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Abstract: Modern therapies for hepatitis B virus, hepatitis C virus, and human immunodeficiency virus have become so effective that
patients treated for these conditions can have normal life-expectancies. Suitable livers for transplantation remain a scarce and valuable
resource. As such, significant efforts have been made to expand donation criteria at many centers. This constant pressure, coupled with
the increasing effectiveness of antiviral therapies, has meant that more and more patients infected with hepatitis B virus (HBV),
hepatitis C virus (HCV), and human immunodeficiency virus (HIV) may be considered appropriate donors in the right circumstances.
Patients with these infections are also more likely to be considered appropriate transplantation recipients than in the past. The
treatment of HBV, HCV, and HIV after liver transplantation (LT) can be challenging and complicated by viral coinfections. The various
pharmaceutical agents used to treat these infections, as well as the immunosuppressants used post-LT must be carefully balanced for
maximum efficacy, and to avoid resistance and drug—drug interactions.
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Introduction
In the age of modern antiretroviral therapy (ART) for HIV and direct-acting antiviral (DAA) medications against HCV,
the mortality rates of these diseases are consistently decreasing, and patients are enjoying longer lives.'*> Consequently,
the attention of epidemiologists and physicians has turned toward the long-term effects of living with these viruses.
The long-term effects of viral hepatitis — including cirrhosis and hepatocellular carcinoma (HCC) — are well-
described. HIV infection, too, is associated with liver disease. In a population study of 49,731 patients from 1999 to
2011 who were infected with HIV in the USA, Australia, and Europe, liver disease (13.2%) was the third leading cause of
death.® An earlier study of 23,441 HIV-infected patients found that liver disease was the most common non-AIDS-related
cause of death (14.5%).*
The proposed causes of liver injury in patients with HIV are many and include’ oxidative stress and mitochondrial
toxicity from ART therapies (particularly nucleoside reverse transcriptase inhibitors (NRTIs) and protease inhibitors

(PIs)),%” high prevalence of non-alcoholic fatty liver disease (NAFLD),® direct viral injury of Kupffer cells,” "'

gut
translocation of bacterial degradation products,'” systemic inflammatory processes,'> and development of nodular
regenerative hyperplasia.'*'> Perhaps, the most existential hepatic threat in HIV-infected patients is the high incidence
of viral hepatitides. Their modes of transmission and risk factors for infection mean that the viruses are commonly found
together.'® In the United States, the prevalence of HIV and HBV coinfection has been cited at 9%, and HIV/HCV
coinfection as high as 33%.'%!” Furthermore, of those HIV-infected patients who die of liver disease, viral hepatitis has
been implicated as the most important offender.*'” 2

Viral hepatitis is an increasingly curable disease®'; so much so that transplantation of HCV-positive livers into HCV-

negative recipients has become commonplace at many centers. Modern treatment of HCV is safe, affordable for most
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patients, and usually curative. The scarcity of liver grafts for transplantation has also driven some centers to engage in the
transplantation of HBV-viremic livers for select patients. Expansion of the donor pool may create a need for medical
providers to gain familiarity with management of viral coinfections in the post-transplant population. LT in these patients
produces a unique and growing population with specific medical challenges that can be met with proper guidance,
surveillance, and therapies. Herein we review the most recent literature on these medical therapies, as well as
a discussion of the current management of viral hepatitis post-transplantation.

Antivirals, Immunosuppression, and Drug-Drug Interaction

Immunosuppressant medications are the foundation of post-liver transplant care for most patients. Drug—drug interactions
are very common and there is a great need to be aware of these interactions, which can affect the concentration of both
the immunosuppressant and the other medication with which it interacts. Antimicrobial medicines represent an important
group of such drugs, especially given the increased risk of infections in immunosuppressed patients. Understanding the
risk associated with concomitant use of DAAs and ART with immunosuppressants, and the effect of immunosuppression
on the underlying infections is important for practitioners caring for this population of patients. The primary concern in
administration of both DAAs and ART post transplantation is variability in trough levels of immunosuppressant
medications due to alterations in rates of metabolism. Therefore, regardless of immunosuppressant regimen used, careful

drug-level monitoring should be employed.

DAAs

The treatment of HCV infection has undergone a paradigm shift in the past decade with the advent and validation of
DAA therapies, which have produced high rates of sustained virologic response (SVR) even after LT.** This generates
important questions regarding the safety and efficacy of these medications when used in combination with the standard
immunosuppressants prescribed after solid-organ transplantation. While most major treatment regimens for HCV
infection are safe in the post-transplant population, there are some important drug—drug interactions that should be
highlighted (Table 1). The current first-line DAA regimens are listed in Table 2.7*

Tacrolimus, cyclosporine, everolimus, and sirolimus are all metabolized by cytochrome P450 3A (CYP3A) and are
substrates of the P-glycoprotein transporter (P-gp).>*** Certain DAAs have inhibitory effects on these metabolic path-
ways, potentially resulting in increased concentrations of their targets. This was demonstrated in a study of the now-
discontinued DAA, telaprevir, when steady state dosing of the drug created a 4.6-fold increase in the AUC of

Table | Potential Drug—Drug Interactions Between Antivirals and Common Medications

Drug or CNI AED Pl Azole DAA PPI mTORi
Drug Class
CNI LCNI TCNI T1CNI TDAA, TCNI, |Mg with tmTOR:i with
ttacrolimus | cyclosporine cyclosporine
AED LCNI LPI |Azole, Tphenytoin | |DAA N/A ImTORI
PI TCNI LPI tboth T1DAA N/A TmTORI
Azole TCNI |Azole, Tboth TDAA 1PPI, |absorption TmTORi
Tphenytoin of po azole
DAA 1DAA, ftacrolimus | |DAA TDAA TDAA |DAA TmTORI
PPI TCNI2, |Mg with N/A N/A 1PPI, |absorption |DAA N/A
cyclosporine of po azole
mTORi tmTOR:i with ImTORi tmTORi | TmTORi TmTORi N/A
cyclosporine

Abbreviations: CNI, calcineurin inhibitors; AED, antiepileptic drugs (specifically carbamazepine, phenytoin, phenobarbital); Pl, protease inhibitors; Azole, azole antifungal
medications; DAA, direct-acting antivirals for HCV; PPI, proton pump inhibitors; mTORi, mammalian target of rapamycin inhibitors; Mg, serum magnesium levels.
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Table 2 Preferred HCV DAA Regimens in Treatment-Naive Patients

Genotype No Cirrhosis Compensated Cirrhosis
la Glecaprevir/pibrentasvir x 8 weeks Glecaprevir/pibrentasvir x 8 weeks
Ledipasvir/sofosbuvir x 12 weeks (8 weeks if no Ledipasvir/sofosbuvir x 12 weeks

HIV and HCV RNA <6 million)

Sofosbuvir/velpatasvir x 12 weeks Sofosbuvir/velpatasvir x 12 weeks

Ib Elbasvir/grazoprevir x 12 weeks (consider 8 weeks | Elbasvir/grazoprevir x 12 weeks

if no or mild fibrosis)

Glecaprevir/pibrentasvir x 8 weeks Glecaprevir/pibrentasvir x 8 weeks (12 weeks if HIV coinfection)

Ledipasvir/sofosbuvir x 12 weeks (8 weeks if HIV- | Ledipasvir/sofosbuvir x 12 weeks
and HCV RNA <6 million)

Sofosbuvir/velpatasvir x |2 weeks Sofosbuvir/velpatasvir X 12 weeks

2 Glecaprevir/pibrentasvir x 8 weeks Glecaprevir/pibrentasvir x 8 weeks (12 weeks if HIV coinfection)
Sofosbuvir/velpatasvir x 12 weeks Sofosbuvir/velpatasvir X 12 weeks

3 Glecaprevir/pibrentasvir x 8 weeks Glecaprevir/pibrentasvir x 8 weeks (12 weeks if HIV coinfection)
Sofosbuvir/velpatasvir X 12 weeks Sofosbuvir/velpatasvir X 12 weeks (in strains with NS5A RAS Y93H for

velpatasvir regimens should include voxilaprevir or weight-based ribavirin)

4 Elbasvir/grazoprevir x 12 weeks Sofosbuvir/velpatasvir X 12 weeks (preferred)

Glecaprevir/pibrentasvir x 8 weeks Glecaprevir/pibrentasvir x 8 weeks (12 weeks if HIV coinfection) (preferred)

Ledipasvir/sofosbuvir x 12 weeks (8 weeks if not Elbasvir/grazoprevir x 12 weeks
subtype 4r, no HIV, and HCV RNA <6 million)

Sofosbuvir/velpatasvir x 12 weeks Ledipasvir/sofosbuvir X 12 weeks

Soré Glecaprevir/pibrentasvir x 8 weeks (12 weeks if HIV coinfection) (preferred)

Sofosbuvir/velpatasvir x 12 weeks (preferred)

Ledipasvir/sofosbuvir X 12 weeks (not for subtype 6e)

Notes: Data from Panel on Opportunistic Infections in HIV-Infected Adults and Adolescents.”*

cyclosporine and a 70-fold increase in the AUC of tacrolimus.”® Despite limitations of the study, this did raise caution
about dosing considerations in HCV-infected transplant recipients.

Fortunately, the safety of current regimens is becoming well-established.”’ ' The most important interactions to be
aware of in current therapies are those which involve cyclosporine, a strong inhibitor of the organic anion-transporting
polypeptide (OATP).*? The concomitant use of cyclosporine elbasvir-grazoprevir is contraindicated due to its potential to
cause toxic elevations of grazoprevir.’® Similar interactions cause elevations in serum levels of the protease inhibitor
voxilaprevir; the regimen sofosbuvir/velpatasvir/voxilaprevir is contraindicated with cyclosporine.** Administration of
DAA regimens containing ritonavir, an inhibitor of CYP3A4 and P-gp, (such as ombitasvir, paritaprevir, ritonavir and
dasabuvir) in combination with drugs that are highly dependent on CYP3A metabolism is contraindicated including
cyclosporine, everolimus, sirolimus, and tacrolimus.*>*® Azole antifungals, common treatment and prophylactic agents
in the post-LT population, also carry the potential for interaction with the DAAs simeprevir and possibly daclatasvir.*”
Other common potential drug—drug interactions to consider in the administration of DAAs are those with proton pump

inhibitors, metamizole, statins, and carvedilol.*®
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ART

In a similar fashion to the DAAs, many medicines used in ART interact with immunosuppressants via interaction
with their metabolic pathways. Protease inhibitors (PI) like ritonavir, as addressed in discussion of DAAs, inhibit
CYP3A4 and P-gp. This can result in supra-therapeutic serum levels of cyclosporine, everolimus, sirolimus, and
tacrolimus.*>>? Additionally, the integrase strand transfer inhibitor (INSTI) elvitegravir is administered with cobici-
stat which is a potent CYP3A inhibitor, thereby conveying similar risk for patients taking immunosuppressants
metabolized by that enzyme. Nucleoside reverse transcriptase inhibitors (NRTIs) are metabolized by CYP3A4. In
contrast to PIs, NRTIs — and especially efavirenz and nevirapine — can induce CYP3A4.*° This can result in
subtherapeutic levels of immunosuppression and risk of organ rejection. The current first-line ART therapies are
listed in Table 3,%° and the most common drug—drug interactions between PIs, DAAs, and other common medications
are listed in Table 1.

HIV Post LT

A decade ago, HIV infection was considered a relative contraindication to solid organ transplantation. It was thought that
transplantation, and specifically immunosuppression, might cause acceleration of the patient’s underlying HIV.Y!

4245 and

However, more recent studies performed in the era of modern ART therapies have disproven this notion,
transplantation in the setting of HIV is now commonplace in many centers. Both the American Association for the Study
of Liver Diseases (AASLD) and the European Association for the Study of the Liver (EASL) include routine testing for

HIV as part of the transplant evaluation. Per AASLD guidelines, patients with HIV may undergo LT if CD4 counts are

Table 3 Current First-Line ART in Non-Pregnant Adults

Drug Regimen (Trade Name) Special Considerations

Abacavir/lamivudine/dolutegravir (Triumeq) e CrCl 230 mL/min

e Use with caution in patients with coronary artery disease or multiple

cardiac risk factors

e Not for use in patients with HLA-B*5701

Lamivudine/dolutegravir (Dovato) e CrCl 230 mL/min

e Not for use in HBV coinfection

® Requires HIV resistance testing

® Not for use in patients with NRTI resistance

® Not for use in patients with HIV RNA >500,000 copies/mL

Tenofovir alafenamide/emtricitabine/bictegravir (Biktarvy) e CrCl 230 mL/min

Tenofovir alafenamide/emtricitabine plus dolutegravir (Descovy plus | ® CrCl 230 mL/min
Tivikay)

Tenofovir disoproxil fumarate/emtricitabine plus dolutegravir e CrCl 250 mL/min

(Truvada plus Tivikay)

Tenofovir alafenamide/emtricitabine plus raltegravir (Descovy plus e CrCl 230 mL/min

Isentress) o ] ] ]
® No clinical trials on this regimen to date

Tenofovir disoproxil fumarate/emtricitabine plus raltegravir (Truvada | ® CrCl 250 mL/min

plus Isentress)

Notes: Data from Panel on Antiretroviral Guidelines for Adults and Adolescents.”*
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>100 cells/puL with a completely suppressed viral load anticipated at time of transplant, and per the EASL a CD4 count of
>100-150 cells/uL is needed in the absence of AIDS-related events.*®*” It is important that these patients have a history
of well-controlled HIV and medication compliance, and consultation with an infectious diseases specialist is recom-
mended prior to transplantation.*®*’

The choice of immunosuppressant remains controversial without uniform agreement among experts. The initial pilot
study by Stock et al avoided induction immunosuppression altogether due to concerns about rejection raised by previous
research.**** Some centers prefer the use of IL-2 receptor blockers for induction based on studies that identified high
rates of rejection in kidney recipients with HIV.***° There are data in the renal transplant literature suggesting that
induction in HIV-infected patients, either with an IL-2 receptor blocker or with anti-thymocyte globulin, had lower rates
of delayed graft function, less graft loss, and the same rate of infection as those who received no induction.”’
Maintenance therapies have generally attempted to include cyclosporine or mycophenolate mofetil when possible due
to data showing activity of those agents against HIV.>>>® The selection of immunosuppression should be carefully
reviewed for potential drug—drug interactions with ART as discussed in the previous section on this topic, trough-level
monitoring of immunosuppressants should be routine.

Both ART for HIV infection, and immunosuppressive agents used post-LT can have metabolic effects over time. ART
has been known to cause central adiposity and other lipodystrophic effects.”* Common immunosuppressant medications
such as calcineurin inhibitors and inhibitors of mammalian target of rapamycin have been implicated in dyslipidemia,
diabetes mellitus, and obesity after solid organ transplantation.”> Whether the combination of post-transplant immuno-
suppression and ART increases the risk of these effects even further has not been thoroughly studied, but the potential for
metabolic syndrome in such patients should prompt vigilance and aggressive preventative management.

HIV and HCV Coinfection

Patients coinfected with HIV and HCV who have undergone LT have consistently displayed poorer patient and graft
survival.***7 In a study comparing HIV/HCV-coinfected LT recipients with controls, the coinfected patients were more
likely than HCV mono-infected patients to suffer acute rejection, lose the graft organ, or die.”® This is in the setting of
better outcomes for the post-LT patient with HIV. Since 2012, the rate of graft loss and mortality in those patients has
decreased by 42%, surpassing the rate of improvement in the non-HIV infected LT population. This reflects data from
the non-transplant population where coinfection of HIV and HCV has been recognized for decades as a risk factor for
worsening liver disease.®® %

Careful patient and donor selection, too, plays an important role in the presence of HIV/HCV coinfection. The same
study that well-characterized the increased risk of death and graft loss also identified lower body mass index (BMI)
[hazard ratio (HR): 3.2; 95% confidence interval (CI): 1.3—7.7], simultaneous liver-kidney transplantation (HR: 3.8; 95%
CI: 1.6-9.1), and an anti-HCV antibody-positive donor (HR: 2.5; 95% CI: 1.1-5.6) as independent risk factors for graft
loss in HIV/HCV-coinfected patients compared to those mono-infected with HCV.>® Given the changes that have taken
place in HCV management even in the last decade, the specific conclusions to be drawn from this data are not apparent.
However, the associations with low BMI and need for renal transplantation may imply that factors such as time on the
waitlist and nutrition in these patients must garner special attention. In a time when expansion of the donor pool is such
an important topic, the HIV/HCV-coinfected patient is one in which more conservative donor selection may be
appropriate. The previously mentioned AASLD guidelines are paramount in these patients: CD4 counts should be
above 100 cells/uL at the time of transplant and the HIV viral load should be suppressed.*’ Furthermore, ensuring
stability of HIV RNA levels on effective ART therapy for a period of 6 months, and the absence of any AIDS-defining
illness are reasonable precautions adopted by some centers.

The care of such patients after LT merits some special consideration as well. Firstly, recurrence of HCV after LT has
been shown to be more frequent and more severe in the coinfected patient and represents an important cause of graft loss

and mortality in this population,”’>%*

emphasizing the importance of regular surveillance in these patients even after
DAA therapies. Secondly, rates of acute rejection in coinfected patients are higher, and the outcomes of treatment of
rejection are poorer.®® Thirdly, the best choice of ART in these patients is not clear. Traditionally, patients have been

continued on their previous therapies under the principal of previous good response and avoidance of resistant viral
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strains. One consideration though might be avoidance of PIs given the protentional drug—drug interactions with
immunosuppression and data suggesting that this strategy may associate with lower rates of rejection.®*¢’

In summary, the difference in outcomes between the HIV and HCV mono-infected patient and the coinfected patient
represents one of the most important factors in the post LT population with either virus. Aggressive treatment of HCV
ought to be a priority in any patient infected with both viruses. In patients with well-compensated liver disease, pre-
transplantation treatment of HCV may be a viable option, while patients with more severe disease may need to delay
DAA therapy until after transplant. Surveillance for post-transplant recurrence of HCV should be a routine component of

clinical practice, and care must be given to appropriate patient and donor selection.

HIV and HBV Coinfection

Like HIV/HCV, HIV/HBV coinfection is associated with poorer outcomes and higher rates of HCC compared to HBV
infection alone.®®® It is duly imperative then, that the hepatitis B infectious and immune status of all HIV positive
patients be tested. Importantly, a patient with an isolated hepatitis B core antibody (HBcAb) usually represents a patient
with previous HBV exposure who has cleared their hepatitis B surface antigen (HBsAg). The HBV covalently closed
circular DNA (cccDNA) can exist dormant in these patients’ hepatocytes. In such patients, HBV reactivation after
immunosuppression — either from drugs or from disease — can occur. Patients with HIV/HBV coinfection also more
frequently have detectable hepatitis B e antigen (HBeAg) which associates with more liver dysfunction and worse
outcomes.”® "

AASLD guideline recommendations for care of patients with HIV/HBV coinfection include regular monitoring of
liver function, serologic surveillance of immune markers and HBV DNA, and liver fibrosis assessment every 6—12
months.”® Patients who are positive for HBsAg, with or without HIV infection, should undergo screening for HCC every
6 months with either ultrasound or AFP.”® Both diseases are caused by retroviruses, and as such can be targeted by some
of the same agents. Specifically, both tenofovir and emtricitabine have activity and current guidelines recommend ART
therapy for HIV/HBV-coinfected patients include tenofovir.”*

The prevention of HBV recurrence after liver transplantation includes the use of prophylactic anti-viral medical
therapies. Hepatitis B immunoglobulin (HBIG) has been a cornerstone of post-transplantation management against HBV
for decades. Over time, the administration of continued intravenous infusions of HBIG can be financially and logistically
burdensome, and has given way to recent studies demonstrating the efficacy of intramuscular and even subcutaneous
dosing.”*’® While current practice guidelines from the EASL and AASLD include the use of both HBIG and a nucleos(t)
ide analogue to prevent HBV recurrence after LT,*>”” more recent data have questioned the role of HBIG, given the high
efficacy and high barrier to resistance of tenofovir preparations, specifically in undetectable HBV DNA levels immedi-
ately prior to transplant.”® The use of combination HBIG with a nucleos(t)ide analogue should be reserved for those
patients who are high risk for HBV reactivation after LT, such as those patients with detectable HBV DNA, resistance to
antiviral regimens, or HCC.”® Shorter courses of HBIG therapy may be reasonable in patients with low level of HBV
DNA (<2000 U/mL).

Triple Infections

Triple infections with HIV/HBV/HDV, HIV/HBV/HCV, or HBV/HDV/HCYV are less common than coinfections but do
occur with some significance in areas where HBV is endemic. As expected, disease course is often severe, and outcomes
poorer than in mono-infection. Treatment of triple infections is challenging and should be considered a relative contra-
indication to LT.”*%°

Expansion of the Donor Pool

The primary limitation in LT continues to be the shortage of transplantable organs. Given successful control of HIV and
viral hepatitis B and the potential for rapid cure of HCV in the post-transplant setting, there is interest in expansion of the
donor pool. The inclusion of donors who are positive for HIV or who have HCV viremia has been a slow and deliberate
process that has, so far, been met with favorable outcomes.’>®' The current state of the art is to transplant infected
allografts into patients with the same viral comorbidities such as an HIV-positive donor allograft to HIV-positive donor,
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or HBV-infected allograft to HBV-infected recipient. Carefully selected non-viremic patients who are adequately
apprised of the risk—benefit ratio of receiving a thoroughly evaluated viremic organ (excluding HIV at the current
time) is becoming commonplace. Hepatitis C viremic organs are commonly used in the US, and HBsAg-positive donors

are being used in select centers, particularly in Asia.®>®*

Conclusion

Viral hepatitis and HIV infections can lead to end-stage liver disease requiring evaluation for liver transplantation. In the
post-transplant setting, treatment of these infections requires a nuanced approach based on the type of viral coinfection,
and with special attention to potential drug—drug interactions. The coinfected patient in particular is at risk for more
severe liver disease and must be aggressively monitored and treated by an interdisciplinary team including the transplant
hepatologist, infectious disease specialist, and a transplant pharmacist.
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