABOc (n=323), ABOi/TPE<6 (n=75), and ABOi/TPE>6 (n=30). The RFS and HCC recurrence

rates were compared after adjusting for other risk factors for HCC outcomes.

Results

The three groups showed similar characteristics in most demographics, tumor markers and
pathologies. The median initial isoagglutinin (IA) titer was 1:64 (range negative-1:512) in the
ABOI/TPE<6 group and 1:512 (range 1:128-1:4096) in the ABOi/TPE>6 group. Five year RFS
was significantly lower (75.7% in the ABOc vs. 72.7% in the ABOi/TPE<6 vs. 50.0% in the
ABOI/TPE>6, P=0.005) and HCC recurrence was significantly higher in ABOi/TPE>6 group than
in the other groups (16.4% vs. 17.0% vs. 39.4%, P=0.014). In multivariable Cox regression
analysis, ABOiI/TPE>6 was an independent risk factor for RFS (aHR 1.99 (1.02-3.86), P=0.042)
and HCC recurrence (aHR 2.42 (1.05-5.57), P=0.037).

Conclusion

More than six pretransplant TPE have the potential for higher HCC recurrence after ABOi LDLT.



A strategy to reduce the number of TPE to less than six would be needed when planning ABOi

LDLT for HCC patients, ensuring similar immunologic risk.

Key words : ABO incompatible living donor liver transplantation, Hepatocellular carcinoma, Plasma

exchange, Oncologic outcome



. INTRODUCTION

Liver transplantation (LT) is an effective, and sometimes the only, treatment option for
unresectable hepatocellular carcinoma (HCC). However, owing to organ shortages, not all patients
can receive timely LT. Consequently, the demand for living donor liver transplantation (LDLT) for
HCC is increasing worldwide, and numerous studies have reported comparable oncological
outcomes between LDLT and deceased donor liver transplantation (DDLT). (Akamatsu et al.,
2014; Azoulay et al., 2017; Goldaracena & Barbas, 2019; Lai et al., 2021; Lee, 2015; Ninomiya et
al., 2015; Ogawa & Takada, 2016)

When an ABO incompatible (ABOi) living donor is the only available option, ABO
incompatible living donor liver transplantation (ABOi LDLT) with proper desensitization becomes
a viable choice. (Egawa et al., 2014; Gordon et al., 1986; Gugenheim et al., 1990; Kim et al., 2013;
C.-F. Lee et al., 2015; Lee et al., 2014; Matsuno et al., 2008; Tanabe et al., 2002) Despite the need
for pretransplant antibody treatment and an increased risk of posttransplant infections, ABOi
LDLT has been reported as a feasible treatment for patients with end-stage liver disease, offering
substantial survival benefits even for those with high Model for End-Stage Liver Disease
(MELD)scores. (Egawa et al., 2014; Kim et al., 2013; Lee et al., 2022; Yim et al., 2023)
Additionally, several Korean centers have reported that ABOi LDLT has a similar impact on HCC
outcomes compared to ABO compatible (ABOc) LDLT (ABOc LDLT). (Kang et al., 2019; Kim et
al., 2018; Kim et al., 2013; Kim et al., 2019; Yoon et al., 2018)

Despite these reports, ABOi LDLT necessitates more potent immunosuppression, including B-
cell depleting agents, therapeutic plasma exchange (TPE), and higher maintenance
immunosuppressants, which raises concerns about potentially adverse oncologic outcomes. (S. D.
Lee et al., 2015; Miyagi et al., 2012) Furthermore, ABOi LDLT requires additional pretransplant
TPE sessions as the titer of blood group antibodies increases. However, there are no published
studies examining the differences in HCC outcomes based on the degree of desensitization
required.

Therefore, this study aimed to analyze the effect of the number of pretransplant TPE sessions, a

critical component of pretransplant treatment, on HCC outcomes in ABOi LDLT.



1. METHODS
2.1. Study material

In this retrospective cohort study, we analyzed single center data from 466 patients who
underwent LDLT for HCC between January 2011, when ABOi LDLT was initiated at our
institution, and December 2022. The baseline characteristics and details of explant pathology were
retrieved from a prospectively collected institutional database. The exclusion criteria were as
follows: mixed cholangiocellular carcinoma on pathology (n=29), liver cancer other than HCC

(n=2), LDLT from a dual living donor (n=3), and missing data (h=4) (Figure 1).

Patients who underwent LDLT for HCC betwteen Jan. 2011 and Dec. 2022,
in Severance hospital (n= 466)

) Mixed with cholangiocellcular carcinoma (n=29)
Exclusion Other liver cancer (n=2)
Living dual donor (n=3)
Data missing (n=4)

[ Eligible LDLT patients (n=428) ]

l |

[ ABOG (n=323) | [ ABOI with TPE<6 (n=75) | [ ABOI with TPE>=6 (n=30) |

Figure 1. Study population
LDLT, living donor liver transplantation; HCC, hepatocellular carcinoma; ABOc, ABO
compatible; ABOi, ABO incompatible; TPE, therapeutic plasma exchange.



A total of 428 eligible patients were categorized according to ABO incompatibility and the
number of pretransplant TPE sessions: ABO compatible (ABOc group, n=323, 75.5%), ABO
incompatible with fewer than 5 TPE sessions (ABOIi/TPE <5 group, n=75, 17.5%), and ABO
incompatible with 6 or more TPE sessions (ABOIi/TPE =6 group, n=30, 7.5%). The cutoff for the

number of TPE sessions (6 times) was determined based on the spline curve for recurrence free
survival (RFS), where the hazard began to significantly increase (Figures 2).

Log-hazard of RFS
0

A 4

I I I | I I
0 2 4 6 8 10

Pretransplant TPE number

Figure 2. Cubic spline model for assessing proper pretransplant TPE number cutoff

RFS; recurrence free survival, TPE; plasma exchange.



2.2. Data collection and outcomes

All relevant information regarding recipients, donors, and LDLT surgery was retrieved from
the institutional database. The underlying liver diseases associated with HCC included hepatitis B,
hepatitis C, and non-B/non-C. Detailed information on explant pathology and tumor markers, such
as alpha-fetoprotein (AFP) and protein induced by vitamin K absence or antagonist-11 (PIVKA-II)
at the time of LDLT, was obtained. Additionally, data on pretransplant locoregional and systemic
treatments, as well as previous hepatectomies, were collected for patients with HCC. RFS and

HCC recurrence (time to recurrence) were the primary outcomes.

2.3. Pretransplant desensitization for ABO incompatibility

Our institutional protocol for desensitization in ABOi LDLT mainly consisted of rituximab and
TPE, as described previously. (Choi et al., 2024; J. Lee et al., 2015) A recently revised version of
this protocol is provided in Figure 3 and Figure 4 (Desensitization protocol for ABOi LDLT).

For the initial and target isoagglutinin (IA) titers, higher IgM or IgG anti-A/B titers were
employed. The number of preoperative TPE sessions was determined based on the initial IA titer,
the response to TPE, and the decrease in the ABO titer. Splenectomy and postoperative TPE were
performed in patients at high risk of rejection, specifically those with an IA titer greater than 1:64
at the time of LT. Additional rounds of TPE were conducted postoperatively in cases of clinical
rejection or IA titer rebound, defined as a resurgence to 1:64 and a minimum two-fold increase.
Following TPE, intravenous immunoglobulin (IVIG) was administered at a dose of 500—-800

mg/kg on an individualized basis, depending on ABO antibody levels and infection risk.



Trough level: 8-12 ng/mL

TAC

MMF

20 mg/da
PL _"'y ‘

Plasma Exchange Spleen preservation

1111111 No local injection
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d
| ,’ ; l (| ! | ! (a!y)
oA = Ep » 7T 14 21 28

Figure 3. The modified desensitization protocol at YUHS for ABOi LDLT, since 2012
YUHS, Yonsei University Health System; ABOi, ABO incompatible; LDLT, living donor liver
transplantation; TAC, tacrolimus; MMF, mycophenolate mofetil; PL, prednisolone; LT, liver

transplantation.



s 1 :64 If the titer >1:64 -> Add splenectomy & IVIG

Trough level: 6-10 ng/mL
TAC

MMF

10 mg/day
PL

Spleen preservation
Plasma Exchange No local injection

1 l l, l l, e (kL) In case of Ab>1:64
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Figure 4. The modified desensitization protocol at YUHS for ABOi LDLT, since 2019
YUHS, Yonsei University Health System; ABOi, ABO incompatible; LDLT, living donor liver
transplantation; IVIG, intravenous immunoglobulin; LT, liver transplantation; TAC, tacrolimus;

MMF, mycophenolate mofetil; PL, prednisolone; PGE-1, prostaglandin E1.



2.4. Statistical analysis

Depending on the type of variable, data were presented either as numbers (percentages) or as
medians (interquartile range [IQR]). The Mann-Whitney U test or chi-square test was used to
compare continuous and categorical variables, respectively, when appropriate. HCC outcomes
were analyzed using Kaplan-Meier curves and log-rank tests. Multivariable Cox regression was
performed to evaluate HCC outcomes in the entire population, including covariates with
significant P values <0.1 from the univariable analysis. In the risk analysis of HCC recurrence,
non-HCC death was considered a competing risk, utilizing the Fine and Gray method (Fine &
Gray, 1999) for competing risk regression. In the ABOi LDLT groups, the 5-year estimates of
HCC recurrence were compared based on the number of TPE sessions (<6 vs. =6) across various
subgroups categorized by tumor burden, which reflects the tumor size, tumor number, and AFP
and PIVKA-II levels (Duvoux et al., 2012; Lee et al., 2016; Mazzaferro et al., 2009; Mazzaferro et
al.), as well as ABO antibody strength, postoperative rebound of IA titer and TPE, and
splenectomy status. Subgroup analyses were conducted in a univariate manner due to the small
size of each group. All statistical analyses were performed using the R statistical package, version

4.3.0 for macOS (http://cran.r-project.org/), with the significance threshold set at P <0.05.

2.5. Statement of ethics

This study was performed in accordance with the Declaration of Helsinki and the Declaration of
Istanbul and was approved by the Institutional Review Board of Severance Hospital, Yonsei
University Health System (IRB number 4-2024-0977). The requirement of informed consent was

waived due to the retrospective nature of the study.



1. RESULTS

3.1. Baseline characteristics

No significant difference was noted in most baseline patient characteristics (Table 1). The
distribution of LT years was also not statistically significant (P = 0.069); however, a higher
proportion of transplants in the ABOi groups occurred between 2016 and 2019. Most patients had
hepatitis B as the underlying cause of HCC across all groups, with no statistical significance
(76.8% in ABOc, 69.3% in ABOi/TPE<6, and 86.7% in ABOI/TPE=6, P = 0.401). Notably, the
ABOiI/TPE=6 group required a significantly higher number of red blood cell transfusions (median
4.5 packs) than the ABOc and ABOi/TPE<6 groups (median 2 packs, P =0.014). No significant
differences were noted in the pretransplant AFP and PIVKA-II levels. Additionally, history of
hepatectomy, locoregional therapy (LRT), and systemic treatment were similar across the groups.

Most characteristics from explant pathology were similar across the groups, including the
incidence of portal vein tumor thrombosis (PVTT), total necrosis, number of viable tumors,
maximum tumor size, microvascular invasion, and poor differentiation. However, the presence of
satellite nodules was significantly higher in the ABOi/TPE=6 group (26.7%) than in the other
groups (10.8% in ABOc and 10.7% in the ABOi/TPE<6, P = 0.035).



Table 1. Baseline characteristics of patients, according to ABO incompatibility and

the number of pretransplant therapeutic plasma exchange

ABOc ABOIi/TPE<6 ABOI/TPE=6

(n=323) (n=75) (n=30)
Age, years 56.8+7.0 57.1+6.9 556+73 0.608
Sex, female 58 (18.0) 17 (22.7) 7(23.3) 0.539
BMI 23.8(22.3-26.1) 24.9(23.4-26.3) 24.0(21.9-259) 0.065
LT year 0.069

2011-2015 112 (34.7) 15 (20.0) 7(23.3)

2016-2019 104 (32.2) 33 (44.0) 14 (46.7)

2020-2022 107 (33.1) 27 (36.0) 9(30.0)

Underlying liver disease for HCC 0.401

Hepatitis B 248 (76.8) 52 (69.3) 26 (86.7)

Hepatitis C 23 (7.1) 8 (10.7) 1(3.3)

Non-B, Non-C 52 (16.1) 15 (20.0) 3 (10.0)
Hypertension 74 (22.9) 21 (28.0) 9(30.0) 0.490
Diabetes mellitus 97 (30.0) 27 (36.0) 12 (40.0) 0.367
Pretransplant MELD 10 (8-14) 10 (8-13) 11.5 (8-14) 0.674
Donor age, years 31 (24-40) 34 (26-40.5) 35 (25-41) 0.203
Donor sex, female 130 (40.2) 26 (34.7) 11 (36.7) 0.647
GRWR' < 0.8 27 (8.4) 5(6.7) 2(6.7) 0.856
Macrovesicular steatosis > 10% 46 (15.2) 9(12.3) 2 (6.9) 0.422
Cold ischemic time, min 126 (106-150) 126 (102-152.5)  128.5(96-180)  0.884
Transfusion RBC, packs 2 (0-6) 2 (0-7.5) 4.5 (2-9) 0.014
AFP at LT, ng/mL 6.6 (3.3-23.1) 6.4 (3.3-14.0) 43(22-272) 0545
PIVKA at LT, mAU/mL 38 (22-112) 38 (23.5-141) 47 (20-232) 0.666
Hepatectomy history 62 (19.2) 13 (17.3) 7 (23.3) 0.779
Pretransplant LRT 246 (76.2) 59 (78.7) 23 (76.7) 0.899
Systemic treatment 45 (13.9) 9 (12.0) 56.7) 0.812
Explant pathology

Total necrosis 57 (17.6) 13 (17.3) 4(13.3) 0.836

Viable tumor number 1(1-3) 2(1-3) 2(1-3) 0.485

Maximum tumor size, cm 1.7 (1.0-3.0) 1.8 (0.8-3.0) 2.4(1.3-3.7) 0.139



Microvascular invasion 76 (23.5) 20 (26.7) 9 (30.0) 0.656

Poor differentiation 107 (33.1) 22(29.3) 13 (43.3) 0.388
Satellite nodule 35(10.8) 8 (10.7) 8 (26.7) 0.035
PVTT 5(1.5) 2(2.7) 1(3.3) 0.673

Results presented as number (percentage) or median (interquartile range) values.

T Graft weight was directly measured during operation.

Abbreviations: ABOc, ABO compatible; ABOi, ABO incompatible; AFP, alpha-feto protein; BMI, body mass
index; GRWR, graft recipient weight ratio; HCC, hepatocellular carcinoma; LRT, locoregional treatment; LT,
liver transplantation; MELD, model for end-stage liver disease; PIVKA, protein induced by vitamin K

antagonist-I1I; PVTT, portal vein tumor thrombosis; TPE, therapeutic plasma exchange.

3.2. Detailed information on recipient of ABOi LDLT

Almost all patients who underwent ABOi LDLT received rituximab and at least one cycle of
TPE for desensitization. Table 2 presents details regarding ABO incompatibility and
desensitization protocols for patients in the ABOi group, categorized by the number of
pretransplant TPE sessions. A significantly higher proportion of A to O transplants was observed in
the ABOi/TPE=6 group (56.7%) than in the ABOi/TPE<6 group (17.3%, P <0.001). The median
IA titer was significantly higher in the ABOi/TPE=6 group than in the ABOi/TPE<6 group at
initial assessment (1:64 vs. 1:512, P <0.001), at the time of LT (1:8 vs. 1:32, P <0.001), and after
LT (1:16 vs. 1:32, P <0.001).

Additionally, a significantly higher proportion of patients in the ABOi/TPE=6 group underwent
splenectomy (5.3% vs. 23.3%, P = 0.018), pretransplant IVIG (10.7% vs. 53.3%, P <0.001),
posttransplant IVIG (8.0% vs. 30.0%, P = 0.009), and posttransplant TPE (18.7% vs. 36.7%, P =
0.049).

10



Table 2. Details for ABO incompatibility and desensitization of ABO incompatible

group patients, according to therapeutic plasma exchange number

ABOI/TPE<6 ABOi/TPE=6 P
(n=75) (n=30)
ABO type <0.001
A 36 (48.0) 2(6.7)
B 16 (21.3) 1(3.3)
o 23(30.7) 27 (90.0)
Donor ABO type 0.008
A 23(30.7) 17 (56.7)
AB 25(33.3) 2(6.7)
B 27 (36.0) 11 (36.7)
Ato O 13 (17.3) 17 (56.7) <0.001
IA titer at initial * 1:64 (1:2-1:512) 1:512 (1:16-1:4096) <0.001
1A titer at LT® 1:8 (1:1-1:256) 1:32 (1:1-1:128) <0.001
Pretransplant TPE number 3(2-4) 6.5 (6-7) <0.001
Pretransplant IVIG 8 (10.7) 16 (53.3) <0.001
Rituximab 73(97.3) 30 (100.0) 0.910
Rituximab conventional dose © 54 (72.0) 26 (86.7) 0.078
Pretransplant duration of MMF 7 (4-8) 7 (0-8) 0.645
Pretransplant MMF total dose, mg 3500 (250-4000)¢ 3500 (750-7500)° 0.284
Splenectomy 4(5.3) 7(23.3) 0.018
Posttransplant IA titer rebound f 19 (25.3) 8 (26.7) 0.986
Posttransplant maximum IA titer & 1:16 (1:1-1:1024) 1:32 (1:2-1:2048) 0.001
Posttransplant TPE " 14 (18.7) 11 (36.7) 0.049
Posttransplant IVIG 6 (8.0) 9 (30.0) 0.009

Results presented as number (percentage) or median (range) values.

* The number of min/max range patients was n=1 (Titer 1:2), n=2 (Titer 1:512), n=6 (Titer 1:16), and n=3 (Titer 1:4096)

® The number of min/max range patients was n=7 (Titer 1:1), n=1 (Titer 1:256), n=6 (Titer 1:1), and n=2 (Titer 1:128)

© 375425 mg per body surface area(m?).

4 The number of min/max range patients was n=1 (250mg), and n=1 (5000mg). Interquartile range was 3500-4000mg

¢ The number of min/max range patients was n=1 (750mg), and n=2 (7500mg). Interquartile range was 2000-4000mg

f Defined as IA titer increased to more than 1:64 after transplantation.

£ The number of min/max range patients was n=4 (Titer 1:1), n=1 (Titer 1:1024), n=8 (Titer 1:2), and n=1 (Titer 1:2048)

b Posttransplant TPE number ranges 0-10 in ABOi/TPE<6 group, and 0-15 in ABOi/TPE>6 group.

Abbreviations: ABOi, ABO incompatible; 1A, isoagglutinin; IVIG, intravenous immunoglobulin; LT, liver transplantation;

MMEF, mycophenolate mofetil; TPE, therapeutic plasma exchange;

11



3.3. HCC outcomes

As shown in the Kaplan-Meier curves in Figure 1, a significant difference was observed in RFS

between the ABOc group and the ABOi/TPE=6 group (5-year survival: 75.7% in the ABOc group

vs. 50.0% in the ABOi/TPE=6 group, P=0.005). Additionally, the HCC recurrence rates also

differed significantly (5-year survival: 16.4% v

Recurrence-free survival

s.39.4%, P=0.014).
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Figure 5. Kaplan-Meier curve of RFS and HCC recurrence according to ABO

incompatibility and plasma exchange numbers.

REFS, recurrence free survival; HCC, hepatocellular carcinoma; ABOc, ABO compatible; ABOI,

ABO incompatible; TPE, therapeutic plasma exchange; LT, liver transplantation.
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To further evaluate the impact of TPE on oncologic outcomes, we categorized the ABO
incompatibility group into subgroups based on the number of TPE sessions: <3 sessions (5-year
RFS: 76.2%, 5-year HCC recurrence: 17.4%), 4-5 sessions (5-year RFS: 68.5%, 5-year HCC
recurrence: 16.5%), and =6 sessions (5-year RFS: 50.0%, 5-year HCC recurrence: 39.4%).
Although these results were not statistically significant, a trend related to the number of TPE
sessions was observed (P = 0.056 for RFS and P =0.051 for HCC recurrence, Figure 6).

In the multivariable Cox analyses (Table 3), the ABOi/TPE=6 group was significantly
associated with RFS (hazard ratio [HR] = 1.99, 95% confidence interval [CI]: 1.02-3.86, P =
0.042) and HCC recurrence (HR = 2.42, 95% CI: 1.05-5.57, P=0.037).

Recurrence-free survival HCC recurrence
1001 u — ABOITPE<=3
L 06 - ABOI/TPE4-5
y : — ABOITPE>=6
2 0.75 e e e e T -
= - [ £
a L [
[ | S— 3
S ~ ° 04{ p=0051 ot e e e
a 0807 00000 T e ot e i s
- ©
[ ]
.E . E
= ABOI/TPE<=3 =
3 o [3) 0.2
%) 0.25 = 0,056 =+ ABOI/TPE4-5
Bz — ABOI/TPE>=6
0.00 0.0
0 1 2 3 4 5 0 1 2 3 4 5
Year from LT Year from LT
Number at risk Number at risk
OITPE<=3 41 31 27 23 16 12 ABOITPE<=3 41 31 27 23 16 12
ABOITPE4-5 34 25 21 20 18 14 ABOITPE4-5 34 25 21 20 18 14
ABOITPE>=6 30 19 14 12 10 8 ABOITPE>=6 30 19 14 12 10 8

Figure 6. Kaplan-Meier curve of RFS and HCC recurrence in ABOi subgroup,
according to plasma exchange numbers.

REFS, recurrence free survival; HCC, hepatocellular carcinoma; ABOi, ABO incompatible; TPE,

therapeutic plasma exchange; LT, liver transplantation.
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Table 3. Multivariable Cox analysis for recurrence free survival and hepatocellular

carcinoma recurrence

Recurrence free

HCC recurrence’

Variables survival p
HR (95% CI) HR 03% €D

ABOI group

ABOc Reference Reference

ABOI/TPE<6 1.08 (0.63-1.85) 0.777 0.97 (0.46-2.01) 0.928

ABOI/TPE>6 1.99 (1.02-3.86) 0.042 2.42 (1.05-5.57) 0.037
Age, years - - 0.96 (0.92-1.00) 0.048
BMI 0.95 (0.89-1.01) 0.102 - -
Pretransplant MELD 1.06 (1.03-1.09) <0.001 - -
Cold ischemic time, min 1.00 (1.00-1.01) 0.622 - -
Transfusion RBC, pack 1.02 (1.01-1.04) 0.002 - -
Log AFPatLT 1.11 (0.98-1.25) 0.093 1.09 (0.94-1.25) 0.260
Log PIVKA at LT 1.03 (0.90-1.18) 0.659 1.14 (0.98-1.34) 0.091
Pretransplant LRT, yes 2.91 (1.45-5.84) 0.003 7.00 (2.02-24.26) 0.002
Systemic treatment, yes 2.20 (1.37-3.53) 0.001 2.10 (1.16-3.82) 0.015
Viable tumor number 1.02 (1.01-1.04) 0.007 1.04 (1.01-1.07) 0.004
Maximum tumor size, cm 0.90 (0.82-0.98) 0.019 0.92 (0.82-1.03) 0.150
Microvascular invasion,

1.77 (0.97-3.22) 0.062 2.07 (1.01-4.24) 0.046

yes
Poor differentiation, yes 1.30 (0.82-2.05) 0.268 1.69 (0.95-3.02) 0.076
Satellite nodule, yes 1.67 (0.90-3.10) 0.101 1.83 (0.92-3.63) 0.085
PVTT, yes 2.83(0.98-8.16) 0.054 2.49 (0.57-10.86) 0.226

Variables which result p<0.1 in univarible Cox analysis were included and represented at multivariable Cox
analysis. Full univariate and multivariate results are represented at Appendix Table 1 and Appendix Table 2.

T Multivariable analysis for HCC recurrence was performed treating non-HCC death as competing risk.
Abbreviations: ABOc, ABO compatible; ABOi, ABO incompatible; AFP, alpha-feto protein; BMI, body mass
index; CI, confidence interval; HCC, hepatocellular carcinoma; HR, hazard ratio; LRT, locoregional treatment;
MELD, model for end-stage liver disease; PIVKA, protein induced by vitamin K antagonist-1I; PVTT, portal

vein tumor thrombosis; TPE, therapeutic plasma exchange.
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3.4. Subgroup analysis for HCC recurrence

In the subgroup analysis (Table 4), the 5-year HCC recurrence rates were higher across all
subgroups in the ABOi/TPE=6 group. Although this trend is numerically apparent, the small
sample size limits the ability to confirm statistical significance. Interestingly, among patients with
a tumor marker-based MoRAL score =100, the recurrence rate was significantly higher in the
ABOI/TPE=6 group (56.7%) than in the ABOi/TPE<6 group with a MoRAL score =100 (16.1%,
P=0.017). However, patients with a MoRAL score <100 exhibited similar 5-year HCC recurrence
rates between the two groups (17.6% vs. 20.5%, P =0.75). Figure 7 illustrates HCC recurrence
based on the number of TPE sessions and the MoRAL score. As observed, a marked difference
was evident between the ABOi/TPE=6 group with a high MoRAL score and the other groups (P =
0.0042).

Regarding the tumor burden criteria, the ABOi/TPE<6 group of patients within the Milan
criteria exhibited a significantly lower 5-year HCC recurrence rate (9.9%) than the ABOi/TPE=6
group (35.2%, P =0.025). Additionally, the S-year HCC recurrence rate was significantly lower in
the ABOi/TPE<6 group of patients within the Up-to-7 criteria (16.1%) than in the ABOi/TPE=6
group (35.5%, P=0.033).

In the subgroup analysis based on immunological classification, patients with an initial TA titer
=< 1:128 demonstrated a significantly higher recurrence rate in the ABOi/TPE=6 group (50.0%)
than in the ABOi/TPE<6 group (17.9%, P = 0.035). However, patients with an IA titer =1:32 at
LT had a significantly higher recurrence rate in the ABOi/TPE=6 group (43.5%) than in the
ABOI/TPE<6 group (0.0%, P =0.026).
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Table 4. Subgroup analysis of S-year hepatocellular carcinoma recurrence according

to therapeutic plasma exchange numbers in ABO incompatible group

Patient number 5 year HCC recurrence
Subgroups ABOVTPE<6  ABOVTPE=6  ABOVTPE<6  ABOV/TPE=6 P
(n=75) (n=30) (n=75) (n=30)

Milan criteria

Within 44 15 9.9% 35.2% 0.025

Above 31 15 27.2% 43.8% 0.267
Up-to-7

Within 65 22 16.1% 35.5% 0.033

Above 10 8 27.1% 47.5% 0.569
French risk score

<2 56 20 14.8% 31.8% 0.082

>2 19 10 21.3% 55.0% 0.117
MoRAL score

<100 49 16 17.6% 20.5% 0.750

>100 26 14 16.1% 56.7% 0.017
IA titer at initial

<1:128 65 6 17.9% 50.0% 0.035

>1:256 10 24 0.0% 64.1% 0.177
IA titer at LT

<1:16 61 11 19.4% 31.8% 0.287

>1:32 14 19 0.0% 43.5% 0.026
IA titer rebound

No 56 22 12.9% 28.6% 0.073

Yes 19 8 28.9% 66.7% 0.103
Post LT TPE

No 61 19 12.1% 24.0% 0.203

Yes 14 11 37.3% 59.1% 0.246
Splenectomy

No 71 23 17.9% 36.9% 0.075

Yes 4 7 0.0% 46.4% 0.137

Abbreviations: ABOi, ABO incompatible; HCC, hepatocellular carcinoma; 1A, isoagglutinin; LT, liver
transplantation; MoRAL, Model of Recurrence After Liver Transplant; TPE, therapeutic plasma exchange.
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Figure 7 - HCC recurrence in ABQOi subgroup, according to plasma exchange
numbers and MORAL score.
HCC, hepatocellular carcinoma; TPE, therapeutic plasma exchange; MORAL, Model Of

Recurrence After Liver transplant; LT, liver transplantation.
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IV. DISCUSSION

The study evaluated the impact of pretransplant TPE sessions on HCC recurrence in patients
undergoing ABOi LDLT and to determine if limiting TPE sessions to fewer than six can enhance
oncologic outcomes. We found that in the ABOi LDLT group, patients who underwent more than
six pretransplant TPE sessions exhibited significantly worse HCC RFS and recurrence outcomes ,
with a similar trend observed in the subgroup analysis. Interestingly, the MoRAL score, which
includes biomarkers, revealed that poorer oncologic outcomes were particularly pronounced in the
high MoRAL score group. This suggests that in patients requiring a greater number of TPE
sessions, biomarkers, in addition to tumor size, may play a crucial role in influencing HCC
outcomes. The strengths of our study include a well-organized dataset and a standardized
desensitization protocol within the context of ABOi LDLT.

Globally, there has been a growing demand for LT as a definitive treatment for HCC,
particularly for LDLT and ABOi LDLT due to organ shortages. (Matsuno et al., 2008; Rela &
Rammohan, 2021) In many countries outside East Asia, there is greater availability of deceased
donors (DD), resulting in a predominant reliance on DDLT. (Hibi et al., 2020; Lee et al., 2012;
Rela & Rammohan, 2021) Consequently, these regions have limited cases and data regarding
ABOi LDLT and the frequent use of TPE. In contrast, due to extreme shortages of deceased donors
in Korea, LDLT is commonly performed for HCC. (Choi, 2022; Hibi et al., 2020) Paradoxically,
this societal impact of deceased donor shortages has contributed to the accumulation of extensive
data on ABOi LDLT, particularly in cases with high ABO antibody titers and a greater number of
TPE sessions.

TPE is an intervention that involves the extracorporeal removal, return, or exchange of blood
plasma or its components. (Kaplan, 2008; Schwartz et al., 2016) The fundamental mechanism of
this procedure is accomplished through centrifugation or filtration using semipermeable
membranes. (Gerhardt et al., 1992; Siami & Siami, 2001) In ABOi LDLT, the primary purpose of
TPE is to remove IA. However, because this procedure is not selective, other immune-related
factors in the blood are also removed, which presents a theoretical concern. Consequently, TPE is
typically used as a primary or adjunctive treatment for conditions such as neurological diseases—
including multiple sclerosis, amyotrophic lateral sclerosis, and myasthenia gravis—as well as
autoimmune diseases like systemic lupus erythematosus and Kawasaki disease. Recent studies in

this field have indicated that TPE promotes the differentiation and function of regulatory T cells.
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(Barath et al., 2007; Fiorini et al., 1982; Jamshidian & Gharagozloo, 2012; Koizumi et al., 2019;
Mehdipour et al., 2021; Thonhoff et al., 2016; Zhang et al., 2014)

Upon reviewing prior studies, it was noted that desensitization through pretransplant TPE or
induction therapy in immunologically high-risk groups is associated with an increased cancer risk
in certain malignancies (Table 5). (S. D. Lee et al., 2015; Miyagi et al., 2012; Motter et al., 2023;
Yang et al., 2016) Although specific studies on ABOi LDLT are lacking, and the existing literature
did not establish consistent protocols for TPE in kidney transplantation, direct comparisons with
our study are challenging. Nevertheless, these findings underscore the relevance of desensitization

and induction therapy concerning cancer risk, which was considered in our research.

Table S. Previous studies regarding pretransplant desensitization and cancer risk.

Study Yang, C.Y., et al. Motter, J.D., et al. {
Country Taiwan USA
Study period 2007-2013 1997-2016
Transplantation Kidney Kidney

ABOi LDKT (n=858) vs. ABOc
Compared groups DSA+ (n=22) vs. DSA — (n=152)

LDKT (n=12239)

TPE number At least 4 cycles in DSA+ group Not provided
Cancer type Urothelial, endometrial, colon,

. Colorectal cancer
and thyroid cancer

Cancer incidence DSA+ 19.6% vs. DSA- 8.5% for ABOI 0.6% vs. ABOc 0.3%
5 year (HR =7.81, p=0.028) (HR=3.27, p=0.002)

Hypothesis for higher cancer incidence ~ Desensitization therapy for DSA+ o )
Desensitization therapy might
including TPE might increase )
increase cancer
cancer

T Yang, C.Y., et al., Renal transplantation across the donor-specific antibody barrier: Graft outcome and
cancer risk after desensitization therapy. ] Formos Med Assoc, 2016. 115(6): p. 426-33.

I Motter, I.D., et al., Cancer Risk Following HLA-Incompatible Living Donor Kidney Transplantation.
Transplant Direct, 2023. 9(8): p. e1505.

Abbreviations: ABOc, ABO compatible; ABOi, ABO incompatible; DSA, donor specific antibody; TPE,
therapeutic plasma exchange; HR, hazard ratio; LDKT, living donor kidney transplantation; TPE, therapeutic

plasma exchange.

19



Recent trends suggest that ABOi LDLT outcomes, including HCC cancer outcome and
oncologic survival benefits, are comparable to those of ABO compatible (ABOc) LT. (Kim et al.,
2018; Kim et al., 2019; Yoon et al., 2018) However, these studies did not account for the
cumulative and long-term effects of TPE, which prompted the initiation of our research.

In our study, the data indicated that ABOi patients requiring six or more pretransplant TPE
sessions exhibited significantly poorer RFS and higher rates of HCC recurrence than ABOc
patients. Additionally, our subgroup analysis shows that a higher number of pretransplant TPE
sessions (=6) was associated with a statistically significant increase in the 5-year HCC recurrence
rate across several subgroups, including those within the Milan and Up-to-7 criteria, those with a
high MoRAL score, and those with lower initial IA titers and higher IA titers at the time of LT.

Notably, within the size-based criteria, the ABOi/TPE=6 group exhibited a significantly higher
recurrence rate. In contrast, regarding the tumor marker-based MoRAL score, a higher recurrence
rate was observed in the ABOi/TPE=6 group only among patients with a score above 100. This
suggests that among patients with a lower size-based tumor burden and a higher biologic-based
tumor burden, those requiring more TPE sessions tended to experience poorer oncologic
outcomes. Furthermore, this implies that the number of TPE sessions may be a more critical factor
than the IA titer in influencing these outcomes.

Unlike previous studies, we focused on the immunomodulatory effects of T-regulatory (T-reg)
cells induced by TPE and their association with HCC recurrence. As discussed earlier, while it is
well established that T-reg cells are effective in treating autoimmune and neurological disorders,
there are theoretical concerns that this process may reduce patient resistance to cancer. (Miyara &
Sakaguchi, 2007) The literature indicates that the activation of T-reg cells can increase the risk of
cancers such as HCC, with CD4+CD25+FoxP3+ T cells playing a significant role in this risk.
(Kalathil et al., 2013; Sakaguchi et al., 2008; Sun et al., 2014) Although the exact cytokines and
mechanisms through which these cells interact with others remain unclear, their differentiation in
the tumor microenvironment (TME) has been observed, (Adeegbe & Nishikawa, 2013; Fridman et
al., 2012; Ohue & Nishikawa, 2019) suggesting a potential increase in poor long-term cancer

outcomes in various malignancies, including HCC. This information is illustrated in Figure 8.
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< Immune suppressive tumor

microenvironment
++ Increase in T-reg cell expression ++ Poor prognosis in HCC, metastatic
especially in CD4+ with CD25hiah, melanoma, gastrointestinal/ovarian/
FoxP3+ (Effector T-reg cell) breast/lung/pancreas cancer, renal
< Normalize CD4/CD8 ratio cell carcinoma

1 1

Therapeutic T-reg cell Immuno- Tumor
plasma exchange activation supression progression

++ Primary used for removing ++ Consumption of IL-2
isoagglutinin in ABO incompatible ++ Production of immunosuppressive cytokines,
living donor liver transplantation «+ Cytotoxic T-lymphocyte antigen-4-mediated suppression of

antigen presenting cell function
++ Production of immune suppressive metabolites

Figure 8. Therapeutic plasma exchange and tumor progression flowchart

This diagram outlines the impact of TPE on T-reg cell activation and its subsequent effects on
immunosuppression and tumor progression. TPE is primarily employed to remove isoagglutinin in
ABO incompatible living donor liver transplantation, which increases T-reg cell expression,
particularly effector T-reg cell. This immune modulation contributes to IL-2 consumption and
enhances the production of immunosuppressive cytokines, resulting in a more immunosuppressive
tumor microenvironment and poorer prognostic outcomes in HCC.

T-reg, T-regulatory; FoxP3, forkhead box P3; IL, interleukin; HCC, hepatocellular carcinoma.
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In summary, our hypothesis suggests that plasmapheresis induces the activation of T-reg cells,
particularly CD4+ with CD25high, FoxP3+ effector T-reg cells, leading to an immunosuppressive
effect within the tumor microenvironment that may facilitate tumor progression in various
malignancies, including HCC. While some aspects of this pathway remain unexplained in the
current foundational research, further studies are warranted to elucidate these mechanisms.
Notably, the cumulative effect of TPE in the context of ABOi LT has not been extensively studied,
underscoring the significance of our research.

This study has some limitations, including its retrospective and non-randomized design, the low
number of ABOi/TPE=6 patients from a single center (n=30), and the lack of fully established
theoretical hypotheses or evidence to support our claims However, despite these limitations, our
study is significant, as it is the first to investigate the relationship between HCC outcomes and the
number of preoperative TPE sessions. In the future, we aim to address these limitations by

increasing the sample size and establishing a more robust theoretical framework.

V. CONCLUSIONS

This study demonstrated that the administration of more than six pretransplant TPE sessions in
patients with HCC undergoing ABOi LDLT was associated with poorer oncologic outcomes.
Based on our clinical findings and the theoretical association between TPE and HCC oncologic
outcomes, we propose that limiting the number of TPE sessions to fewer than six may improve
cancer outcomes in patients with HCC receiving ABOi LDLT. A strategy to reduce the number of
TPE sessions to fewer than five should be implemented when planning ABOi LDLT for HCC

patients, while ensuring similar immunologic risk.
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APPENDICES

Appendix Table 1. Univariate and multivariate analysis of risk factors for recurrence
free survival, according to ABOc/ABOi and TPE numbers.

e g e
ABOi group ABOc Reference Reference

ABOI/TPE<6 1.13 (0.68-1.90) 0.633 1.08 (0.63-1.85) 0.777

ABOI/TPE>6 5] (1.42-4.46) 0.002 1.9 (1.02-3.86) 0.042
Age Years 0.99 (0.96-1.01) 0.331 -
Sex Female 0.81 (0.48-1.36) 0.427 -
BMI 0.93 (0.88-1.00) 0.037  0.95(0.89-1.01) 0.102
LT year 2011-2015 Reference Reference

2016-2019 1.25 (0.78-2.00) 0.363

2020-2022 1.53 (0.93-2.54) 0.095
Underlying for HCC ~ Hepatitis B Reference

Hepatitis C 0.84 (0.39-1.82) 0.659 -

Non-B, Non-C 0.54 (0.28-1.04) 0.067 -
Hypertension Yes 0.88 (0.55-1.41) 0.587 -
Diabetes mellitus Yes 0.94 (0.61-1.42) 0.756 -
Pretransplant MELD 1.07 (1.04-1.10)  <0.001  1.06 (1.03-1.09) <0.001
Donor age Years 1.00 (0.99-1.02) 0.650 -
Donor sex Female 0.83 (0.56-1.25) 0.374 -
GRWR' <0.8 1.59 (0.85-2.98) 0.145 -
Macrovesicular = 10% 0.58 (0.29-1.16)  0.122 -
Cold ischemic time Minutes 1.00 (1.00-1.01) 0.019  1.00 (1.00-1.01) 0.622
Transfusion RBC Packs 1.03 (1.02-1.04) <0.001 1.02 (1.01-1.04) 0.002
Log AFP at LT 124 (1.12-1.38)  <0.001 1.1 (0.98-1.25) 0.093
Log PIVKA at LT 1.35(1.22-1.49)  <0.001  1.03 (0.90-1.18) 0.659
Hepatectomy history Yes 1.37 (0.87-2.14) 0.173 -
Pretransplant LRT Yes 2.96 (1.58-5.54) 0.001  2.91(1.45-5.84) 0.003
Systemic treatment Yes 3.66 (2.40-5.59) <0.001 2.20 (1.37-3.53) 0.001
Total necrosis Yes 1.26 (0.78-2.03) 0.352 -
Viable tumor number 1.04 (1.02-1.05)  <0.001  1.02 (1.01-1.04) 0.007
ls\fzae’“m“m fumor om 1.10 (1.05-1.17)  <0.001  0.90 (0.82-0.98) 0.019
mzrs?gﬁsc‘ﬂar Yes 2.64 (1.79-3.90)  <0.001 1.7 (0.97-3.22) 0.062
Poor differentiation Yes 2.25(1.53-3.31)  <0.001 130 (0.82-2.05) 0.268
Satellite nodule Yes 3.62(2.34-5.60)  <0.001  1.67 (0.90-3.10) 0.101
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PVTT Yes 6.14 (2.67-14.12) <0.001 2.83 (0.98-8.16) 0.054
T Graft weight was directly measured during operation.

ABOc, ABO compatible; ABOi, ABO incompatible; TPE, therapeutic plasma exchange; HR, hazard ratio; CI,
confidence interval; BMI, body mass index; LT, liver transplantation; HCC, hepatocellular carcinoma; MELD,
model for end-stage liver disease; GRWR, graft recipient weight ratio; AFP, alpha-feto protein; PIVKA, protein
induced by vitamin K antagonist-II; LRT, locoregional treatment; PVTT, portal vein tumor thrombosis.

29



Appendix Table 2. Univariate and multivariate analysis of risk factors for HCC
recurrence, according to ABOc/ABOi and TPE numbers.

e p e
ABOi group ABOc Reference Reference
ABOI/TPE<6 0.90 (0.44-1.84) 0.770 0.97 (0.46-2.01) 0.928
ABOI/TPE=6 2.67 (1.31-5.46) 0.007 2.42 (1.05-5.57) 0.037
Age Years 0.95 (0.92-0.98) 0.004 0.96 (0.92-1.00) 0.048
Sex Female 0.58 (0.28-1.23) 0.155 -
BMI 0.95 (0.88-1.03) 0.208 -
LT year 2011-2015 Reference Reference
2016-2019 1.01 (0.57-1.78) 0.972 -
2020-2022 0.99 (0.52-1.89) 0.972 -
Underlying for HCC ~ Hepatitis B Reference
Hepatitis C 0.56 (0.17-1.78) 0.326 -
Non-B, Non-C 0.42 (0.17-1.06) 0.066 -
Hypertension Yes 0.61 (0.31-1.20) 0.153 -
Diabetes mellitus Yes 0.62 (0.34-1.12) 0.116 -
Pretransplant MELD 0.96 (0.90-1.02) 0.157 -
Donor age Years 0.98 (0.96-1.01) 0.196 -
Donor sex Female 0.84 (0.50-1.40) 0.507 -
GRWR' <038 1.17 (0.47-2.92) 0.736 -
Mactovesicular = 10% 0.52(021-129)  0.156 .
Cold ischemic time Minutes 1.00 (1.00-1.01) 0.390 -
Transfusion RBC Packs 1.02 (1.00-1.04) 0.039 -
Log AFP atLT 1.38 (1.22-1.57) <0.001 1.09 (0.94-1.25) 0.260
Log PIVKA atLT 1.43 (1.26-1.61) <0.001 1.14 (0.98-1.34) 0.091
Hepatectomy history Yes 1.57 (0.90-2.73) 0.113 -
Pretransplant LRT Yes 5.44 (1.98-14.98) 0.001 7.00 (2.02-24.26) 0.002
Systemic treatment Yes 3.99 (2.33-6.84) <0.001 2.10 (1.16-3.82) 0.015
Total necrosis Yes 0.71 (0.34-1.49) 0.362 -
Viable tumor number 1.05 (1.03-1.07) <0.001 1.04 (1.01-1.07) 0.004
Maximum tumor size 1.14 (1.06-1.22) <0.001 0.92 (0.82-1.03) 0.150
?ﬁ‘;ﬁgﬁ““lar Yes 4.85(2.96-7.95)  <0.001  2.07(1.01-4.24) 0.046
Poor differentiation Yes 3.39 (2.06-5.58) <0.001 1.69 (0.95-3.02) 0.076
Satellite nodule Yes 6.55(3.94-10.91) <0.001 1.83 (0.92-3.63) 0.085
PVTT Yes 6.31 (1.96-20.31) 0.002 2.49 (0.57-10.86) 0.226

T Graft weight was directly measured during operation.

HCC, hepatocellular carcinoma; ABOc, ABO compatible; ABOi, ABO incompatible; TPE, therapeutic plasma
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exchange; HR, hazard ratio; CI, confidence interval; BMI, body mass index; LT, liver transplantation; MELD,
model for end-stage liver disease; GRWR, graft recipient weight ratio; AFP, alpha-feto protein; PIVKA, protein
induced by vitamin K antagonist-II; LRT, locoregional treatment; PVTT, portal vein tumor thrombosis.
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Abstract (In Korean)

ABO 8938 BAI A 7)|Z=2 7oA o]a A 63 o]Ate]
X853 €% ¥ FAXEY AL F7t 7Y AFA

w7

ojd ATE oA HAEL(HCC) Akl ABO FA 3 AA7|SA 7ho] At
ABO A3 A ol o] Fofstd Aart fAbetrtal Baslsyn -8 ABO
FAS AAZISA ZoldelM AmAH dFdwee] Sk AESte] Ay 1he
wAE A8kt s uTh

iy

!

2 ATeE 9d 7Y 387 AR, NELE 7H 4287 AT
o2l FEAtE ABO AFA ool o] A Aldst X 5A dFugkze] Sl
wek Al IFoE ERIAEUTE AR5ZA dFudte 35 UEe FAE
AZ717ke| th3t Cubic—Spline R4S 7|Hlo g 63] oo w HAAHgon, 15
1. ABO #&< (ABOc, n=323), 2. ABO 4%+ & A=52%4 ddwsts 63 v|ut
Alg) (ABOI/TPE<6, n=75), 3. ABO #AT & A=% dFusE 63 o] Ay
(ABOI/TPE=6, n=30)°2% Uy AUtk FAT A&7t HAEZS AdES
A EQE Aol Y-S v A= oE A8 Q1S e F vlusdsyt

A3

Al 25 e AT EASE 54, TSFEAA W geld SAoA AR
A4S HYHUrh ABOI/TPE<6 189 %7] BESAAL(A) 97F= 1:64 (A9:
A4-1:512) ¢low, ABOi/TPE=6 :La—H—E 1:512 (H9: 1:128-1:4096)
A5yt 53 FA AE7)7He ABOI/TPE=6 I8l F93tA wgkom (ABOc
75.7% vs. ABOiI/TPE<6 72.7% vs. ABOi/TPE=6 50.0%, P=0.005), ZFA|Zet
AES ABOI/TPE=6 &4 fFostA %5yt (16.4% vs. 17.0% vs.
39.4%, P=0.014). b= Cox 3|# +4elx ABOI/TPE=62 A AJE7|7E
(aHR 1.99 CI 95% 1.02—-3.86, P=0.042) @ zFA ¥ A (aHR 2.42 CI 95%
1.05-5.57, P=0.037) ol gt 5521 ¢ Ax=E YepstEy T

E
=

KX
=

2L
LA SApel AN AAZSA hold] fa A R4 dFdudss 63 oY
AlRskE 2l ABO F-A9 AAZISA 1ol & TAEY A fde =Y F
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