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Purpose of Review: Cytomegalovirus (CMV) infections are a common complication in solid organ (SOT) and hematopoietic stem
cell transplant (HSCT) recipients, leading to increased morbidity and mortality. Currently available treatment options have reduced the
burden of infection, but utilization of these agents can be limited by toxicities such as nephrotoxicity and/or myelosuppression as well
as emergence of resistance. The expansion of our current armamentarium towards CMV infection is crucial. Here, we review an
emerging therapy, maribavir, and the safety and efficacy of this potential new agent for the prophylaxis and treatment of CMV
infections including resistant/refractory disease.
Recent Findings: Maribavir is a novel agent with CMV activity approved by Federal Food and Drug Administration (FDA) in
December 2021 for resistant/refractory disease. Compared to currently available treatment for CMV infection, maribavir has a unique
mechanism of action, retains activity against most (val)ganciclovir resistant strains, provides a more predictable pharmacokinetic
profile, and fewer severe toxicities. Maribavir has been studied in phase 2 and 3 studies with ongoing phase 3 studies. While maribavir
failed to meet the primary endpoints in the initial phase 3 study for prophylaxis therapy in allogeneic-HSCT and liver transplant
recipients, results from the phase 2 study when used for pre-emptive therapy after HSCT show similar efficacy to valganciclovir, and
results from the phase 3 study examining resistant/refractory disease demonstrate superiority to investigator-initiated therapy of (val)
ganciclovir, foscarnet, or cidofovir.
Summary: Maribavir provides a new agent for the management of resistant/refractory CMV infection. Results of the recently
published phase 3 study provide further insight into the role of this novel therapy.
Keywords: cytomegalovirus, maribavir, safety, efficacy

Introduction
Cytomegalovirus (CMV) infections are among the most common infections after solid organ (SOT) and hematopoietic
stem cell transplant (HSCT). Optimal prevention and treatment leads to better overall outcomes.1,2 Clinical symptoms
from CMV infection ranges from asymptomatic CMV DNAemia (detectable CMV DNA in plasma, serum, or whole-
blood) to CMV syndrome with fevers, malaise, leukopenia, thrombocytopenia, and hepatitis to more severe end organ
disease with manifestations such as colitis, retinitis, and pneumonitis.3 The oral prodrug valganciclovir and intravenous
ganciclovir are the most common antiviral agents used for prevention and treatment. Although generally well tolerated,
side effects such as leukopenia and neutropenia can develop, especially when used in combination with other transplant
medicines, which can sometimes be a treatment limiting, although we do not have therapeutic options with a lower
toxicity profile. Results from the phase 2 study when maribavir is used for pre-emptive therapy after HSCT show similar
efficacy to valganciclovir,4 suggesting that this may be a new treatment option; the phase 3 trial (clinicaltrials.gov
NCT02927067) is underway.

Furthermore, a small but clinically important number of patients develop resistant and/or refractory CMV infection to
valganciclovir, estimated to comprise up to 20% in some series, especially in those who have undergone lung and
intestinal transplants.5 Management of resistant and/or refractory CMV has always been clinically challenging,
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necessitating the use of antivirals with a higher side effect profile such as foscarnet and cidofovir (Table 1).2 Novel anti-
CMV drugs in recent clinical development have either a relatively low barrier to developing resistance (letermovir,
approved only for prophylaxis, not treatment) or are not in active development (brincidofovir).5 Fortunately, phase 3 data
on maribavir shows significant efficacy and tolerability for treatment of resistant and/or refractory CMV infection
compared to investigator-initiated therapy.6 In this review, we discuss the use of and evaluate the safety of maribavir
for treatment of CMV infection.

Mechanism of Action/Pharmacology
Benzimidazoles were the original terminase inhibitors in clinical development for CMV and were considered and
attractive option as they did not interfere with host-cellular DNA replication and targeted the core terminase complex of
proteins UL51, UL56, and UL89, which are all individually needed for viral replication.7–9 Benzimidazoles such as
2-Bromo-5,6-dichloro-1-β-d-ribofuranosyl-1H-benzimidazole (BDCRB) were unfortunately halted in early clinical
development due to unfavorable in vivo metabolism.9 Maribavir is a novel benzimidazole I-riboside compound;
although it shares some structural similarities to BDCRB, it acts through a different mechanism. Maribavir competi-
tively inhibits CMV UL97 protein kinase without being an enzymatic substrate of this protein kinase which inhibits
DNA synthesis and blocks nuclear egress of viral particles from infected cells.9–12 UL97 is responsible for phosphor-
ylating viral and host cellular proteins but is not absolutely vital for replication into tissue culture as are CMV DNA
polymerase UL54 or core terminase complex proteins pUL51, pUL56, and pUL89. This has been noted in mutant
viruses that have deleted UL97 gene but remain viable with severe replication defects.9 The complete function of how
UL97 and its function on replication and how maribavir impacts inhibition of viral replication remains to be further
determined.

Antiviral activity of maribavir inhibits replication of CMVat concentrations of <1µM to ~15µM.9,13 Maribavir is only
available as an oral formulation, undergoes rapid absorption with a bioavailability of 30–40% and is highly plasma
protein bound (>97%) causing free plasma concentrations to be 100-fold lower than total drug plasma concentrations.

Table 1 Agents for CMV Treatment or Prophylaxis

Agent Route of
Administration

Route of
Excretion

Indications for
CMV

Major Toxicities Activity Against
Other Herpes
Viruses

Sites of
Reduced
Penetration

Maribavir* Oral Hepatic Treatment of
resistant/

refractory disease

Taste disturbance and
gastrointestinal

Potentially EBV
(in vitro data only)

Ocular, CNS

Ganciclovir Intravenous Renal Treatment and

prophylaxis

Myelosuppression and

nephrotoxicity

HSV, VZV, HHV-6 -

Valganciclovir Oral Renal Treatment and

prophylaxis

Myelosuppression and

nephrotoxicity

HSV, VZV, HHV-6 -

Foscarnet Intravenous Renal Treatment Nephrotoxicity,

myelosuppression,

gastrointestinal, and electrolyte
wasting

HSV, VZV, HHV-6 -

Cidofovir Intravenous Renal Treatment Nephrotoxicity,
myelosuppression, uveitis,

alopecia, and asthenia

HSV, VZV, HHV-6 CNS

Letermovir* Oral, Intravenous Hepatic Prophylaxis in

HSCT recipients

Gastrointestinal and peripheral

edema

None -

Notes: Data from these studies.2,6,9,24,43–45 *Lack activity against HSV and VZV.
Abbreviations: HSV, herpes simplex virus; VZV, varicella-zoster virus; HHV-6, human herpesvirus 6; EBV, Epstein-Barr virus; CNS, central nervous system.
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Administration with meals high in fat content further decrease maribavir concentrations by 30%. Maribavir primarily
exhibits linear pharmacokinetics (PK) achieving a Cmax 1–3 hours after administration with a plasma half-life of 3–5
hours. Maribavir is extensively hepatically metabolized and primarily eliminated via biliary excretion and clearance is
not impacted by renal impairment (<3% urinary excretion).14,15

Prophylaxis Trials
Two Phase 1 trials14,15 evaluating the safety, activity, and PK profile of maribavir against CMV were conducted in
healthy volunteers and HIV-infected patients. Doses ranged from 50 to 1600 mg with all doses showing no significant
adverse events other than headache and dysgeusia occurring in up to 80% of patients, most commonly in those receiving
800 mg or higher. Due to the high degree of protein binding, free drug concentrations were less than 30 ng/mL when
doses of ≤200 mg were administered. Based on predictive PK modeling, maribavir doses of 400 mg twice daily would
maintain free maribavir plasma concentration above the EC50 (50% effective concentration) of CMV for the entire dosing
interval.16

Maribavir was then studied for prophylaxis, in a multicenter, randomized, double-blind, placebo-controlled, dose-
ranging phase 2 study evaluating its use for prevention of CMV infection in allogeneic stem cell transplant (HSCT)
recipients.17 Maribavir 100 mg twice daily, 400 mg daily, and 400 mg twice daily were evaluated to start at
engraftment and could be continued for up to 12 weeks after transplantation. Though higher doses were evaluated
in the phase 1 study, 400 mg twice daily was the highest dose allowed due to dysgeusia and concern for nutritional
status in these patients.16 Time to onset of CMV infection or diseases was the primary endpoint evaluated. All doses
showed similar efficacy in reduction of CMV infection as determined by antigenemia or DNA PCR. CMV disease did
not occur in any group receiving maribavir and occurred in three patients in the placebo group only. Patients receiving
400 mg twice daily experienced the highest rates of adverse events with dysgeusia and gastrointestinal side effects
being the most common.17 As demonstrated in the phase 1 studies, maribavir displayed linear PK as all dosing
schemes had similar trough concentrations, but the 400 mg doses yielded a plasma peak concentration 2.5x higher
than the 100 mg dose. Additionally, the 400 mg twice daily doses demonstrated the highest 24-hour drug
exposure.9,16,17

Based on the results of this phase 2 study, a subsequent phase 3 randomized, double blind, place-controlled study
assessing maribavir prophylaxis for prevention of CMV disease in allogeneic HSCT patient was conducted comparing
maribavir 100 mg twice daily to placebo.18 The dose chosen in this study was based on results of the phase 2 study,
demonstrating similar efficacy as the 400 mg twice daily with lower incidence of adverse events.9,16 Similar to the phase
2 study, maribavir was initiated following engraftment and continued for up to 12 weeks after HSCT. Unfortunately,
maribavir did not reduce CMV infection or disease compared to placebo at day 100 or at 6 months post HSCT.18

Maribavir 100 mg twice daily was also evaluated in a randomized, double-blind, multicenter controlled trial, but this time
for prophylaxis against CMV in high-risk (CMV D+/R-) liver transplant recipients against oral ganciclovir.19

Disappointingly, maribavir did not meet the non-inferiority endpoint. After failing to meet the primary endpoint in
multiple randomized controlled trials, use of maribavir as prophylaxis against CMV in HSCT and SOT recipients were no
longer pursued and was only available under compassionate use.9

The study design of the phase 2 and 3 studies may have contributed to negative results of both studies. In both studies,
patients with any evidence of CMV infection during randomization were excluded to ensure subject safety in the placebo
group but may have blunted the response to those at higher risk that may have benefited from prophylactic maribavir.16–18

In the phase 2 study, the sample size was likely too small causing a probable overestimation of the overall effects of the
100 mg twice daily dosing scheme compared to the higher doses. This is evident by the lack of dose effect in the overall
incidence curve as well as in the rates of acute grade II or higher graft versus host disease (GVHD) being 46% in the
placebo group but only 14% in the 100 mg twice daily group and 29 and 23% in the 400 mg daily and twice daily groups,
respectively.16,17 The higher rates of GVHD may also have contributed to decreased absorption of oral medications leading
to a potential decrease in efficacy. In regards to the phase 3 study, 100 mg twice daily was chosen based on the dose
response in the phase 2 study and less adverse events, primarily dysgeusia, even though 400 mg twice daily was statistically
(not significant) the best regimen in the phase 2 study and provided free maribavir concentrations above the EC50 based on

Therapeutics and Clinical Risk Management 2022:18 https://doi.org/10.2147/TCRM.S303052

DovePress
225

Dovepress Gandhi and Kotton

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


the phase-1 studies.9,16,18 Additionally, investigators were allowed to use local CMV testing to decide if pre-emptive CMV
therapy should be initiated. This included both CMV PCR or CMV antigenemia, though CMV PCR is more sensitive in
detecting early disease, it also more prone to false-positive results, which may have impacted study results.16

Pre-Emptive/Primary Treatment Trials
Given that transplant patients often have pre-existing leukopenia and are not always able to tolerate (val)ganciclovir,
a phase 2, open-labeled study was conducted comparing maribavir to valganciclovir for pre-emptive treatment of CMV
reactivation in HSCT and SOT recipients.4 Patients received 400, 800, and 1200 mg twice daily of maribavir or
valganciclovir 900 mg twice daily for weeks 1–3 then 900 mg daily for up to 12 weeks. The primary endpoint was
undetectable viral load within 3 and 6 weeks after treatment initiation. Response to treatment was 62% and 79% at 3 and
6 weeks for maribavir, respectively, compared to 56% and 67% for valganciclovir. Recurrence rates during the 12-week
trial period were similar, 22% for maribavir and 18% for valganciclovir. Adverse events leading to discontinuation were
more common in the maribavir group (23%) compared to valganciclovir (12%). Among the most common side effects
were dysgeusia with maribavir (40%, none needing discontinuation) and leukopenia with valganciclovir (8%).4 Overall,
this trial demonstrated that maribavir’s efficacy was similar to that of valganciclovir for clearing CMV DNAemia among
transplant recipients. The phase 3 trial,

(clinicaltrials.gov NCT02927067) evaluating maribavir 400 mg twice daily compared to valganciclovir for treatment
of first-episode asymptomatic CMV infection in HSCT recipients, is still recruiting patients, with an estimated enrollment
of 550 patients.

Resistant/Refractory Trials
Despite the failed prophylaxis studies, maribavir was still being utilized under compassionate use for resistant/refractory
or salvage CMV cases. A case series of six patients including both SOT and HSCT received maribavir 400 mg twice
daily as salvage therapy.20 In the case series, four patients had ganciclovir-resistant disease and five patients had tissue
invasive disease. All patients had a detectable viral load at the initiation of maribavir. Three patients cleared their CMV
DNAemia on monotherapy between days 6–41 and one patient cleared their CMV DNAemia while receiving concomi-
tant foscarnet.

Based on early reports of maribavir’s efficacy for treatment of resistant/refractory disease, a phase 2 study was
conducted. This study was a randomized, double-blind, dose-ranging study in HSCT and SOT recipients with resistant/
refractory CMV.21 Patients were randomized in a 1:1:1 fashion receiving 400, 800, or 1200 mg twice daily for up to 24
weeks with the primary endpoint of undetectable viral load at 6 weeks. There were 40 patients in each arm and
approximately 60% were SOT recipients. The majority of patients (64.2%) had asymptomatic CMV DNAemia and
13.3% of patients had tissue invasive disease. At the 6 and 24-week mark, 67% and 72% of patients had an undetectable
viral load, respectively, with the proportion being similar across all doses. Recurrence of CMV occurred in 29% of
patients and of those 52% had developed maribavir-resistant virus. Recurrence was more common in SOT than HSCT,
even though rates of clearance were similar between both groups. Similar to previous studies, dysgeusia was the most
common adverse event occurring in 65% of patients, but only led to one patient discontinuing therapy.21

Subsequently, a phase 3 study was initiated, evaluating maribavir for resistant/refractory CMV infection in both
HSCT and SOT recipients.6 The study assessed maribavir 400 mg twice daily to investigator-assigned therapy (IAT)
including (val)ganciclovir, foscarnet, or cidofovir. Patients were randomized in a 2:1 fashion. The primary endpoint was
confirmed CMV clearance at the end of week 8. Secondary endpoints assessed achievement of CMV clearance and
symptoms control at week 8 and if maintained through week 16. The study included 235 patients in the maribavir arm
and 117 patients in the IAT group, with ~60% SOT/40% HSCT recipients in both groups. There was a rescue arm for
patients in the IAT arm who had an increase in CMV DNA ≥1 log10 from baseline, < 1 log10 decrease from baseline or
new/continued symptomatic tissue-invasive infection or did not achieve clearance of CMV DNAemia and demonstrate
intolerance to IAT at ≥3 weeks. Overall, 183 (77.9%) of patients in the maribavir arm completed 8 weeks of study
assigned treatment compared to only 37 (31.6%) in the IAT group of whom 22 (18.8%) proceeding to maribavir rescue.
The primary endpoint was achieved in 131 (55.7%) of patients receiving maribavir compared to 28 (23.9%) in the IAT
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group (p<0.001). Of those requiring maribavir rescue, 11 of 22 (50%) achieved clearance of CMV DNAemia at week 8.
This trend continued through week 16, with 44 (18.7%) in the maribavir arm with CMV clearance and maintenance
compared to 12 (10.3%) in the IAT group (p<0.013). Overall, serious treatment-emergent adverse effects were similar
between the maribavir and IAT arm, however study drug discontinuation occurred in only 13.2% in the maribavir arm
compared to 31.9% in the IAT arm.22,23 Overall, maribavir was superior to IAT for CMV clearance as well as tolerability,
symptom control, with post-treatment maintenance of these effects. The results of this phase 3 trial, as well as prior data,
were taken into consideration by the FDA when they recently approved Takeda’s new drug application for resistant/
refractory disease.

Place in Practice: Narrow Spectrum of Coverage
Maribavir primarily provides highly specific antiviral activity against CMV. Clinically, this more narrow spectrum of coverage
may be important, as (val)ganciclovir has broader coverage against human herpesviruses, including herpes and varicella (Table 1)
in addition to CMV. Clinicians wishing to prevent other human herpesvirus infections in patients on treatment with maribavir
would need to include another antiviral agent such as (val)acyclovir or famciclovir. This more narrow coverage of the primary
therapy both necessitates an additional pill burden, and when overlooked, may result in a higher rate of human herpesvirus
infections such as disseminated zoster. Maribavir has potent efficacy against Epstein Barr virus (EBV) infection in vitro, via
inhibition of viral DNA replication and of virus transcription, although there are no clinical data suggesting efficacy.24

Safety and Side Effects
In the phase 2 trial of maribavir for resistant/refractory disease, the most common side effects were gastrointestinal in
nature, including dysgeusia (65.0%), nausea (34.2%), vomiting (29.2%), diarrhea (23.3%), fatigue (20.8%), anemia
(20.0%), peripheral edema (19.2%), headache (15.8%), and renal impairment (15.8%).21 In general, side effects were less
with lower doses of maribavir. Although common, dysgeusia, often described as a “metallic” or “bitter” taste, was
tolerable in most patients, with only one patient discontinuing treatment in the phase 2 trial and very few patients across
multiple maribavir trials. Gastrointestinal adverse events such as nausea, vomiting, and diarrhea resulted in treatment
cessation in three patients. Alterations in vital signs, clinical laboratory data, and electrocardiograms were generally
small. Neutropenia was present in 16% of patients at baseline and occurred at least once in 11% of patients during the
study; significant myelosuppression due to maribavir was not noted. In the prior study of lower dose maribavir for
prophylaxis in bone marrow transplant patients, similar side effects including dysgeusia, nausea, vomiting and rash were
seen in a minority of patients.17 In the randomized phase 3 trial of 352 patients comparing maribavir with investigator
initiated treatment, maribavir was associated with less acute kidney injury compared with foscarnet (8.5% vs 21.3%) and
neutropenia compared with (val)ganciclovir (9.4% vs 33.9%), and fewer patients discontinued maribavir due to treat-
ment-emergent adverse events (13.2% vs 31.9%). Dysgeusia was the most frequently reported treatment-emergent
adverse event in the maribavir group (maribavir: 37.2% versus 3.4%) but led to discontinuation in only 0.9% of
patients.6 Overall, no severe side effects were found in either trial for maribavir.

Drug Interactions
Clinically significant drug-interactions are of particular interest as maribavir would be an agent primarily used in the SOT
and HSCT patient population. Transplant recipients receive numerous medications including immunosuppressants as
well as other therapies to manage their co-morbidities of which majority are hepatically metabolized and can be
significant substrates, inducers, or inhibitors of the cytochrome P-450 (CYP-450) system.25,26 Maribavir is primarily
hepatically metabolized, specifically through CYP-3A4 (70–85%) and CYP-1A2 (15–30%). Maribavir is also a substrate
of P-glycoprotein and uridine diphosphate glucuronosyltransferases (UGTs).27 Initial studies conducted in healthy
volunteers determined that maribavir did not impact N-acetyltransferase-2 or xanthine oxidase activities.26

Additionally, maribavir had minimal interactions with drugs that are substrates of CYP-450 isozymes. Specifically,
maribavir is a weak inhibitor of CYP-2C19, P-glycoprotein, and potentially UGT1A1 and is not considered to be an
inducer of CYP-450 isozymes.26–28 Though maribavir should have limited interactions with most medications, Table 2
summarizes some clinically relevant interactions and how to manage them. As a substrate of CYP-3A4 and CYP-1A2,
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Table 2 Clinically Significant Drug Interactions with Maribavir

Cytochrome-P450
(CYP)/
P-Glycoprotein

Concomitant
Medication

Clinical
Implication of
Interaction

Clinical Management of Interaction

CYP-3A4 substrate/

P-glycoprotein substrate

Cyclosporine Increase cyclosporine

concentration

Patients concomitantly receiving maribavir and CYP-3A4/ P-glycoprotein

substrates (cyclosporine, everolimus, tacrolimus, sirolimus) should have
plasma levels monitored starting at initiation through discontinuation of

maribavir.
Everolimus Increase everolimus

concentration

Tacrolimus Increase tacrolimus
Cmax 38% and AUC

51%

Sirolimus Increase sirolimus

concentration

Digoxin Increase digoxin

concentrations

Digoxin plasma concentrations should be monitored starting at initiation

through discontinuation of maribavir.

Rosuvastatin Increase rosuvastatin

concentrations

Monitor for myopathy and rhabdomyolysis

CYP-3A4/ P-glycoprotein

strong-moderate

inhibitor

Diltiazem Increase maribavir

Cmax 6% and AUC

9%

Can consider co-administering maribavir with strong CYP3A4 inhibitors

without dose adjustment, based on lack of toxicities associated with doses

up to 1200mg twice daily in studies and lack of 3-fold increase in AUC
with strong-moderate CYP-3A4 inhibitors.

Erythromycin Increase maribavir

Cmax 26% and AUC
44%

Ketoconazole Increase maribavir
Cmax 17% and AUC

54%

Ritonavir Increase maribavir

Cmax 37% and AUC

63%

CYP3A4/P

P-glycoprotein strong-
moderate inducer

Carbamazepine Decrease maribavir

Cmax 23% and AUC
29%

Consider increasing maribavir doses to 800–1200 mg twice daily

Efavirenz Decrease maribavir
Cmax 25% and AUC

42%

Consider increasing maribavir doses to 1200–1600 mg twice daily

Phenobarbital Decrease maribavir

Cmax 27% and AUC

39%

Consider increasing maribavir doses to 800–1200 mg twice daily

Phenytoin Decrease maribavir

Cmax 31% and AUC
42%

Consider increasing maribavir doses to 1200mg twice daily

Rifampin Decrease maribavir
Cmax AUC 61%

Co-administration should be avoided and alternative antimicrobial or
antituberculosis therapy should be considered if alternative CMV agents

cannot be used.

(Continued)

https://doi.org/10.2147/TCRM.S303052

DovePress

Therapeutics and Clinical Risk Management 2022:18228

Gandhi and Kotton Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


antifungal agent ketoconazole increased maribavir area under the curve (AUC) by 54%, but maribavir was not affected
by voriconazole and is unlikely to be impacted by posaconazole, isavuconazole, or itraconazole.25,27–29 Rifampin
decreased maribavir exposure by 61%. Antacids had no effect of maribavir metabolism.30 As a weak inhibitor of
P-glycoprotein, a randomized, double-blind PK study in renal transplant recipients demonstrated that maribavir increased
tacrolimus AUC by 51% leading to significant increase in both peak and trough concentrations.26–30 In the phase 3 trial
for resistant/refractory disease, increased blood immunosuppressant drug levels were reported in 21 (9.0%) patients in the
maribavir group (tacrolimus: n=19, sirolimus: n=2) and in 1 (0.9%) patient in the IAT (valganciclovir/ganciclovir)
group.6 Monitoring tacrolimus as well as other similar agents (cyclosporine, sirolimus, and everolimus) concentrations is
prudent while on maribavir and after discontinuation to prevent supra-and-subtherapeutic concentrations.

Resistance and Antiviral Activity
Maribavir resistance has been noted in vitro as well as in clinical trials caused by UL97 mutations.7,31,32 Mutations
specifically at codons 409, 411, and newly characterized codon 480 are major causes of moderate-high grade maribavir
resistance in those who had recurrent infection after prolonged maribavir therapy or those who did not clear their
infection while on therapy.33,34 Documentation of resistance was not provided in the earlier phase 2 or317,18 prophylaxis
studies, however, in the latter phase 2 studies genotypic analysis was conducted on those with recurrent or persistent
infections. The analysis overall included 29 patients with recurrent CMVafter clearance of infection or those who did not
respond to therapy after 14 days; 23 (79%) had UL97 genotyping data available, of which 17 (74%) had mutations at
codon 409 or 411 (T409M or H411Y) and 5 (22%) had mutations at codon 480 (C480F).21 Interestingly, development of
resistance was uniform across all maribavir doses. Though not as well described as mutations at UL97, resistance to
maribavir can occur through another CMV gene, UL27, which confers low-level resistance. However, to date, this has
only been described in-vitro and has never been reported in patients receiving maribavir treatment for CMV
infection.33,35–37 The cause of this mutation suggests that maribavir inhibition of UL97 kinase activity has led to
a compensatory mechanism of resistance.

Uniquely, maribavir typically retain antiviral activity even when resistance is present to conventional anti-CMV
agents such as (val)ganciclovir, foscarnet, and cidofovir. (Val)ganciclovir is a substrate for UL97 and relies on initial
phosphorylation by the viral UL97 enzyme for its antiviral activity.9,38 Mutations in UL97 at codons 460, 520, and 590–
607 are primarily responsible for (val)ganciclovir resistance in CMV and are distinct from the codons that confer
resistance to maribavir.34,38,39 Additionally, cross-resistance with foscarnet or cidofovir is not expected as maribavir does
not target CMV DNA polymerase, in particular CMV gene UL54, which confers resistance to foscarnet, cidofovir, as
well as (val)ganciclovir.34,35

Given the development of maribavir as a therapeutic for resistant/refractory CMV infection, understanding the
limitations in that sphere are important. Cross-resistance between ganciclovir and maribavir has been described and
thus far at least 10 distinct mutations leading to cross-resistance have been reported.40 Mutation at codon 480 (C480F)
that leads to high-level maribavir resistance also confers low-level resistance to (val)ganciclovir.34 Interestingly, one
patient in the phase 2 study with resistant/refractory disease who received a prolonged course of ganciclovir prior to
receiving maribavir developed a novel UL97 mutation at codon 342 (F342Y). This mutation conferred ganciclovir

Table 2 (Continued).

Cytochrome-P450
(CYP)/
P-Glycoprotein

Concomitant
Medication

Clinical
Implication of
Interaction

Clinical Management of Interaction

CYP2C19 substrate Voriconazole No effect Maribavir and voriconazole may be co-administered without dose
adjustment. Unknown if interactions with posaconazole, itraconazole, and

isavuconazole, exist, but unlikely based on voriconazole data.

Note: Data from these studies.25–30,43

Abbreviations: Cmax, peak concentration; AUC, area under the curve; mg: milligrams.
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resistance as well as low-level maribavir cross-resistance, which ultimately promulgated to a mutation at codon H411Y
leading to maribavir failure.39 Further research is still needed to better understand this delicate interplay between
mainstay of therapy and maribavir.

As the emergence of drug resistant CMV continues to grow, expansion of our armamentarium and understanding
antiviral activity of these agents is crucial, especially when used in combination for resistant or refractory disease to
improve treatment outcomes. Maribavir has been studied in combination with other anti-CMV agent to understand if
synergy or antagonism exists, including both wild type and drug-resistant mutant strains. Overall, maribavir has been
shown to be antagonistic and should not be used concurrently with (val)ganciclovir as maribavir inhibits UL97 kinase
activity and (val)ganciclovir relies of UL97 kinase mediated phosphorylation for its activity.10 When combined with
other anti-CMVagents such as foscarnet, cidofovir, and letermovir, maribavir was shown to have an additive interaction.
Interestingly, maribavir in combination with mTOR inhibitor rapamycin (same compound as sirolimus) showed strong
synergy, which could ultimately lead to a clinically significant combination.10 Sirolimus is sometimes used in place of
calcineurin inhibitors such as tacrolimus in transplant recipients, as it is associated with lower risk of developing CMV
infections.10 However, similarly to tacrolimus though not extensively studied, it is expected that sirolimus concentrations
will increase when in used in combination with maribavir likely through P-glycoprotein inhibition, so sirolimus
monitoring and further studies are warranted.26,27,30

Conclusion and Future Directions
The management and prevention of CMV infection with currently available therapies (val)ganciclovir, foscarnet,
cidofovir, and letermovir have drastically improved morbidity and mortality in SOT and HSCT recipients.1,2

Development and approval of novel therapeutics is still critically necessary, however, due to the toxicities and emergence
of resistance often limiting their use. Maribavir provides a unique alternative agent to the standard of care for resistant/
refractory disease, with a more predictable PK profile and larger margin of safety.4,6,14,15,17,18,21 The approval of
maribavir for resistant/refractory disease and phase 3 trial for treatment in pre-emptive therapy could open the door
for future real-world studies, including combination therapy for CMV, as well as potentially pave the way for further
pipeline agents being approved.

The FDA approval of maribavir is only for resistant/refractory disease as the treatment trials are not yet complete, and
maribavir failed to meet the primary endpoint in the phase 3 prophylaxis study for prevention of CMV disease in
allogenic HSCT recipients. Concerns regarding CMV testing and optimal maribavir dosing in the prophylaxis study have
been raised.16 The approval of maribavir could lead to real-world experience studies, utilizing 400 mg twice daily rather
than 100 mg twice daily as universal prophylaxis in both SOT and HSCT recipients. Studies also evaluating its use as
prophylaxis after acute treatment of CMV (especially with resistant/refractory infection) as an alternative to pre-emptive
monitoring should also be considered. The safety profile and oral formulation of maribavir compared to DNA polymerase
inhibitor agents may encourage further investigator-initiated studies and possible off-label use.

As agents with novel mechanisms of action such as maribavir become available, combination therapy against CMV truly
becomes a possibility, for the first time, especially for (val)ganciclovir resistant disease. Though letermovir is currently
available for clinical use and has a unique mechanism of action compared to DNA polymerase inhibitors, it is primarily
studied as prophylaxis for HSCT recipients rather than the treatment of CMV1,9 and had a very low barrier to development of
antiviral resistance. In vitro studies have shown that maribavir is at least additive when combined with foscarnet and
cidofovir and potentially synergistic when used with sirolimus.10 Future studies are now needed to determine if combination
therapy with directly or indirectly acting CMVagents is beneficial for the treatment of CMV infection or disease compared to
monotherapy, as demonstrated in hepatitis C virus or human immunodeficiency virus infections.41,42

The approval of maribavir expands the armamentarium for the management of complex CMV infections. The safety
profile of maribavir should provide alternatives to marrow suppressive and nephrotoxic agents such as foscarnet or
cidofovir for (val)ganciclovir resistant disease. Maribavir will potentially be the only CMV treatment agent available that
is not primarily renally excreted, which will hopefully eliminate sub or supratherapeutic concentrations seen with DNA
polymerase inhibitors in those patients with renal impairment leading to further toxicities or development of resistance.1,2

The results of the ongoing phase 3 treatment study (clinicaltrials.gov NCT 02927067) will provide further insight on the
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role of maribavir for CMV infection. Additionally, monitoring and further understanding of disease recurrence and
development of maribavir resistance while on therapy will be crucial, based on the phase 2 study and results from the
recent phase 3 study.6,21 Overall, the approval of maribavir will provide clinicians with another treatment option as well
development of newer pharmacologic and non-pharmacologic interventions for the management of CMV.
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