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Abstract
BACKGROUND
[bookmark: _Hlk44927626][bookmark: _Hlk44846323][bookmark: _Hlk44851001]Recurrent hepatitis C virus (HCV) infection of transplanted liver allografts is universal in patients with detectable HCV viremia at the time of transplantation. Direct-acting antiviral (DAA) therapy has been adopted as the standard of care for recurrent HCV infection in the post-transplant setting. However, there are insufficient data regarding its efficacy in liver transplant (LT) recipients with a history of hepatocellular carcinoma (HCC), and the risk of HCC recurrence after DAA therapy is unknown.

AIM
To demonstrate predictors of DAA treatment failure and HCC recurrence in LT recipients.

METHODS
A total of 106 LT recipients given DAAs for recurrent HCV infection from 2015 to 2019 were identified (68 with and 38 without HCC). Descriptive statistics and logistic regression models were used to estimate the multivariate odds ratios and respective 95% confidence intervals for predictors of treatment failure and HCC recurrence.

RESULTS
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Six patients (6%) experienced DAA therapy failure post-LT and 100 (94%) had a sustained virologic response at follow-up week 12. A high alanine transaminase level > 35 U/L at treatment week 4 was a significant predictor of treatment failure. Relapse to pre-LT DAA therapy is a predictor of post-LT HCC recurrence, P = 0.04. DAA relapse post-LT was also associated with post-transplantation HCC recurrence, P = 0.05.

CONCLUSION
DAAs are effective and safe in the treatment of recurrent HCV infection in LT recipients with history of HCC. Relapse to pre- and post-LT DAA therapy is associated with post-transplantation HCC recurrence.
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[bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK32]Core tip: Our study is the first to find an association between direct-acting antiviral relapse and hepatocellular carcinoma (HCC) recurrence in patients with past history of HCC pre-transplant. Also, our study is the first to highlight high sustained virologic response in patients with past history of HCC after liver transplantation which is similar to patients without past history of HCC as we removed the tumor-harboring liver.


INTRODUCTION
Hepatitis C virus (HCV) infection is the leading indication for liver transplantation[1]. Recurrent HCV infection of transplanted liver allografts is universal in patients with detectable HCV viremia at the time of transplantation[2]. Evidence of recurrent HCV infection of an allograft occurs as early as 4 wk after transplantation, with development of hepatitis within 6-12 mo in 70%-90% of HCV-infected liver transplant (LT) recipients[3,4]. Furthermore, allograft cirrhosis with a poor outcome occurs within 5 years after transplantation in 20%-30% of these patients[5].
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Direct-acting antiviral (DAA) therapy has been adopted as the standard of care for recurrent HCV infection after transplantation[6]. Patients with sustained virologic responses to antiviral therapy may experience fibrosis regression and reduced mortality rates[7,8]. In pre-transplant studies, there are conflicting data regarding the impact of DAA treatment on de-novo or recurrent hepatocellular carcinoma (HCC) in HCV-infected patients[9-12].
Researchers have investigated the safety and efficacy of DAA treatment in LT recipients[13-15]. However, the efficacy in LT recipients with a history of HCC has not been investigated. Moreover, there are no data regarding HCC recurrence in LT recipients following DAA therapy, especially patients who experienced treatment failure. Little is known about predictors of DAA treatment response after LT for HCC. Therefore, we performed this study to (1) highlight the efficacy and safety of DAA therapy in LT recipients with HCV infections and history of HCC; and (2) investigate the impact of DAA use on post-transplantation HCC recurrence.

MATERIALS AND METHODS
Study design
A total of 106 LT recipients given DAAs for recurrent HCV infection from January 1, 2015, to March 1, 2019, at Baylor College of Medicine were retrospectively identified.
[bookmark: OLE_LINK6]Criteria for study inclusion were (1) age of 18 years or older; (2) history of liver transplantation; (3) positive anti-HCV and HCV ribonucleic acid prior to and after transplantation; and (4) treatment with an oral DAA regimen with or without ribavirin. We excluded (1) patients with active hepatitis B virus (HBV) infection evident by positive hepatitis B surface antigens or HBV deoxyribonucleic acid; (2) patients with human immunodeficiency virus infection; and (3) any other metabolic, viral or genetic causes of chronic liver disease. Patients were classified into two groups: those with pre-transplantation HCC (PHCC; n = 68) and those without pre-transplantation HCC (PnHCC; n = 38). The initiation of DAA treatment and the regimen type and duration were determined by the treating transplant hepatologists. Demographic and clinical information for each participant were documented and stored in a secure database under a Baylor College of Medicine Institutional Review Board-approved protocol. All patients gave written informed consent for data collection prior to their LTs.

Patient information
Clinical data: The collected information included the following baseline characteristics: age, sex, ethnicity, body mass index (BMI), medical history (comorbid conditions, stage of liver disease), adverse events, baseline (at time of DAA initiation) and on-treatment laboratory values obtained every 4 wk, including HCV ribonucleic acid levels, until the end of treatment (EOT) and at follow-up visits. BMI was calculated at treatment initiation, the EOT, and the last follow-up visit (normal BMI, < 25 kg/m2; overweight, 25-30 kg/m2; obese, > 30 kg/m2).

Laboratory data: The following laboratory test results were analyzed: anti-HCV and HCV ribonucleic acid levels; HCV genotypes; hepatitis B surface antigens; anti-hepatitis B surface antibodies; hepatitis B core antibodies; anti-human immunodeficiency virus antibodies; Epstein-Barr virus, cyotmegalovirus, iron studies, ceruloplasmin, auto-antibodies, serum albumin, alkaline phosphatase, creatinine, sodium, alanine aminotransferase, and total bilirubin levels; prothrombin time and international normalized ratio; hemoglobin levels; and platelet counts. Test results were analyzed to exclude other viral, metabolic, autoimmune causes of liver disease. Estimated glomerular filtration rates were calculated using the Modification of Diet in Renal Disease equation. The model for end-stage liver disease-sodium score was calculated using serum bilirubin, creatinine, and sodium levels and the international normalized ratio.

Clinical efficacy: Treatment efficacy was demonstrated by sustained virologic response at follow-up week 12, defined as an undetectable HCV ribonucleic acid level in the blood at week 12 after the EOT. Accordingly, patients were classified as having DAA responses or failures.

Clinical safety: Adverse events were defined as any events that required an HCV medication dose reduction or treatment discontinuation or the addition of a concomitant medication for management. Events of special interest in this study were HCC recurrence, HBV reactivation and acute allograft rejection.

Statistical Analysis
Stata software (Stata Corp, College Station, TX, United States) was used for statistical analysis. Descriptive statistics were employed, with Student t-test and Mann-Whitney-Wilcoxon test statistics used to assess the significance of mean and median differences in continuous variables between study groups. The Pearson 2 or Fisher exact test was used to test for differences in the distribution of categorical data between groups. To adjust for the small sample size, multivariate exact unconditional logistic regression analyses were performed. For each risk factor, the adjusted odds ratios and respective 95% confidence intervals were calculated. All odds ratios were adjusted for age, sex, and significant factors from univariate analysis. P value less than 0.05 was defined as significant.

RESULTS
Baseline patient characteristics
[bookmark: _Hlk44868472]Most patients in the PHCC and PnHCC groups were male and white (Table 1). The patients with PHCC were significantly older (P = 0.01), with a significantly more extensive past history of smoking than the patients with PnHCC (P < 0.01). Baseline comorbidities and cirrhosis were similar in both groups. However, diabetes mellitus was significantly higher in the PHCC group (P < 0.01).
HCV genotypes 1a and 1b were present in 50%, and 21% of the PHCC patients, respectively, and 66% and 21% of the PnHCC patients, respectively (P = 0.1). Although not statistically significant, more PHCC patients had HCV genotype 3a than PnHCC patients (22% vs 11%; P = 0.1). The mean ± SD BMIs at DAA treatment initiation were comparable in the PHCC and PnHCC patients (28.5 ± 4.5 kg/m2 vs 27.9 ± 5.5 kg/m2; P = 0.6).
Pre-transplant relapse rate to antiviral treatment was higher in the PHCC patients than in the PnHCC patients (34% vs 16%; P = 0.06). Although there was no statistically significant difference, more PHCC patients received HCV- or anti-HBc-positive allografts than PnHCC patients [6% vs 0% (P = 0.3) and 15% vs 3% (P = 0.09), respectively].
Table 1 shows significant variations in the mean and median laboratory and clinical values between the two groups. Baseline (at time of DAA initiation) laboratory values were similar in the PHCC and PnHCC patients except for the serum creatinine level, estimated glomerular filtration rate, and the model for end-stage liver disease-sodium score, which were markedly lower in the PHCC patients (Table 1). 

Clinical efficacy
The median time from liver transplantation to DAA treatment initiation in the entire cohort was 34 mo (range, 1-331 mo), and the median follow-up duration after DAA treatment completion was 20 mo (range, 3-46 mo). The median time from liver transplantation to DAA treatment initiation in the PHCC patients was 28 mo (range, 1-171 mo) which is significantly shorter than in the PnHCC patients, 91.5 mo (range, 2.0-331.0 mo) (P < 0.0001). One hundred patients (94%) experienced sustained virologic response at follow-up week 12 (SVR12) (DAA response), whereas 6 patients (6%) did not (DAA failure). The median times from transplantation to DAA therapy initiation were 32.5 mo (range, 1.0-331.0 mo) in the DAA response group and 54.5 mo (range, 8.0-148.0 mo) in those who had DAA failure (P = 0.7).
All patients who did not experience SVR12 were non-cirrhotic. Two patients had relapses at follow-up week 12, three patients did so at follow-up week 4, and one patient suffered viral breakthrough at treatment week 12.
In the DAA response group, the rates of concordance between SVR12 and SVR at follow-up week 24, and between SVR12 and quantitative HCV polymerase chain reaction at the last follow-up visit were both 100%, as no patients had relapses after experiencing SVR12. 
Figure 1 shows the numbers of patients who had responses to and failures of the 16 DAA regimens used in this study. We observed no significant variations in the treatment distribution between the PHCC and PnHCC groups (P = 0.3). The six patients who had DAA failures received five DAA regimens: (1) sofosbuvir (SOF)/velpatasvir /voxilaprevir plus ribavirin (RBV) for 12 wk (n = 2); (2) SOF, daclatasvir, and RBV for 24 wk (n = 1); (3) SOF/ledipasvir for 24 wk (n = 1); (4) SOF/simeprevir for 12 wk (n = 1); and (5) glecaprevir /pibrentasvir for 12 wk (n = 1).
Table 2 lists the univariate and multivariate odds ratios (ORs) and 95% confidence interval (CI) for potential predictors of post-LT DAA therapy failure. Univariate analysis showed a significant risk of failure (P < 0.05) in patients with HCV-positive allografts; HCV genotype 3a; high alanine aminotransferase (ALT) level > 35 U/L and or quantitative HCV polymerase chain reaction > 15 IU/mL at treatment week 4. However, multivariate analysis after adjustment for these predictors demonstrated a high ALT level > 35 U/L at treatment week 4 was significantly associated with DAA therapy failure (P = 0.04) after adjustment for the confounding effect of the significant factors described above. Pre-transplant relapse to DAA treatment and history of pre-transplant HCC did not impact SVR12 rates in patients treated with DAA post-LT.
We observed normalization of ALT levels ≤ 35 U/L at treatment week 4 in 85% of the patients (Figure 2 and Table 3). Moreover, the mean platelet count in all patients improved significantly over the follow-up period with a mean difference of -36 (-47.9 to -6), P < 0.001 (Figure 3 and Table 4).

HCC recurrence after DAA treatment
In the PHCC group, six patients (9%) experienced HCC recurrence after DAA treatment initiation. The median time from DAA therapy initiation to HCC recurrence was 8.5 mo (range, 1.0-29.0 mo).
The demographic characteristics, HCC risk factors, and clinical features were similar in the patients who had HCC recurrences after DAA treatment (n = 6) and those who did not (n = 62), demonstrating a lack of a significant impact of these factors on prediction of recurrence after the treatment (Table 5). Of the patients who experienced HCC recurrence after DAA treatment, 5 patients (83%) had relapses to pre-transplant DAA treatment, suggesting pre-transplant relapse is a predictor of post-transplant HCC recurrence. The estimated adjusted OR was 14.9 (95%CI: 1.1-219.3).
In addition, we identified relapse to the post-transplantation DAA therapy as a potential predictor of HCC recurrence (P = 0.05), with a 10-fold greater risk of recurrence in patients who had treatment failures than in responders. The estimated adjusted OR was 10.6 (95%CI: 1.0-121.6) (Table 5).

RBV-containing regimens
We also categorized patients into two groups according to use of RBV (Table 6). Demographic characteristics and baseline laboratory values were similar for patients given DAA therapy with and without RBV except for the serum creatinine and hemoglobin levels, the model for end-stage liver disease-sodium score, estimated glomerular filtration rate, and presence of chronic kidney disease.
Patients who received DAA regimens with and without RBV had similar SVR12 rates (95.5% vs 92.1%; P = 0.7).

BMI and DAA therapy
A high baseline BMI (≥ 25 kg/m2) did not have a more significant impact on SVR12 or HCC recurrence after DAA treatment than a low BMI (< 25 kg/m2) (Tables 2 and 5). However, among those with PHCC, weight loss by the end of DAA treatment was a significant predictor of HCC recurrence (P = 0.03). 

Safety and tolerability
Only one patient in the PnHCC group had to discontinue DAA treatment SOF/ ledipasvir at 16 weeks due to adverse events, which consisted of significant fatigue and headache, but achieved SVR12. However, of the patients receiving RBV-containing DAA regimens, 26 (38%) needed RBV discontinuation or dose modification due to adverse events, including anemia, fatigue, nausea, and elevated serum creatinine level.
No patients experienced decompensation during or after DAA treatment until the last follow-up visit. Also, none of anti-HBc-positive patients (30%) experienced HBV reactivation during or after DAA therapy until the last follow-up visit.
Physicians administered tacrolimus-containing regimens to 83% of the patients during DAA therapy. We found no significant changes in immunosuppressive drug dosages or levels during DAA treatment. Five patients (5%) experienced mild acute rejection episodes within a median time of 11 mo (range, 5-28 mo) after DAA treatment completion, all of whom experienced SVR12 and rejection episodes were controlled.

DISCUSSION
The present study is the first to demonstrate that pre-transplant relapse to DAA therapy is a significant predictor of post-transplant HCC recurrence. Post-LT DAA therapy relapse is also associated with HCC recurrence in LT recipients. High ALT level > 35 U/L at treatment week 4 is a predictor of DAA treatment failure.
All oral DAA treatments were recently adopted as the standard of care for treatment of recurrent HCV infection in LT recipients. However, contradictory data regarding the increased risk of HCC recurrence in pre-transplant patients after DAA therapy, and HCC influence on DAA SVR rates may affect the decision to treat unique populations of patients as LT recipients with past histories of HCC.
There is increasing evidence of interaction between DAA therapy and HCC in the recent literature. Patients with HCC tend to have low rates of SVR12, whereas those who do not experience SVR12 have increased risk of HCC[16-18]. In an editorial, Hollande and Pol[19] recommended intensive surveillance for HCC in patients who had DAA therapy failure. Yet researchers did not investigate these findings in LT recipients with PHCC[17]. Consistently, we observed high risk of HCC recurrence in LT recipients who had DAA treatment failure. However, history of pre-transplant HCC did not impact SVR12 rates in patients treated with DAA post-LT as we removed tumor-affected livers.
LT recipients may be a reliable population to study the interaction between DAAs and HCC, especially in those with a failed DAA therapy after transplantation. This is driven by two factors. First, LT recipients have the benefit of receiving non-cirrhotic liver allografts with low prevalence of non-characterized nodules, which investigators have pointed to as the cause of de-novo and recurrent HCC in patients undergoing DAA treatment[20]. Moreover, LT recipients are not decompensated, as some authors attributed increased HCC risk in the DAA era to less selection bias when compared with that in the interferon era, as they excluded interferon-based treatment from decompensated patients with Child-Pugh class B or C[21]. Second, the use of explant pathology to confirm the diagnosis of HCC rather than relying on imaging modalities that can misdiagnose HCC supports the use of LT recipients in investigating the interaction between DAA therapy and HCC.
None of the patients in the present study who had DAA therapy failure or recurrence of HCC were cirrhotic. This contradicts the suggestion that HCC recurrence or DAA failure risk is greater in cirrhotic than non-cirrhotic populations.
Whereas a specific explanation for the interaction between HCC and DAA therapy has yet to be established, some studies suggested that cross-talk among inflammatory, immune response, and angiogenesis pathways modulates the impact of DAAs on progression of HCC and the risk of its recurrence[22,23]. Additionally, HCC may interact biologically with DAA therapy, which may influence pre-transplant SVR12 achievement and increases the risk of HCC recurrence in patients who failed DAA therapy with a prior history of HCC irrespective of HCC treatment response or liver transplantation[17,19]. Genetic susceptibility and variability in the genes involved in HCC risk or DAA metabolism may also play a role in the interaction between DAAs and HCC. Integration of the use of molecular markers with DAA therapy should be explored in future studies.
There is no consensus regarding the optimum time to start DAA treatment after an LT. We found no difference in the SVR12 rate between patients who received early (< 1 year) and late (≥ 1 year) DAA therapy after LTs. Nevertheless, five of six patients who did not experience SVR12 received DAA therapy more than 1 year after their LTs.
We have no explanation why patients with PHCC received DAA treatment earlier than patients with PnHCC in our study. This may be attributed to more rigorous follow-up, better compliance, and fear of decompensation or HCC recurrence after liver transplantation in patients with PHCC.
During post-treatment follow-up, no patients had relapses after SVR12, with 100% concordance between SVR12 rates and SVR rates at follow-up week 24 and between SVR12 rates and quantitative HCV polymerase chain reaction at the last follow-up visit. This establishes SVR12 as an appropriate endpoint for demonstrating the clinical efficacy of all-oral DAA treatment similar to that in previous trials of sofosbuvir/RBV with and without interferon[24].
Consistent with a previous study[25], we showed that failure of the ALT level to normalize at treatment week 4 was a strong predictor of DAA treatment failure. This may result in enhancement of patient management via (1) intensification of DAA treatment, either with RBV or extension of the treatment period, and (2) thorough evaluation for other causes of a persistently elevated ALT level at treatment week 4, such as alcoholism, high body mass index, and type 2 diabetes mellitus.
Multivariate analysis showed no impact of HCV genotype 3 or an HCV-positive allograft on the risk of failure or HCC recurrence after DAA treatment.
Similar to other studies[13,14], we did not observe a significant difference in SVR12 rates between LT recipients who received DAA regimens with and without RBV. However, such an observation should be interpreted conservatively, as these patients were not randomized to receive RBV. Moreover, patients who received RBV were either cirrhotic or had a history of failure to antiviral therapy or quantitative HCV polymerase chain reaction > 15 IU/mL at treatment week 4, with RBV added to their regimens to intensify them and achieve SVR12. Use of RBV therefore may have helped this population to have an SVR12 rate similar to those in other favorable populations.
Overweight or obesity at baseline did not influence SVR12 achievement or HCC recurrence after DAA treatment. We observed no significant changes in body mass index from baseline to the end of DAA treatment. However, among those with PHCC, weight loss by the end of DAA treatment was a significant predictor of HCC recurrence, which may be attributed to release of inflammatory cytokines[26]. 
Tacrolimus-containing regimens were the most commonly used immunosuppressive medications in DAA therapy. Acute cellular rejection occurred in 5% of the patients after DAA treatment (median time of 11 mo after therapy), which is comparable with rejection rates in the literature[13].
HBV reactivation with DAA treatment is rare, with an estimated risk of 1.4% in patients with resolved HBV infections[27]. In our study, none of anti-HBc-positive patients experienced HBV reactivation during or after DAA therapy until the last follow-up visit. 
This study has several strengths. It is the first to highlight predictors of HCC recurrence in patients in whom DAA treatment failed after an LT while adjusting for potential confounding factors. Furthermore, pre-transplant relapse to DAA therapy may predict post-transplant HCC recurrence. Given the uniqueness of LT recipients with recurrent HCV infection and HCC, we acknowledge the limitation of a single-center, retrospective study with a small sample size. Accordingly, we applied a rigid exact method of logistic regression analysis to overcome this limitation.

CONCLUSION
In conclusion, our results support the safety and efficacy of DAA treatment in LT recipients with history of HCC. Relapse to pre-transplant DAA therapy is a significant predictor of HCC recurrence following transplantation. Furthermore, relapse to post-transplant DAA therapy is associated with HCC recurrence. ALT level > 35 U/L at treatment week 4 is a significant predictor of treatment failure. Future validation of our findings in a multicenter study of a larger sample is warranted.

ARTICLE HIGHLIGHTS
Research background
Recent studies have shown lower sustained virologic response in patients with hepatocellular carcinoma (HCC) pre-transplant. Moreover, there are conflicting data regarding HCC recurrence in patients treated with direct-acting antivirals (DAAs). However, there are insufficient data regarding the efficacy of DAA in liver transplant (LT) recipients with past history of HCC.

Research motivation
To identify risk factors for DAA relapse and HCC recurrence after LT.

Research objectives
To highlight the efficacy and safety of DAA therapy in LT recipients with hepatitis C virus infections and history of HCC and to investigate the impact of DAA use on post-transplantation HCC recurrence. 

Research methods
We retrospectively analyzed the data of our center of LT recipients who received DAA therapy for hepatitis C virus recurrence and their relapse and HCC recurrence outcomes.

Research results
Six patients (6%) experienced DAA therapy failure post-LT and 100 (94%) had a sustained virologic response at follow-up week 12. DAA relapse post-LT was associated with post-transplantation HCC recurrence, P = 0.05. Pre-LT DAA relapse is a predictor of post-LT HCC recurrence, P = 0.04. 

Research conclusions
DAA is safe and effective in LT recipients with history of HCC. High alanine aminotransferase > 35 U/L at treatment week 4 and pre-LT DAA relapse are predictors of HCC recurrence after transplant. Relapse to DAA therapy post-LT is a potential risk factor for HCC recurrence.

Research perspectives
Performing a multicenter study of a larger sample to validate our findings.
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Figure Legends
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Figure 1 Numbers and percentages of the study patients who had responses to (n = 100) and failure of (n = 100) the 16 direct-acting antiviral regimens. EBR: Elbasvir; GZR: Grazoprevir; PrOD: Paritaprevir-ritonavir-ombitasvir-dasabuvir; SIM: Simeprevir.
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Figure 2 Mean (± SD) alanine aminotransferase levels in patients who had direct-acting antiviral therapy responses and failure (baseline, week 4, week 8, and week 12).
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[bookmark: OLE_LINK35][bookmark: OLE_LINK36]Figure 3 Mean (± SD) platelet counts in patients who had direct-acting antiviral therapy responses and failure (baseline, week 4, week 8, and week 12).


[bookmark: _Hlk44932743]Table 1 Characteristics of the study population according to pre-transplantation hepatocellular carcinoma status 
	
	Number (%)
	

	Characteristic 
	Non-HCC, (n = 38)
	HCC, (n = 68)
	P value

	Demographics
	

	Mean (± SD) age at treatment initiation, years
	58.2 ± 11.1
	62.2 ± 5.9
	0.01

	Median age at treatment initiation, yr (range)
	62 (28-74)
	62.5 (47.0-78.0)
	0.2

	Male 
	25 (66)
	50 (74)
	0.5


	 Female
	13 (34)
	18 (26)
	

	 White 
	19 (50)
	37 (54)
	0.4


	 Black 
	11 (29)
	11 (16)
	

	 Hispanic
	6 (16)
	17 (25)
	

	 Asian
	2 (5)
	3 (4)
	

	Epidemiologic characteristics
	

	Mean (± SD) baseline BMI
	27.9 ± 5.5
	28.5 ± 4.5
	0.6

	 Median baseline BMI, (range)
	27.0 (21.0-48.5)
	28.5 (17.0-46.0)
	0.3

	Alcohol drinking
	11 (29)
	32 (47)
	0.08

	Cigarette smoking 
	18 (47)
	51 (75)
	0.01

	Baseline co-morbidities
	

	 Diabetes Mellitus
	20 (53)
	53 (78)
	0.01

	 CKD
	20 (53)
	23 (34)
	0.06 

	 eGFR < 30 mL/min/1.73 m2
	7 (18)
	2 (3)
	0.01

	Cirrhosis
	5 (15)
	4 (8)
	0.5

	 HCV-positive allograft
	0
	4 (6)
	0.3

	[bookmark: _Hlk44933182] Anti-HBc-positive allograft
	1 (3)
	10 (15)
	0.09

	 Pre-transplant relapse to antiviral treatment
	6 (16)
	23 (34)
	0.06

	 Mean (± SD) time from LT to DAA initiation, mo 
	99.3 ± 79.7
	39.4 ± 40.5
	0.0001

	 Median time from LT to DAA initiation, months (range)
	91.5 (2.0-331.0)
	28 (1-171)
	0.0001

	Baseline laboratory values
	

	 Mean (± SD) creatinine level, mg/dL
	1.9 ± 1.9
	1.2 ± 0.8
	0.08

	 Median creatinine level, mg/dL (range)
	1.2 (0.7-8.7)
	1.0 (0.7-7.0)
	0.01

	 Mean (± SD) AFP level, ng/mL
	10.2 ± 30.5
	6.8 ± 12.8
	0.5

	 Median AFP level, ng/mL (range)
	3.2 (2.0-149.0)
	3.1 (1.3-88.0)
	0.5

	[bookmark: _Hlk44933152] Mean (± SD) MELD-Na score 
	13 ± 5
	10 ± 4
	0.01

	 Median MELD-Na score (range)
	13 (6-24)
	9 (6-24)
	0.01

	Clinical outcomes
	

	 Relapse at follow-up week 12
	1 (3)
	5 (7)
	0.4

	 SVR12
	37 (97)
	63 (93)
	0.4

	 HCC recurrence after DAA treatment
	0
	6 (9)
	0.08


HCC: Hepatocellular carcinoma; SD: Standard deviation; BMI: Body mass index; CKD: Chronic kidney disease; HCV: Hepatitis C virus; HBc: Hepatitis B core; LT: Liver transplant; DAA: Direct-acting antiviral; AFP: Alpha-fetoprotein; SVR: Sustained virologic response.


Table 2 Risk factors for post-liver transplant direct-acting antiviral therapy response (Logistic regression analysis)
	Variable
	Number of DAA therapy responses/failures, (n = 100/6) 
	Univariate OR, (95%CI)
	P value
	Multivariate OR, (95%CI)
	P value

	Age > 60 yr
	60/4
	1.3 (0.2-15.4)
	0.8
	
	

	Male
	70/5
	2.1 (0.2-104.7)
	0.9
	
	

	Baseline BMI (≥ 25 kg/m2)
	76/5
	1.6 (0.2-77.7)
	0.9
	
	

	Alcohol drinking
	39/4
	3.1 (0.4-35.7)
	0.4
	
	

	Cigarette smoking
	64/5
	2.8 (0.3-136.6)
	0.6
	
	

	Diabetes Mellitus
	70/3
	0.4 (0.1-3.4)
	0.5
	
	

	CKD
	42/1
	0.30 (0.01-2.60)
	0.4
	
	

	Cirrhosis
	9/0
	-
	
	
	

	Pre-LT relapse to DAA 
	25/4
	5.9 (0.8-68.7)
	0.09
	
	

	Anti-HBc-positive allograft
	9/2
	4.9 (0.4-40.4)
	0.2
	
	

	HCV-positive allograft
	2/2
	22.0 (1.3-381.3)
	0.02
	3.2 (0.1-856.8) 
	0.8

	HCV genotype 3a
	15/4
	10.9 (1.4-130.9)
	0.03
	1.40 (0.02-89.10) 
	0.9

	Presence of HCC before LT
	63/5
	2.9 (0.3-142.6)
	0.6
	
	

	Rejection during/after DAA therapy
	5/0
	-
	-
	
	

	ALT level at treatment week 4 (> 35 IU/L)
	16/4
	1.02 (1.00-1.05)
	0.001
	1.04 (1.00-1.10) 
	0.04 

	Quantitative HCV PCR at treatment week 4 (> 15 IU/mL)
	8/3
	10.9 (1.3-96.4)
	0.01
	3.6 (0.1-172.3) 
	0.5


HCC: Hepatocellular carcinoma; BMI: Body mass index; CKD: Chronic kidney disease; DAA: Direct-acting antiviral; HCV: Hepatitis C virus; OR: Odds ratio; CI: Confidence interval; ALT: Alanine aminotransferase; LT: Liver transplant; HBc: Hepatitis B core; PCR: Polymerase chain reaction.


Table 3 Mean (± SD) alanine aminotransferase levels in patients who had direct-acting antiviral therapy responses and failure (baseline, week 4, week 8, and week 12)
	SVR12 Achievement 
	Baseline ALT, mean (± SD) 
	ALT at treatment week 4, mean (± SD) 
	ALT at treatment week 8, mean (± SD) 
	ALT at treatment week 12, mean (± SD) 

	Responders
	80.67 (± 102.447)
	25.21 (± 20.416)
	19.78 (± 11.651)
	20.21 (± 10.994)

	Failures
	133.00 (±103.057)
	61.17 (± 71.337)
	54.50 (± 63.385)
	56.83 (± 43.938)

	P values 
	0.2
	0.001
	0.0001
	0.0001


ALT: Alanine aminotransferase.


Table 4 Mean (± SD) platelet counts in patients who had direct-acting antiviral therapy responses and failure (baseline, week 4, week 8, and week 12)
	SVR12 Achievement 
	Baseline PLT, mean (± SD) 
	[bookmark: OLE_LINK7][bookmark: OLE_LINK8]PLT at treatment week 4, mean (± SD) 
	PLT at treatment week 8, mean (± SD) 
	PLT at treatment week 12, mean (± SD)

	Responders
	152.54 (± 55.880)
	172.33 (± 72.156)
	164.94 (± 53.580)
	169.42 (± 59.499)

	Failures
	150.00 (± 35.157)
	153.00 (± 58.258)
	167.25 (± 57.058)
	160.67 (± 60.902)

	P values 
	0.9
	0.5
	0.9
	0.7


PLT: Platelet.


Table 5 Risk factors for hepatocellular carcinoma recurrence post-liver transplant (Logistic regression analysis)
	Variable
	No HCC recurrence/HCC recurrence, (n = 62/6)
	Univariate OR 
(95%CI) 
	P value
	Multivariate OR, (95%CI)
	P value 

	Age > 60 yr
	39/3
	0.6 (0.1-4.8)
	0.8
	
	

	Male
	45/5
	1.9 (0.2-94.5)
	0.9
	
	

	White 
	34/3
	0.8 (0.1-6.7)
	0.9
	
	

	Baseline BMI (≥ 25 kg/m2)
	50/4
	0.5 (0.1-5.9)
	0.7
	
	

	EOT BMI (< 25 kg/m2)
	11/4
	8.8 (1.1-109.3)
	0.03
	12.3 (1.2-131.0) 
	0.03

	Alcohol drinking
	28/4
	2.4 (0.3-28.3)
	0.6
	
	

	Cigarette smoking
	48/3
	0.3 (0.1-2.5)
	0.3
	
	

	Cirrhosis
	4/0
	-
	-
	
	

	Pre-LT relapse to DAA
	18/5
	11.7 (1.2-590.7)
	0.006
	14.9 (1.1-219.3)
	0.04 

	Anti-HBc-positive allograft
	8/2
	3.3 (0.3-27.8)
	0.4
	
	

	HCV-positive allograft
	4/0
	-
	-
	
	

	HCV genotype 3a
	12/3
	4.1 (0.5-34.2)
	0.2
	
	

	Post-LT relapse to DAA
	2/3
	26.2 (2.2-432.9)
	0.002
	10.6 (1.0-121.6) 
	0.05


HCC: Hepatocellular carcinoma; BMI: Body mass index; DAA: Direct-acting antiviral; HCV: Hepatitis C virus; OR: Odds ratio; CI: Confidence interval; LT: Liver transplant; HBc: Hepatitis B core; EOT: End of treatment.


Table 6 Characteristics of the study population according to use of ribavirin
	
	Number (%)
	

	Characteristic
	RBV-containing DAA regimens (n = 68)
	Non-RBV containing DAA regimens (n = 38)
	P value

	Age ≥ 60 yr
	38 (58)
	26 (70)
	0.2

	Male
	51 (75)
	24 (63)
	0.3

	Female
	17 (25)
	14 (37)
	

	White
	37 (54)
	19 (50)
	0.8

	Black
	15 (22)
	7 (18)
	

	Hispanic
	13 (19)
	10 (26)
	

	Asian
	3 (4)
	2 (5)
	

	Diabetes Mellitus
	45 (66)
	28 (74)
	0.5

	CKD
	22 (32)
	21 (55)
	0.02

	[bookmark: OLE_LINK16][bookmark: OLE_LINK17]eGFR < 30 mL/min/1.73 m2
	1 (2)
	8 (21)
	0.001

	Cirrhosis
	4 (8)
	5 (16)
	0.3

	mean (± SD) creatinine level, mg/dL
	1.2 ± 1.0
	1.9 ± 1.8
	0.02

	mean (± SD) hemoglobin level, g/dL
	14.0 ± 1.7
	12.0 ± 2.0
	0.0001

	mean (± SD) MELD-Na score
	11 ± 4
	13 ± 6
	0.01

	SVR12
	65 (95.5)
	35 (92.1)
	0.7


RBV: Ribavirin; CKD: Chronic kidney disease; DAA: Direct-acting antiviral; SVR: Sustained virologic response.
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