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Abstract
[bookmark: OLE_LINK12]Hepatitis D virus (HDV) is a dependent virus that relies on hepatitis B virus for its replication and transmission. Chronic hepatitis D is a severe form of viral hepatitis that can result in end stage liver disease. Currently, pegylated interferon alpha is the only approved therapy for chronic HDV infection and is associated with significant side effects. Liver transplantation (LT) is the only treatment option for patients with end-stage liver disease, hepatocellular carcinoma, or fulminant hepatitis due to coinfection with HDV. As LT for HDV and hepatitis B virus coinfection is uncommon in the United States, most data on the long-term impact of LT on HDV are from international centers. In this review, we discuss the indications and results of LT with treatment options in HDV patients.
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[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Core Tip: Hepatitis D virus (HDV) is a dependent virus and relies on hepatitis B virus (HBV) to synthesize the pathogenic genomes. Therefore, it can only survive as a coinfection with HBV or as a superinfection. Chronic HDV infection results in rapid liver damage and can result in end stage liver disease. Currently, pegylated interferon alpha is the only approved therapy for chronic HDV infection and is associated with significant side effects. Thus, liver transplant remains the only option for patients with end-stage liver disease, hepatocellular carcinoma due to coinfection or superinfection with HDV and HBV, fulminant liver failure and those who cannot be treated with interferon-based therapies. Post transplantation reinfection with HDV/HBV is an undesirable outcome. Though, there is a consensus that hepatitis B immune globulin in combination with a potent nucleoside/nucleotide analogue have shown promising results. In addition, there is ongoing research for newer treatment drugs. This review article focuses on liver transplant in patients as a result of hepatitis D virus. We have discussed the epidemiology, pathogenesis, clinical presentation, indication of liver transplantation, treatment options and the outcomes. New therapy trials have been also discussed in the treatment section. We believe that this topic is an area of knowledge gap and this article will cover the basics.


INTRODUCTION
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Hepatitis D virus (HDV) was discovered in 1970s by Rizzetto et al[1]. It is formed by 1678 nucleotide single stranded ribonucleic acid (RNA) virus which is circular in shape and contains two viral proteins that are p24 and p27[2,3]. There is a total of 8 genotypes of HDV in the world[4]. HDV is not able to make its own proteins and relies on hepatitis B virus (HBV) to synthesize the pathogenic genomes. Therefore, it can only survive as a coinfection with HBV or as a superinfection. Around 5% of HBV carriers worldwide have been exposed to HDV and the prevalence of HDV coinfection in United States is reported to be 12%[5,6]. Chronic HDV infection results in rapid liver damage compared to patients infected with HBV alone. In addition, incidence of cirrhosis is almost three times with HBV/HDV chronic coinfection and associated with increased rate of early decompensation leading to hepatocellular carcinoma (HCC)[7]. As HDV uses host polymerase for replication, HBV polymerase inhibitors are not effective against it[8]. Therefore, the only widely accepted treatment is interferon at high doses which has a success rate of 25% to 30%, which is defined as virological response after one year of conventional or PEG-INFa treatment with most studies measuring virological response after 6 mo of treatment[9]. Thus, liver transplant (LT) remains the only option for patients with end-stage liver disease, HCC due to coinfection or superinfection with HDV and HBV, fulminant liver failure and those who cannot be treated with interferon-based therapies. In this review we discuss the indications of liver transplantation and its outcome in patients with HDV.

EPIDEMIOLOGY
There are about 240 million people worldwide who have positive hepatitis B surface antigen (HBsAg). Amongst them 2% to 8% are co-infected with HDV resulting in approximately 20 to 40 million suffering from HDV[10,11]. However, recent studies have estimated the coinfection number to be higher as up to 72 million[12]. HDV is endemic in the Middle East, Mediterranean Area, Amazon Region, and African countries[13]. In Europe, HDV is mainly a problem in Eastern European immigrant populations and amongst intravenous drug users (IVDU)[14,15]. There are 8 different HDV genotypes and genotype 1 is the most common in North America[16]. Testing for HDV has not been widespread in the United States and the prevalence has been underestimated. There has been a 3.4% HDV seropositive rate reported in the veteran population positive with HBsAg[17]. In comparison, National Health and Nutrition Examination Survey data (1999-2012) showed a significantly lower rate of HDV prevalence (0.02%) in the civilian population[18]. It increased to 0.11% in a repeat National Health and Nutrition Examination Survey (2011-2016) study[19]. Both these studies are limited as they excluded homeless, incarcerated, and other high-risk individuals. However, a study done among patients with IVDU in Baltimore by Kucirka et al[20] reported 11% prevalence of HDV in 2005-2006. Similarly, Gish et al[21] conducted a study in California on chronic HBV patients reporting a coinfection rate of 8%. This variability warrants routine testing of HDV in HBV carriers with specific recommendations for screening, treatment and follow-up. This will aid risk stratification of patients and allow for early discovery of complications, which in turn may improve outcomes.

PATHOGENESIS, CLINICAL FEATURES AND DIAGNOSIS
HDV is parenterally transmitted and has variable clinical manifestations. There are two major patterns of infection that are described in literature. Notably, coinfection of HBV with HDV and superinfection of HDV in chronic HBV-infected patients. HDV develops innate and adaptive immunity and there are specific markers such as HDV RNA, hepatitis D antigen and anti-HDV antibodies, such as IgM and IgG, which help to detect and differentiate the chronicity of the disease[22].
As HDV’s virulence is dependent on HBV, coinfection results from simultaneous acute HBV and HDV. It is usually transient and cannot be clinically distinguished from HBV infection[23]. HDV has incubation period of approximately 1 mo resulting in clinical symptoms of fatigue, loss of appetite and nausea. It is accompanied with a rise in liver enzymes, including serum alanine aminotransferase and aspartate aminotransferase. Then comes the jaundice phase with increase in bilirubin levels. As it is usually self-limiting and most patients recover completely with only 2% leading to chronic infection[7,24].
Superinfection with HDV can also result in acute hepatitis which is more severe than seen with co-infection. This is because HBV has already set the ground for more aggressive disease progression. It can lead to acute liver failure with clinical symptoms starting as nausea and progressing to coagulopathy, encephalopathy and coma[25]. About 80% to 90% of patients progress to chronic hepatitis. Amongst them, some dated studies have reported up to 70% to 80% progress to cirrhosis within 5 to 10 years[26]. However, newer studies suggested a 4% annual progression to cirrhosis[27]. This variability might be due to the different genotypes of HDV. Although there is controversy in the literature over whether HDV has oncogenic properties, cirrhosis from HDV does increase the risk of HCC, which is the second most common cause of cancer deaths in men worldwide[28].
HBsAg is necessary before other markers for HDV are investigated to establish the diagnosis. One important distinguishing test is IgM anti-HBc, which is only present in acute HDV/HBV coinfection and not in acute HDV superinfection. Likewise, HDV RNA is a sensitive marker for acute infection and reaches a very high quantitative value in chronic patients. Similarly, the presence of anti-HDV IgM or high anti-HDV IgG titer can differentiate between current and past infections. Therefore, knowing these markers helps to differentiate the disease pattern (Table 1)[23].

INDICATIONS FOR LIVER TRANSPLANTATION
The global disease burden of HBV/HDV coinfection is increasing with 10.6% of HBsAg carriers without high risk sexual behavior or IVDU are HDV[12]. HDV can lead to a more severe form of viral hepatitis than in HBV mono-infection[29]. Irrespective of whether being coinfected with HBV or as superinfection, HDV can cause fulminant hepatitis[30]. The clinical course of fulminant hepatitis D is 4 to 30 d and transplant free survival is as low as 20%[7,31].
Chronic HDV results in rapid liver fibrosis, earlier decompensation, higher risk of HCC development and annual mortality rate between 7% to 9%[32]. Mortality rates of greater than 50% at 15 years follow up have been reported in Taiwan[33]. Though direct oncogenic properties of HDV is not clearly described, higher rates of cirrhosis in HDV patients can lead to increased rates of HCC[34]. Rates of HCC are variable across the globe with studies showing anti-HDV antibodies ranging from 4% to 23% in HBsAg positive HCC patients[35,36]. Treatment option for HDV has limited success. Therefore, the only definitive therapy for patients with end-stage liver disease, HCC, or fulminant hepatitis due to HDV is liver transplant[13].

TREATMENT OPTIONS
Currently there is no United States Food and Drug Administration approved treatment for HDV[37]. However, PEG-IFNa is commonly used and is also recommended by major liver societies such as American Association for the Study of Liver Diseases (AASLD) and European Association for the Study of the Liver[38,39]. Pegylated form requires only weekly dosing and metanalysis has shown increased suppression (29%) of HDV RNA at 6 mo compared to standard IFN alpha (19%)[40]. In addition, PEG-IFNa is also associated with lower rates of side effects such as anorexia, nausea, weight loss, alopecia, leukopenia and thrombocytopenia[41,42]. Although there is no definite treatment duration, negative HDV RNA at 24 wk is being considered a reference for virological response and treatment for 48 wk is recommended[38,43]. Pegylated IFN has been studied in combination with nucleosides. The Hep-Net/International Delta Hepatitis Intervention Trial randomized 90 patients to adefovir, peginterferon, or the combination arm. Approximately 25% achieved virological response at 24 wk in the peginterferon and combination group and none in the adefovir group[44]. Similarly, the HIDIT-2 trial (which replaced adefovir with tenofovir) yielded similar results to the trial[21] and did not show a response in the nucleoside alone[45]. Thus, combination of interferon with nucleosides or increasing the duration of treatment has shown no additional benefits.
In addition, newer experimental treatments are currently underway. One such example is the use of oral prenylation inhibitor lonafarnib (LNF). Prenylation inhibitors have been shown to abolish HDV-like particle production in vitro and in vivo[46]. LNF interferes with the HDV cycle and targets the virion assembly step in the hepatocyte cytoplasm, where the nascent HDV nucleoprotein complex is enveloped by HBsAg[47]. To explore this, the LOWR HDV-1 [Lonafarnib with and without Ritonavir (RTV) in HDV-1] phase two clinical trial was conducted by Yurdaydin et al[47] with the intention to study optimal LNF dosing while assessing tolerability and viral response when combined with P450 3A4 inhibitor RTV or PEG-IFNa. Results showed that LNF, whether as monotherapy or as combination with PEG-IFNa, led to HDV-RNA viral load decline in all patients. All treated patients in different treatment regimens reported GI adverse effects consisting of anorexia and weight loss. Higher dose of LNF, 300 mg peroral BID, was associated with increased adverse effects. RTV helped to lower LNF dose (100 mg per oral BID dosing) while still achieving better antiviral results. Similarly, LNF 100 mg BID with PEG-IFNa helped in more substantial and rapid HDV-RNA reduction, compared to PEG-IFNa alone[47]. Such trials have opened the door to further explore newer treatment options for HDV.
PEG-IFNa is only used amongst patients with compensated liver disease. For those who undergo LT, long-term survival depends on the prevention of allograft reinfection. LT for HDV is not common in United States and studies in literature are mostly from other countries[48,49]. Due to antivirals and with hepatitis B immune globulin (HBIG), rates of HBV/HDV reinfection after LT has decreased[50]. Currently there is no specific prophylaxis for HDV. However, as its growth is dependent on HBV, the focus should be on preventing HBV infection.
Levels of HBV DNA (> 105 copies/mL) strongly predict HBV reinfection in HBsAg positive LT recipients[51]. As per AASLD recommendations, all HBsAg-positive recipients should receive prophylactic nucleoside/nucleotide analogs with or without HBIG post-LT. In addition, pretransplant hepatitis B e-antigen/HBV-DNA levels should not be taken into consideration and HBIG monotherapy should not be used. They further suggest that entecavir, tenofovir disoproxil fumarate, and tenofovir alafenamide should be the preferred antivirals and continued indefinitely post-LT[38]. The use of HBIG depends on the recipient and virologic factors. In medically adherent HBV mono-infected recipients with undetectable or low-level viremia at the time of LT and no evidence of concurrent infection, no HBIG or a very short course (5 d) of HBIG post-LT combined with long-term antiviral therapy is highly effective in preventing HBV recurrence[38]. On the other hand, in HBV/HDV co-infected recipients, the combination of long-term HBIG and antiviral therapy may be the best approach in preventing HBV and HDV recurrence[38].
Data regarding the dosage of HBIG therapy varies across transplant centers. In previous studies HBIG has been given as either high (≥ 10000 IU/mL) or low (< 10000 IU/mL) dose for either a fixed duration (median of 6 mo) or indefinitely post-LT[50]. It is administered either intravenous or intramuscularly during an hepatic phase, followed by daily doses during the first week, with subsequent doses given monthly or by following anti-HBs titers based on the transplant center protocol[50]. A trough anti-HBs titer of at least 100 IU/L is thought to be protective and reinfection rate can be further reduced by maintaining anti-HBs titers consistently above 500 IU/L[52] (Figure 1)[48].

LIVER TRANSPLANT OUTCOMES 
Long-term survival following LT for viral hepatitis depends on prevention of allograft reinfection[53]. This is a well-known concept for HBV as well as HCV and can be applied for HDV related LT as well. LT for HDV started in the late 1980s from Europe. One of the earliest reporting was from Rizzetto et al[54] from Italy, on 7 patients who underwent LT due to HDV cirrhosis. It resulted in reinfection rate of 70% with HDV and milder forms of hepatitis were reported in 40% of the cases. This encouraged others to believe that LT was a feasible option for ESLD from HDV. Ottobrelli et al[55] reported a larger series of 22 patients, which showed 80% reinfection rate and 73% survival rate at one year. Although the reinfection rate was high, the clinical course was mild, therefore giving hope to the patients that LT was the possible cure for HDV. At that time, it was unclear whether administration of HBIG will be beneficial in preventing reinfection. Therefore, a multicenter study was done in Europe and amongst 110 patients who underwent LT due to HDV cirrhosis, the three-year actuarial risk of HBV recurrence after transplantation was reported as 70% ± 14% in the group who received no HBIG and 17% ± 6% in patients who received HBIG for > 6 mo[56]. The actuarial three-year survival was reported as 83%. In that study, long-term administration of HBIG (RR: 2.22; 95% confidence interval: 1.13-4.33; P < 0.001) and HDV superinfection (RR: 6.25; 95% confidence interval: 3.13-12.42; P < 0.001) were reported as independent predictors of better survival[56]. With the passage of time and development of new antivirals which when used in combination with HBIG, post-LT HBV/HDV reinfection has significantly decreased. In a retrospective study Adil et al[57] reported HBV recurrence rate of 5.1% and no HDV recurrence among 255 patients, after a mean follow-up of 30 mo. Similarly, study by Idilman et al[58] endorsed this, showing that amongst 90 patients with delta co-infection-related cirrhosis who underwent LT, only one recipient (who received lamivudine and HBIG combination), had HBV recurrence upon follow up. Moreover, in an another study with 104 HDV patients, with a longer follow up of 82 mo, the survival and HBV recurrence rates were 97% and 13.4% respectively[59]. Thus, it was confirmed that it is very important for survival and viability of the graft that the patients remain HBsAg-negative after transplantation.
Interestingly, studies have shown that presence of HDV infection appears to provide a protective effect against HBV reinfection in LT patients, possibly via suppression of HBV replication resulting in longer survival rates[49]. Recently a study published on LT patients in Brazil showed significantly higher 4-year survival rate of 95% in HDV group (n = 29), compared to 75% in HBV group (n = 40)[60]. One of the largest series involving hepatic transplantation in patients with HDV (n = 76), identified 88% survival after 5 years[61]. This is likely because of low HBV recurrence rate in these series.
HDV leading to HCC has also been treated with LT. Romeo et al[27] performed a retrospective study where 29 of 299 patients diagnosed with HBV/HDV had liver transplant; amongst these 29 patients, 10 patients (34%) had HCC. After transplant, 5 patients died (3 with primary graft failure, 1 with tumor recurrence, and 1 with non-liver–cancer-related reasons). Similarly, a retrospective study was conducted in Turkey amongst 25 live donor LT recipients with chronic HBV/HDV, 11 of which had HCC. The cumulative 5-year survival was 74%. In the HCC group, 7 of 11 tumors matched the Milan criteria and 4 patients did not (in whom 2 patients had HCC recurrence after 2 years which was treated by ablation techniques)[32]. Thus, results from our review supports the AASLD guideline, that using HBIG in conjunction with oral antivirals post-transplantation, changes the natural history of the liver disease even among recipients with HCC.

CONCLUSION
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]HDV presents a severe health burden with liver transplantation as the only treatment for patients with End-stage Liver Disease, hepatocellular carcinoma, or fulminant hepatitis. Post transplantation reinfection with HDV/hepatitis B virus is an undesirable outcome as it affects survival. While transplant centers across the world have their own protocols, there is a consensus that hepatitis B immune globulin in combination with a potent nucleoside/nucleotide analogue have shown promising results. In the future, with the potential approval of the pipeline drugs for HDV treatment, their role in the post-transplant setting also needs to be explored. Currently, the data on liver transplant due to HDV is limited and more randomized controlled trials investigating the duration and frequency of hepatitis B immune globulin as well as the specific anti-HBs titer level are needed to optimize the pre- and post-transplant treatment plans.
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Figure Legends
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Figure 1 Possible treatment flowchart in hepatitis D virus liver transplant patients. HbsAg: Hepatitis B surface antigen; HBV: Hepatitis B virus; DNA: Deoxyribonucleic acid; RNA: Ribonucleic acid; HBIG: Hepatitis B immune globulin; LT: Liver transplantation.

Table 1 Summarizes markers specific for coinfection and superinfection
	
	Coinfection
	Superinfection

	HDV infection
	Acute
	Acute or chronic

	IgM anti-HBc
	Positive
	Negative

	Serum HDV RNA
	Transient
	Persistent and high

	IgM anti-HDV
	Transient
	Persistent

	IgG anti-HDV
	Late appearance and low
	Persistent and high


HDV: Hepatitis D virus; RNA: Ribonucleic acid; HBc: Hepatitis B core.
image1.png
HbsAg (+), HBV DNA < 10+5 copies/mL, HDV RNA (+)

Pre LT
No preoperative antiviral B or Delta therapy.
Discuss antiviral B therapy if HBV DNA positive and decompensated cirrhosis.

‘ An hepatic phase-> HBIG IV |

‘ First post op week-> Low-dose IV or IM HBIg ’

Post LT
HBIG to maintain anti-HBs level at > 100 IU/L + antiviral agent.
Monitor for HBV/HDV recurrence





